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ABSTRACT 

Diacylglycerol-acyltransferase (EC 2.3.1.20) was partially purified and characterized from spinach 
leaves. The enzyme had a pH optimum of 8.0 and activity was stimulated 2-fold by the addition of 20 
mM Mn 2+ or Mg a+. Diolein and dipalmitin were examined as sn-l,2-diacylglycerol substrates. Only 
diolein gave detectable triaeylglycerol synthesis. In addition, the saturation kinetics of the enzyme 
with 16:0-CoA, 18:0-CoA and 18:I--CoA were examined. The highest apparent Km was observed 
with 18:1-CoA, the lowest with 16:0-CoA. Endogenous spinach leaf glycerolipids were extracted and 
analyzed. The leaves contained 70 nmol triacyiglycerol (g fresh weight)-'. 
Lipids 18:1-6, 1983. 

INTRODUCTION 

Triacylglycerol (TG) is an important storage 
lipid present in the tissues of many plant and 
animal species (1). The pathway for TG bio- 
synthesis is assumed to be fundamentally sim- 
ilar in most animal and plant tissues. In that 
regard, the basic steps of TG synthesis initially 
involve the acylation ofsn-glycerol-3-phgsphate, 
catalyzed by the enzyme glycerophosphate 
acyl-transferase (EC 2.3.1.15) and the acylation 
of lysophosphatidic acid by 1-acylglycerol 
phosphate-acyltransferase (EC 2.3.1.51). The 
subsequent formation of sn-l,2-diacylglycerol 
(DG) is catalyzed by the enzyme phosphatidate 
phosphatase (EC 3.1.3.4.). The enzyme diacyl- 

"glycerol acyltransferase (EC 2.3.1.20)catalyzes 
the synthesis of TG from sn-l,2-DG and an 
acyl-thioester donor (2). 

Diacylglycerol acyltransferase (DGAT) is the 
only enzyme that is unique to the TG biosyn- 
thetic pathway. The DGAT reaction has been 
characterized extensively in various mammalian 
tissues. Activities recently have been demon- 
strated in the microsomal fractions of rat 
adipocytes (3), rat liver (4), bovine mammary 
gland (5), and pig perinephric adipose tissue 
(6). Partially purified DGAT from animal 
tissues generally exhibits rather broad specifici- 
ty for acyl-thioester substrates. Discrimination, 
however, may be observed in the propensity of 
certain acyl-thioesters esterified at the sn-3 
position of TG. In such cases, the apparent 
differential utilization of the acyl-thioester 
substrates by DGAT is not readily correlated to 
the critical miceUe concentrations of the sub- 
strates (7). Although the endogenous concen- 
tration of specific acyl-thioester substrates 
utilized in TG biosynthesis may in part deter- 

*Author to whom correspondence should be ad- 
dressed. 

mine the acyl composition of TG at the sn-3- 
position, differential affinities for various sub- 
strates by DGAT could also be a factor in the 
mediation of acyl composition in TG. In that 
regard, the regulation of TG fatty acid composi- 
tion may occur at the level of DGAT and has 
been proposed to be under specific genetic con- 
trol in plant tissues (8-11 ). 

Evidence for genetic control of TG composi- 
tion in plants has been demonstrated most 
frequently through investigations of genetic 
variability for fatty acid composition in a 
number of agronomic crops (12). Although TG 
biosynthesis in plant tissues is well documented 
(13-16),  the kinetic properties of DGAT in 
plant tissues have not been described. Hence, a 
direct establishment of the biochemical basis 
for genetic control of plant TG composition 
with respect to the role of DGAT cannot be 
made at this time. In order to assess the proba- 
bility that TG fatty acid composition is regulat- 
ed by, or that genetic variability for DGAT 
activity exists within a given plant species, the 
solubilization, purification, and characteriza- 
tion of DGAT from a plant source must be 
demonstrated. As a prelude to such studies, 
information concerning the nature of DGAT 
activity from spinach leaf tissue is presented in 
this report. 

MATERIALS AND METHODS 

Tissue Preparation 

Spinach (Spinacia oleracea L., cv Long 
Standing Bloomsdale) plants were grown in a 
greenhouse under a 12-hr photoperiod. Day/ 
night temperatures were 22/17 C. Fully ex- 
panded leaves were harvested and chilled to 4 C 
for all subsequent operations. Leaf tissue, 60 g 
fresh weight, was chopped with an electric 
razor knife in I00 ml of buffered grinding 
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medium. The grinding medium contained 50 
mM Bicine (N,N-bis [2-hydroxyethyl glycine)], 
pH 8.0, 20 mM MgCI:, 0.4 M sucrose, 10 mM 
mercaptoethanol and 2% (w/v) polyvinyl poly- 
pyrrolidone. MgC12 was omitted and I mM Na 
EDTA was added to the grinding buffer to 
determine the effects of divalent ions on enzyme 
activity. The homogenate was filtered through 
4 layers of cheesecloth and one layer of Mira- 
cloth. The filtrate was centrifuged at 20,000 
• g for 20 min at 4 C. The supernatant obtained 
was centrifuged at 100,000 x g for 1 hr. The 
pellet was suspended in 1 ml 25 mM Bicine, pH 
8.0, 10 mM mercaptoethanol and 20 mM 
MgC12 buffer. Pellets were gently dispersed 
with a Ten-Broeck tissue homogenizer. The 
suspensions were used immediately, or frozen 
with liquid N~. 

Solubilization of DGAT 

The pellet obtained as described above, was 
suspended in buffer containing 25 mM Bicine, 
pH 8.0, 20 mM MgC12 and 10 mM mercapto- 
ethanol saturated with KCI at 4 C. After stirring 
for 30 min, the suspension was centrifuged at 
20,000 • g for 20 min. This procedure was 
repeated twice and the supernatant fractions 
were combined and dialyzed exhaustively 
against 25 mM Bicine, pH 8.0. After dialysis, 
the solution was centrifuged at 20,000 • g for 
20 min. The pellet obtained was resuspended in 
a buffered solution containing 25 mM Bicine, 
pH 8.0, 20 mM MgC12 and 0.35 M KC1 and was 
centrifuged at 100,000 • g for 1 hr. Soluble 
enzyme activities were assayed from the result- 
ing supernatant fraction. This procedure result- 
ed in a recovery of about 20% of the original 
enzyme activity. Protein concentrations were 
determined by a modification of the Lowry 
method (17). 

Glycerolipid Analysis 

The lipid composition of whole spinach 
leaves was determined by the following pro- 
cedures. Tissue (10 g fresh weight) was homo- 
genized consecutively with a Brinkman Poly- 
tron and Ten-Broeck tissue grinder in 40 ml 
chloroform/methanol (2:1, v/v). The homoge- 
nate was filtered with an additional 20 ml 
chloroform/methanol (2:1, v/v) and 30 ml 
methanol. After filtration, 50 ml deionized 
water was added to the filtrate. The mixture 
was shaken and centrifuged at 1000 x g for 20 
rain to form a biphasic solution. The phase con- 
taining lipids was dried in vacuo and stored in 
2 ml chloroform/methanol (2:1, v/v). Polar 
lipids (TPI.), DG, and TG were separated from 
total lipid extracts by thin layer chromatography 

(TLC) using petroleum ether/diethyl ether/ 
glacial acetic acid (70:30: 1, v/v/v) as the devel- 
oping solvent. Glycerolipids were extracted 
from the TLC gels after transfer to 5-ml dispos- 
able pipette tips plugged with glass wool, and 
elution with 3 ml each of chloroform/methanol 
(2:1, v/v), chloroform/methanol (1:2, v/v), 
and methanol. All filtrate volumes were reduced 
under nitrogen. Fatty acid methyl esters were 
prepared from each glycerolipid fraction by the 
addition of 0.1 ml Meth-Prep II (Applied 
Science, Division of Milton Roy, Inc.) in 1 ml 
toluene. Gas chromatographic (GC) analysis of 
the methyl ester preparations and lipid quan- 
tification was conducted as previously described 
( l l ) .  

DGAT Assay 

Assays were performed in culture tubes ( 13 
x 100 ram) at 30 C in a final volume of 200 ul. 
The reaction mixture contained 50 mM Bicine, 
pH 8.0, 25 uM [1-'*C]acyl-thioester (16:0, 
18:0 or 18:1; sp act 2.5 to 5.0 mCi.mMol-~), 
0.4 mM sn-l,2-diolein, 0.7 mM Zwittergent 
2-08 (Calbiochem Inc.), 10 mM MgCI: and 
0-30 ug protein. The reaction was initiated by 
addition of the radioactive acyl-thioester. Varia- 
tions of these conditions were noted in the ap- 
propriate figure legends. BSA (1 mg/ml) gave 
slight stimulation of DGAT activity but was not 
used generally because of possible chemical 
interaction with various acyl-CoA thioesters. 
The reaction was terminated by addition of 2 
ml chloroform/methanol (1 : 1, v/v). After 5 min, 
0.7 ml deionized water was added and the 
phases were blended with a vortex mixer. The 
mixture was centrifuged at 1000 X g for 10 
rain. The upper phase (methanol/water) was 
discarded and the chloroform phase was dried 
under a stream of nitrogen. TG was isolated and 
recovered from the chloroform fraction by TLC 
as previously described. TLC gel containing 
radioactive TG was scraped into vials containing 
I 0 ml of Aquagel scintillation cocktail (Packard). 
Radioactivity was determined by liquid scin- 
tillation with channel ratio quench correction. 

R ESU LTS 

Factors Affecting DGAT Activity 

Freshly prepared enzyme suspensions from 
spinach leaf tissue lost ca. 50% of initial DGAT 
activity when stored for 24 hr at 4 C. The activ- 
ity was stabilized, however, when frozen with 
liquid N 2. Representative DGAT activities 
could be maintained for as long as 6 months 
when handled in that manner (data not shown). 
The temperature optimum for spinach DGAT 
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activity assayed as descr ibed in Materials and 
Methods  occurred  be tween  25 and 30 C (Fig. ~4 
1), and the o p t i m u m  pH was 8.0 (Fig. 2). 

Enzym e  prepara t ions  isolated in the  absence ~_~' 
of  Mg ~+ or Mn 2+ ions d e m o n s t r a t e d  a st imula- ~3 
t ion of  TG synthesis  wi th  the  addi t ion  of  10 ~- 
mM MgC12 or MnSO 4 (Fig. 3). No evidence for  z_ 
a divalent ion effect  could be obta ined wi thou t  '~o z 
the  delet ion of  Mg 2+ or Mn ~ + f rom the  isola- -~ 
t ion  procedure .  Similar concen t ra t ions  of  Ca 2 + E 
or Cu 2 + ions had no ef fec t  u p o n  enzyme  activity.  ~ 

~5 

~4 
_z 

'_o 3 
E 

2 

,; ,; ~'o 2'~ 3'o 3; ,2o 

FIG. 1. DGAT activity in response to temperature. 
The assays were performed with enzyme from the 
100,000 • g pellet as described, for 10 min with 
[1-14C] 18:1 CoA. Samplcs were preincubaled for 5 
min at the appropriate temperature before initiation 
of the reaction. 

"~ Mg ~ -  Ci 2 

X b- Mn CI 2 

I I 

IO 20 
DIVALENT CATION (raM) 

FIG. 3. Effect of Mg 2+ and Mn 2+ on DGAT. The 
assays were performed using [1-14C] 18:1 CoA and 
enzyme from the 100,000 X g pellet as described. The 
enzyme was prepared in the absence ofMgC12 or MnClz. 

Because of  the hydrophob ic  nature  of  
diacylglycerol ,  selected t rea tments  were neces- 
sary to increase substrate solubili ty.  The effects  
of  various agents upon DGAT activi ty in the 
presence of  diolein was determined (Table 1). 
Maximal activity was obtained with Zwit te rgent  
2-08.  

Effect of DG upon TG Formation 

The presence  of  endogenous  DG in en zy me  
suspensions ob ta ined  by cent r i fugat ion  was 
de te rmined  by TLC and GC analysis. Endoge-  
nous  DG concen t r a t ions  were less than  1.0 mM. 
The relative ut i l izat ion of  exogenous  DG re- 
quired solubi l izat ion of  the DGAT p ro te in  

_J 

~ 3  
E 

A 2  
% 

x 

i i i I i i 

5 6 7 8 9 I0 
(pH) 

FIG. 2. Dependence of DGAT on pH. The assays 
were performed using [1-14C] 18.1 CoA and enzyme 
from the 100,000 • g pellet as described, except MES 
buffer was used from pH 5.0--6.0, BES from pH 7.0-8.0 
and AMPSO from pH 9.0-10.0 

TABLE 1 

Effect of Agents Used to Solubilize Diolein 
Upon DGAT Activity 

Agent Concentration TG Synthesis 

%a dpm b 

Ethanol 5.0 (v/v) 47 
Triton X-100 0.02 (w/v) 0 
Na-cholate 0.02 (w/v) 0 
Zwittergent 2-08 0.02 (w/v) 550 
Zwittergent 3-10 0.02 (w/v) 300 
Zwittergent 3-12 0.02 (w/v) 87 
Zwittergent 3-14 0.02 (w/v) 104 
Zwittergent 3-16 0.02 (w/v) 145 

aFinal concentration. 
bRadioactivity in TG per 20 min reaction. 
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complex  to remove  e n d o g e n o u s  DG. E n z y m e  .2 
ob ta ined  in this  m a n n e r  had  a specific act ivi ty  
of  0.6 to  2.0 nmol  m i n - '  [mg p r o t e i n ] - '  -~ 
DGAT activi ty in c rude  ex t rac t s  was on ly  0.05 
to 0 .06 nmol  min  -~ [mg p r o t e i n ] - ' .  Hence,  E 
e n z y m e  ob ta ined  by salt so lub i l iza t ion  as '= E 
descr ibed in Me thods  represen ted  a 1 0 - t o  40- ~ ~ 
fold pur i f ica t ion  and was used to d e t e r m i n e  
d io l e in -dependen t  f o r m a t i o n  of  TG (Fig. 4). g 
Dipa lmi t in  was also tes ted  as a DG subs t ra t e  for 
DGAT.  Dipa lmi t in ,  however ,  was a p o o r  sub- ~9 
s t ra te ,  in tha t  no  TG f o r m a t i o n  was observed 
wi th  c o n c e n t r a t i o n s  up to 500 uM. 

DGAT Utilization of AcyI-Thioester Substrates 

Kinet ics  for  subs t ra t e  s a t u r a t i o n  were de ter :  
m ined  for  acyl - th ioes ters  us ing radioac t ive  
16: 0-CoA, 18:0-CoA,  or  18: 1 -CoA wi th  sn-1,2- 
diole in  (Fig.  5). With each of  the  respect ive  
acy l - th ioes te r  subs t ra tes ,  s a t u r a t i o n  occur red  at  
a b o u t  20 ~M. Slight i n h i b i t i o n  was n o t e d  at 
acy l - th ioes te r  c o n c e n t r a t i o n s  above  25 uM. 
A c o m p a r i s o n  of  the  relat ive aff in i t ies  b e t w e e n  
the  acyl - th ioes ters  t e s ted  was d e t e r m i n e d  f rom 
a L ineweaver -Burk  p lo t  (Fig. 6). The  a p p a r e n t  
K m  values der ived f rom these  data  were as 
follows: 1 6 : 0 : C o A  (3.0 uM), 18 :0-CoA (7.0 
uM),  and  1 8 : I - C o A  (28 t~M). Similar  resul ts  
were o b t a i n e d  f rom an Eadie-Hofs tee  p lo t  (18) .  

3 

o >, 

2 
I- 

_z 

"i 
'o 
x 

E 

, , . , , 

tO0 200 300 4 0 0  5 0 0  

DIOLEIN ()urn} 
FIG. 4. Saturation kinetics of DGAT with diolein. 

The assays were performed using [ 1-14C] 18:1 CoA as 
an acyl donor as described for 20 min at 30 C. The 
enzyme was solubilized with 25 mM Bicine pH 8.0 
saturated with KC1. Diolein in 0.2% (w/v) Zwittergent 
02-8 was prepared by sonication, and centrifugation 
at 200,000 X g for 1 hr. The supernatant was used in 
the respective assays. The concentration of diolein in 
the supernatant was determined by GC as described in 
Methods. 

-- ~ ~ - Palmitoy~-CoA 

f 
/ ~ ~ ~ - SteoroyI-CoA 

/ f 

5 IO I 20 
ACYL-CoA (pM} 

FIG. 5. Saturation kinetics o f  DGAT with acyl- 
CoA. The assays were performed as in Methods with 
boiled enzyme as a blank. 
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FIG. 6. Lineweaver-Burk plot of DGAT saturation 
kinetics with acyl-.CoA. The data was plotted accord- 
ing to a linear regression analysis. The Km listed in 
Discussion are in agreement with those determined 
from an Eadie-Hofstee plot. Only data from 20 ~M 
acyl-CoA and below was used for these calculations. 

Glycerolipid Analysis 

The fa t ty  acid c o m p o s i t i o n  of  the  ma jo r  
g lycerol ip id  classes p re sen t  in  sp inach  leaf  t issue 
is s h o w n  in Table  2. The  TPL ( p r e d o m i n a n t l y  
glycolipids) ,  DG, and  T G  f rac t ions  a c c o u n t e d  
for  93.3,  5.1, and  1.6% of  the  sp inach  leaf  
glycerolipids,  respect ively .  
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TABLE 2 

Endogenous Composition of Spinach Leaf Glycerolipids 

Fatty acid 

Lipid a 16:0 16:1 16:3 18:0 18:1 18:2 18:3 Total 

tool % 

TPL 19.1 5.9 4.6 1.6 9.2 15.3 43.5 
DG 9.9 1.8 0.0 6.4 18.5 8.1 55.3 
TG 21.5 2.8 0.0 6.0 16.5 22.5 30.7 
Total 19.4 5.6 4.3 1.9 9.8 15.0 44.0 

~zmol 

10 g fresh wt 

38.83 
2.13 
0.68 

41.64 

aTPL, total polar lipid: DG, diacylglycerol; TG, triacylglycerol. 

DISCUSSION 

To our knowledge,  DGAT has not  been char- 
acterized previously from any plant tissue. A 
prel iminary a t t empt  to characterize DGAT 
from plants was conducted  with developing 
soybean coty ledons ,  however,  the nature of  
that tissue was not conducive to the establish- 
ment  of  reaction condit ions.  Al though the 
metabol ic  funct ion and origin of TG in leaf 
tissue has not  been demonst ra ted  and could be 
dissimilar to that in developing oilseeds, thc ob- 
servation o f  "['G in spinach leaf tissue suggested 
the presence of D G A r .  The DGAT purif icat ion 
and solubil ization scheme employed  with 
spinach leaf tissue was successful. Hence, the 
first a t t empt  to develop an assay for DGAT 
activity in plant tissues was conducted  with 
spinach leaves. 

Differential  centr i fugat ion of  spinach leaf 
hontogenates yield a number  of  membrane  frac- 
tions containing DGAT activity.  Among  those 
fractions, the 100,000 x g pellet contained the 
highest specific activity and thus was used in 
subsequent  exper iments .  Salt solubilized D( ;AT 
from spinach leaf accepted diolein but not  
dipahnit in as a diacylglycerol substrate.  The dif- 
ference in util ization of  the diacylglycerol  com- 
pounds  as substrates was similar to that report-  
ed for microsomal  DGAT from rat adipose 
tissue (3). Because of  the physical l imitat ions 
of  lipoidal substrates in an aqueous reaction,  
agents were employed  to enhance the solubil i ty 
of  diolein. Assays for DGAT from animal 
sources (3) indicated that ethanol ,  Tr i ton  X- 
100, or  Na-cholate were potent ial  dispersal 
agents. With the preparat ion from spinach 
leaves, however,  those agents did not  give satis- 
factory results. Diolein dispersed in a 0.02% 
(w/v) solution of  the detergent  Zwit tergent  
2-08 enhanced the activity of  I )GAT about  

12.0 l imes over that obtained with ethanol.  
q-he uti l ization of  the acyl-thioesters,  16:0- 

CoA, 18:0-CoA, and 18 : I -CoA,  by spinach 
DGAT was similar to the relative substrate 
affinities described for microsomal  preparat ions 
from adipose tissue (3). In addit ion,  the relative 
uti l ization of  those substrates did not  appear to 
be related to the respective critical micelle con- 
centrat ions (19). The apparent  inhibi t ion of  
spinach D( iAT by acyl- thioestcr  concent ra t ions  
above 20 uM was similar lo that reported for 
partially purified DGAT from rat liver micro- 
somes (20) and could be related to micelle 
format ion.  Recent  data has suggested that 16:0- 
CoA formed micelles at concent ra t ions  between 
30 to 60 uM (21). Crude microsomal  prepara- 
tions, however,  did not  exhibi t  that phenome-  
non (3). 

Endogenous acyl-CoA analysis of  spinach 
leaves (22) indicated that 16:0-CoA (25.9%) 
and 18 : I -CoA (38.4%) accounted for a major 
por t ion (64.3%) of  the total acyl-CoA pool.  
The levels of  those acyl-thioesters coupled with 
the apparent  Kin values found in this report  
suggested that DGAT substrate specificity 
could be a factor in determining "1"(; fatty acid 
composi t ion .  Addit ional  work is being con- 
ducted to clarify that in teract ion and to local- 
ize DGAT activity in subcellular  fractions from 
spinach leaves. Preliminary results have indicat- 
ed that spinach D(;AT activity is present in 
chloroplast  envelopes and in the fat layer or 
oil bodies from spinach leaf homogenates  (23). 
In that regard, the p[! op t imum of spinach 
DGAT activity was similar to that  of  o ther  
enzymes  of  the glycerolipid pathway in spinach 
chloroplasts  (24). l lence,  a possible funct ion 
for this enzyme in leaves might be synthesis of  
intraplastidic oil bodies which have been ob- 
served in micrographs of  chloroplasts  from 
many tissues (25). 
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Effect of Environmental Temperature Changes 
on Rat Liver Fatty Acid Desaturases 
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(1900) La Plata, Argentina 

ABSTRACT 

Female rats warm-adapted at 30-32 C lbr 20-25 days and then shifted to 13-15 C for 12, 24, 48, 72 
and 120 hr showed that z~9 desaturase and fatty acid synthetase activity decay after 24 hr of cold 
exposure, while A6 and A5 desaturases were increased after this period of time. These results were 
confirmed by an increase of arachidonic acid of heart and liver microsomes phosphatidylcholine and 
a decrease of oleic acid. Neither NAD1t-cyt b 5 reductase nor NADH-cyt c reductase activity of liver 
microsomes were significantly affected. Male rats warm-adapted under the same conditions and then 
shifted to 13-15 C for 120 hr did not show significant changes in fatty acid synthetase, 49 and A6 
desaturases and enzymes of the microsomal electron transport chain. Therefore, the desaturase re- 
s~ponse to environmental temperature changes could be plausibly linked to fern',de hormones. 
Lipids 18:7-11, 1983. 

INTRODUCTION 

Good evidence has been gathered showing 
the effects  of  environmenta l  tempera ture  on 
unsaturated fatty acid biosynthesis  in micro-  
organisms (1,2). Martin et at. ( 3 ) a n d  Skrivers 
and Thompson  (4) have made contr ibut ions  
concerning temperature  changes in Tetra- 
hymena piriformis, which alter the fat ty  acid 
desaturat ion activity of  endoplasmic  re t iculum 
membrane.  In this organism, the endoplasmic  
ret iculum would const i tute  a kind of self- 
regulated system for maintaining an opt imal  
physical state by means of  act ivat ion or  deacti- 
vat ion of  desaturat ion reactions. In more 
evolved poiki lo thermic  organisms as fish, 
Torrengo and Brenner (5) have shown that  the 
tempera ture  accl imation of  Pimelodus macu- 
latus f rom 38 C to 18 C increases the specific 
activity of  A6 desaturase. 

Al though the effect  of  tempera ture  on mem- 
brane f luidi ty is no t  obvious in h o m e o t h e r m i c  
animals as it is in poiki lo therms,  o ther  reactions 
may be triggered by a change of  envi ronmenta l  
tempera ture  altering the unsaturated fa t ty  acid 
biosynthesis.  In 1974, Peluffo and Brenner (6) 
showed in the rat that A6 and A9 desaturases 
are not  only d ie t -dependent  enzymes  but also 
change their activity according to seasons. 
Other  authors have demo.nstrated that  cold- 
exposed h o m e o t h e r m s  show an increase on 
catecholamine levels (7,8), oxygen consump-  
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tion (9,10),  ox ida t ions  (11,12),  thermal genera- 
tion (13,14),  glucagon and free fatty acids (15, 
16). Cold exposure  also affects prostaglandins 
(17), cor t icosteroids  (18), cyclic AMP (19) and 
enzyme  levels in mi tochondr ia ,  peroxisomes 
and lysosomes (20). 

Taking into  account  the above in format ion ,  
we are interested to study the ef fec t  of  environ-  
mental  tempera ture  on the saturated and poly-  
unsaturated fat ty acid biosynthesis  in the 
female rat. 

MATERIALS AND METHODS 

[ 1-14C] Palmitic acid (56 mCi /mmol ) ,  
[ 1 J4Cl l ino le i c  acid (55 mCi /mmol ) ,  [ 1 J a C ] -  
eicosa-8,11,14-tr ienoic acid (61 m C i / m m o l )  
were provided by New England Nuclear,  Boston,  
MA. Cy toch rome  c was provided by Sigma 
Chemical  Company  Inc., St. Louis, MO. Cofac- 
tors for enzyme  reactions were purchased f rom 
Boehringer Argent ina,  Buenos Aires, Argentina. 

Animal Treatment 

Thirty female Wistar rats, 130-150 g weight,  
were divided into  groups of  5 animals each, and 
were placed in a warm room at 30-32 C for 20- 
25 days under  purina chow diet  and water ,  ad 
l ibi tum.  After  that  period of  t ime,  5 groups 
were placed in a tempera ture-cont ro l led  cham- 
ber at 13-15 C for 12, 24, 48,  72 and 120 hr, 
respect ively,  under  the same diet condit ions.  

Ten male Wistar rats were divided in 2 groups 
o f  5 animals each and were warm-adapted at 
30-32 C for the same per iod of  t ime and then 
one o f  them was placed in the cold chamber  for 
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120 hr. After these periods of  time, all the 
animals were killed at 7 A.M. to avoid circadian 
effects. Livers were homogenized in a solution 
containing 0.25 M sucrose, 0.15 M KC1, 62 mM 
phosphate buffer (pH 7) and 1.5 mM gluta- 
thione. The homogenate was centrifuged at 
10,000 x g for 20 min, the pellet was discarded 
and the supematant was centrifuged again at 
110,000 x g during 60 min to obtain the micro- 
somes and cytosol. 

Enzyme Assays 

Fatty acid desaturase assay was  performed 
using 50 nmol of labeled palmitic, linoleic or 
eicosa-8,11,14-trienoic acids. Each acid was 
incubated with 3 mg of microsomal protein 
at 35 C for l0 min. In these conditions, the 
enzymes were saturated by the substrate. The 
incubation solution contained: 0.25 M sucrose, 
0.15 M KC1, 0.04 M phosphate buffer (pH 7.0), 
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 final volume of  
1.6 ml. Fatty acids were saponified, esterified 
and the conversion was measured by gas liquid 
radiochromatography in a Packard apparatus 
with a proportional counter (21). NADH-cyt b 5 
reductase activity was measured by NADH 
oxidation at 340 nm, using potassium ferri- 
cyanide as terminal electron acceptor. The 
reaction mixture contained ferricyanide (70 
nmol), microsomal protein (2-10 /ag) and 
NADH (30 nmol) in a final volume of 0.27 ml 
of 0.05 M Tris acetate (pH 8.1), 1 mM EDTA. 
An extinction coefficient of 6.22 mM -~ • 
cm -1 was used. NADH cyt c reductase activity 
was measured at 550 nm using cytochrome c 
as a terminal electron acceptor. The reaction 
mixture contained 20 nmol of cyt c, 30 nmol 
of NADH and 2-10 /ag of  microsomal protein 
in a final volume of 0.27 ml of 0.05 M Tris 
acetate (pH 8.1), 1 mM EDTA. The absorption 
increase at 550 nm was followed as a function 
of time. An extinction coefficient of 18.5 
mM -1 • cm -~ was used. 

The fatty acid synthetase activity was 
assayed by the method of Bruckdorfer et al. 
(22) measuring the NADPH oxidation at 340 
nm. 

Phosphatidylcholine Fatty Acid Analyses 

Liver, heart and liver microsomal total lipids 
were extracted, phosphatidylcholine isolated 
and methyl esters were prepared and analyzed 
by gas liquid chromatography (GLC) in a 
Hewlett-Packard 5840-A gas chromatograph 
equipped with the 5840-A GC terminal and 
using a 6-ft column filled with 10% Sp 2330 

on 100-200 Chromosorb WAW (23). 

RESULTS AND DISCUSSION 

Liver fatty acid desaturase activity is modi- 
fied by several factors such as diets, hormones 
(24), cytosolic soluble proteins (25), ethanol 
(26) and clofibrate (27). In this experiment, the 
effect of  environmental temperature variations 
is described. Figure 1 shows that A9 desaturase 
conversion increases in a nonstatistically signifi- 
cant way during the first 12 hr of temperature, 
shifting from 30-32 C to 13-15 C, being fol- 
lowed by a marked decrease. At 48 hr, the A9 
desaturase reaches the lowest value that remains 
constant after this time. Similar behavior was 
shown by the fatty acid synthetase that also 
decreases but reaching the lowest value with a 
slight delay of 24 hr. The similarity of A9 
desaturase and fatty acid synthetase behavior 
promoted by diet modification has already 
been pointed out by Jeffcoat and James (28) 
and other authors (26,27), and the present 
results are new evidence that the activity of 
both enzymes may be intimately related. This 
decrease of A9 desaturation is confirmed by 
the decrease of oleic acid shown on the fatty 
acid composition of both heart and liver micro- 
somes phosphatidylcholine (Table 1). 
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FIG. 1. Fatty acid synthetase ( • 2 1 5  and A9 
desaturase (e - -o)  variations in female rat liver pre- 
viously warm-adapted (20-25 days at 30-32 C) and 
then shifted to 13-I 5 C for 12, 24, 48, 72 and 120 hr. 
Results are the mean of 5 samples • SE. 
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TABLE I 

Liver Microsomes and Heart Phosphatidylcholine Fatty Acid Composition of Female Rats 
Exposed at 30-32 C for 20 Days and Then Shifted to 13-15 C for 120 hr 

Liver microsomes Heart 

Fatty acids 30-32 C 13-15 C 30-32 C 13-15 C 

1 6 : 0  25 .6  • 0 .5  19 .0  • 0 .3  b 19 .3  • 0 .4  18 .0  • 0 .8  
16 :1  2 .6  • 0.1 2 . 3  • 0 .5  1.5 • 0 .2  1.2 • 0.1 
1 8 : 0  2 8 . 8  • 0 .6  31 .4  -+ 0 .2  a 2 6 . 0  • 0 .6  25 .5  • 1.0 
18:1  12.9 • 0 .4  1 0 . l  • 0 . l  b 13 .0  • 0 .3  10.4 • 0 . 3  b 
1 8 : 2 ( c o 6 )  7 .9  • 0 .2  8.5 • 0 .3  14.1 • 0 .8  9.1 • 0 .7  a 
2 0 : 3 ( t o 6 )  1.9 • 0.1 1.2 • 0.1 a -- -- 
20 :4 ( ( .o6 )  12 .6  • 0 .9  20 .7  • 0 .7  b 2 0 . 9  -+ 0 .7  2"/ .6 • 0 .9  b 
22 :5 ( t .~3 )  1.9 • 0.5 0 .9  • 0 .2  1.6 • 0.1 2 .8  • 0 .4  
22 :6 ( ( .o3)  5.8 • 0 .6  5.9 • 0 .2  3.6 • 0 .3  5 .4  • 1.0 

Minor components were not considered. Results are the mean of 5 samples • 1 SE. 
30-32 C vs 13-15 C: ap < 0.01, bp < 0.001. 

The  decreased e n v i r o n m e n t a l  t e m p e r a t u r e  
ef fec t  on the  convers ion  of  18:2 to 18:3 by  
A6 desaturase  was comple t e ly  d i f fe ren t  since 
the  convers ion  increased progressively accord-  
ing to the  t ime of  cold exposure  a f te r  a lag 
per iod  o f  24 hr.  A s imilar  e f fec t  was s h o w n  on  
A5 desa turase ,  since the  convers ion  of  20 :3  to 
20 :4  was also increased a f te r  a lag per iod  of  24 
hr .  However ,  a p la teau  of  max ima l  convers ion  
was reached  at 48  h r  (Fig. 2). 

The  act ivi ty of  e n z y m e s  of  the  mic rosoma l  
e lec t ron  t r anspo r t  chain  such as NADH-cy t  b5 
reductase  and  NADH-cy t  c reductase ,  w h i c h  are 
involved in the  fa t ty  acid de s a t u r a t i on  reac t ion ,  
were no t  mod i f i ed  s ignif icant ly  (Fig. 3) by  the  
e n v i r o n m e n t a l  t e m p e r a t u r e  shif t .  The re fo re ,  
it may be a d m i t t e d  tha t  the  e f fec t  would  be 
exer ted  on the  te rmina l  fa t ty  acid desa turase  
and ,  wha tever  the  mechan i sm of  desaturasc  
t e m p e r a t u r e - d e p e n d e n c e  might  be,  the  results  
m e n t i o n e d  above  show t h a t  s a tu ra t ed  and  
m o n o u n s a t u r a t e d  fa t ty  acid synthes i s  is d imin-  
ished,  while t ha t  of  p o l y u n s a t u r a t e d  fa t ty  acids 
is increased,  when  warm-adap ted  female rats are 
sh i f ted  f rom 30-32 C to 13-15 C. 

Since the  analysis  of  the  fa t ty  acid compos i -  
t ion  of  phospho l ip id s  by GLC may  be used to 
show the  s ta tus  of  a desaturase  more  precisely 
than  does its e n z y m a t i c  assay (29) ,  the  fa t ty  
acid c o m p o s i t i o n  of  the  p h o s p h a t i d y l c h o l i n e  of  
liver mic rosomes  and hear t  was also invest i-  
gated.  In our  expe r i m en t s ,  the  increase  of  A6 
and  A5 fa t ty  acid desa tu ra t ion  suggested an 
increase of  a rach idon ic  acid. The to ta l  l ipid 
fa t ty  acid compos i t i on  of  mic rosomal  m e m -  
b rane  (no t  r epo r t ed  here )  showed  only  a small  
increase of  a rach idon ic  acid t ha t  was no t  stat is-  
t ically s ignif icant .  However ,  the increase of  
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FIG. 2. r,6 (e - * )  and A5 (X ---X) desaturase 
variations in female rat liver microsomes previously 
warm-adapted (20-25 days at 30-32 C) and then 
shifted to 13-15 C for 12, 24, 48, 72 and 120 hr. 
Results arc the mean of 5 samples • SE. 
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FIG. 3. NADH-cyt b~ reductase (o - -o )  and 
NADH-cyt c reductase ( •  activity variations in 
female rat liver microsomes warm-adapted (20-25 days 
at 30-32 C) and then shifted to 13-15 C ; f o r  12, 24, 
48,  72 and 120 hr. Results are the mean of  5 samples 
• SE. 
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FIG. 4. Fat ty  acid synthetase ,  A9 and A6 desatu- 
rase variations in male rat liver warm-adapted (20-25 
days at 30-32 C) (light bars) and then shifted to 13-15 
C for 120 hr  (heavy-strippled bars). Results are the 
mean of  5 samples +- SE. 

arachidonic acid was statistically significant 
when the fatty acid composition of phospha- 
tidylcholine was investigated in fiver micro- 
somes and heart (Table 1). 

It is interesting that the changes of A9 and 
A6 fatty acid desaturase activity found in 
female rats were not present in males (Fig. 4). 
This result would suggest that female sex hor- 
mones could be involved in the temperature 
effect, and although it is too early to predict a 
mechanism for the process, it is important to 
consider HoUoway's contribution showing that 
estradiol may alter microsomal A9 fatty acid 
desaturase in the rooster (30). This research is 
in progress. 
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Lipid and Fatty Acid Characterization and Metabolism 
in the Sea Anemone Phymactis clematis (Dana) 

RICARDO J. POLLERO ~. Inst i tuto de Investigaciones Bioquimicas de la Plata, CONICET- 
UNLP, Facultad de Ciencias M~dicas, calles 60 y 120, 1900-La Plata, Argentina 

ABSTRACT 

Neutral lipid, phospholipids and fatty acids of the sea anemone Phymactis clematis from the south- 
west Atlantic were characterized and quantified in spring and autumn. Neutral lipids predominated 
over phospholipids in both seasons. Triacylglycerol and diacylglycerol ethers were the major lipids. In 
spring, an increase of esterified sterols was noted. The major fatty acids found were 22:5co3, 20:5~o3 
and 16:0. The sea anemones were also incubated in vivo with either [1-1*C]linoleate or [1J4C]a - 
linolenate for 2 hr. Isotope incorporation into lipids and their transformations into higher fatty acids 
were examined. Both precursors were incorporated into the lipids, mainly in triacylglycerols and mono- 
acylglycerols, while a-linolenate was also incorporated into phospholipids. The radioactive linoleate 
was elongated to 20:2, 22:2 and 24:2 fatty acids, but not desaturated to 18:3~o6. c~-Linolenate was 
desaturated by A6 desaturase to 18:4eo3. The specificity of A6-desaturase is discussed. 
Lipids 18:12-17, 1983. 

INTRODUCTION 

The sea anemone Phymactis clematis (Dana) 
has a large geographical distribution along the 
Pacific coast of  America from Baja California 
to Tierra del Fuego. In the southwest Atlantic, 
this species is an important member of the ane- 
mono-fauna in the coast of  Buenos Aires prov- 
ince, with specimens showing a mean size of 2.7 
cm wide and 3.7 cm long and generally contain- 
ing symbiont zooxanthellae (1). 

In the present work, neutral lipids, phospho- 
llpids and fatty acids of P. clematis from the 
southwest Atlantic coast were studied and char- 
acterized. The biotransformation of linoleic and 
0olinolenic acids as well as their incorporation 
into lipids by the combined algae host symbiotic 
system are reported. 

MATERIALS AND METHODS 

Organisms 

Specimens of P. clematis were collected from 
rocks after tide retreat in the Atlantic coast 
near Mar del Plata, province of Buenos Aires, 
Argentina. All had endosymbiotic zooxanthellae. 
A group of 8 anemones was collected in each of 
autumn and spring, and were divided into two 
lots of  4. Each lot was processed independently 
to obtain total lipids. 

Other groups were transported to the labor- 
atory in vessels containing sea water. They were 
kept in an aquarium with aerated and filtered 
sea water for 1 week before the experiments 

1Member of the Carrera dei Investigador Cientifico, 
Comisidn de Investigaciones Cientificas de la Prov. de 
Buenos Aires, Argentina. 

were performed and were continuously illumi- 
nated with a 25-watt tungsten lamp at 30 cm 
from the surface. 

Lipid Extraction and Analysis 

Tissues were homogenized and total lipids 
were extracted according to the method des- 
cribed by Folch et al. (2) and weighed. 

Total lipids were separated by silicic acid 
absorption into polar and neutral lipids (3). Each 
fraction was analyzed by thin layer chromatog- 
raphy (TLC) on' plates covered with Silica Gel 
G. Neutral lipids were separated with hexane/ 
ether/acetic acid (80:20:1, v/v) and with ben- 
zene/hexane (30:70, v/v). Polar lipids were frac- 
tionated with chloroform/methanol/acet ic  acid/ 
water (65:25:4:4,  v/v). The spots were localized 
by exposing the plates to iodine vapors. Lipids 
were identified by comparison of the Rf with 
standards or by spraying the plates with specific 
reagents. The quantitative determination of the 
lipids was performed by densitometry after 
charring with sulfochromic acid solution (4), 
suing a known amount of stearic acid as stan- 
dard. 

Fatty Acid Analysis 

An aliquot of total lipids was saponified 
with 10% KOH in ethanol for 45 min at 80 C 
and, after extraction of the unsaponifiables with 
petroleum ether, the fatty acids were esterified 
with 3 N HC1 in methanol. 

The methyl esters were analyzed by gas liquid 
Chromatography (GLC) in a Packard apparatus 
at 180 C. Two liquid phases were used: 15% 
EGSS-X on Chromosorb WPH 80/100 mesh and 
15% EGSS-Y on Chromosorb WAW 80/100 
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mesh. 
The chromatographic peaks were tentatively 

identified using both columns by comparison of 
the retention times relative to methyl stearate 
with those of standards. This identification was 
checked by the graphical methods of equivalent 
chain length and separation factors reported by 
Ackman (5,6). Carbon chain length of the acids 
was checked by hydrogenation followed by GLC 
of hydrogenated products (7). 

The number of double bonds in the fatty 
acids was confirmed by TLC on silica gel H-Ag- 
NO3, followed by GLC of the separated frac- 
tions (8). 

Incubation with Labeled Substrates 

A total of 4 anemones was incubated with 
each radioactive tracer. Five pCi (1 pmol) of 
[ 1-14C] ammonium linoleate or [ }_14 C] ammon- 
ium-a-linolenate were injected into each animal, 
at the side of the mouth, and incubated for 2 hr 
at 20 C in the light conditions previously des- 
cribed. After that time, the anemones were brief- 
ly washed with sea water and the lipids extrac- 
ted and analyzed. The lipids were separated by 
TLC and the radioactivity was measured on the 
plates with a scanner (Berthold, Germany). 

Radioactive fatty acid methyl esters were 
analyzed by gas liquid radiochromatography in 
a Hewlett-Packard 402 apparatus equipped with 
a flame detector and coupled to a Panax Radio- 
gas detector. A column packed with 10% SP- 
2330 on Chromosorb WAW liquid phase was 

used. Temperature was programmed for a linear 
increase of  2 C/min from 140 C to 220 C. Mass 
and radioactivity measures were simultaneously 
registered using a double-channel recorder. 

RESULTS AND DISCUSSION 

Lipid Composition 

The lipid content  of the whole tissue of P. 
clematis increased from 1.90 to 2.35% (wet 
weight basis) between autumn and spring. The 
neutral and polar lipids were separated by TLC 
into fractions that were quantitatively measured 
(Table 1). 

Free and esterified sterols were recognized 
by color reactions with sulphuric acid/acetic 
acid (50:50, v/v). To identify, the least polar 
component  of the chromatogram, it was re- 
covered from the plate and saponified as des- 
cribed above. The unsaponifiable fraction was 
chromatographed on silica gel plate with ben- 
zene/hexane (30:70, v/v) (9). Two spots ap- 
peared. A spot near the origin gave a color reac- 
tion characteristic of s terols  and originated 
from the esterified sterols. The second spot 
with Rf -~ 0.5 was recognized as unhydrolyzed 
wax esters. 

Spring specimens show higher contents of 
neutral lipids than those of  autumn. This increase 
is largely found in the esterified sterols. Wax es- 
ters have been reported to be energy stores and 
important components of  many marine animals 
(10-12). In P. clematis, only small amounts 

TABLE 1 

Seasonal Lipid Composition of Phymactis clematis 

Distribution (%) 
Lipid Autumn Spring 

Waxes 1.5 a (0.5) b 2.4 (0.2) 
Sterol esters 10.8 (1.5) 30.5 (1.7) 
Diacylglycerol ethers 13.1 (0.5) 14.5 (0.5) 
Triacylglycerols 25.7 (1.0) 26.4 (1.0) 
Free fatty acids traces 0.7 (0.7) 
Fatty alcohols 1.1 (0.1) 1.6 (0.8) 
Free s terols  
Diacylglycerols 12.5 (0.5) 11.0 (0.5) 
Monoacylglycerols 3.8 (0.3) 2.1 (0.1) 
Phosphatidylethanelamine 10.6 (0.2) 3.3 (0.3) 
Ceramide aminoethyl phosphonate 
Phosphatidylcholine 14.9 (2.0) 5.1 (0.4) 
Unidentified traces traces 
Lysophosphatides 0.0 (0.5) 2.4 (1.0) 
Total neutral lipids 68.5 (2.3) 89.2 (1.7) 
Total polar lipids 31.5 (2.3) 10.8 (1.7) 
Tota l  l ipids 1.90 c (0.10) 2.35(0.15) 

aAverage of 2 samples of 4 animals each. 
bExtreme deviation of the mean. 
c% wt/wt w e t  t issue.  
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were found in the periods studied, suggesting 
that these lipids could not be significant energy 
stores. 

Lipids running above triacylglycerols were 
identified as diacylglycerol ethers. Large 
amounts of  these appear in some marine verte- 
brates (13) and in lesser proportion in inverte- 
brates (14). They are usually considered to be 
related to wax esters since there is a similarity 
as regards composition and biosynthesis. The 
levels found in this case are half the porportion 
of triacylglycerols, an unusually high ratio. 

To complete the picture of these related 
lipids, a spot with Rf 0.20 and coincident with 
a standard of  linoleylol, maintained its position 
after saponification. It was identified as aliphatic 
alcohols. 

In addition to triacylglycerols and diacylgly- 
cerols, monoacylglycerols were present. Pig- 
ments might be present in the monoacylglycerol 
spot, and therefore the values in Table 1 are un- 
certain. 

The presence of several phospholipids was 
detected in the anemone (Table 1). Three spots 
gave a positive reaction with ninhydrin. The 
least polar was recognized as phosphatidyletha- 
nolamine and the most polar remained unchar- 
acterized. The spot of intermediate polarity ran 
a little higher than phosphatidylcholine. It was 
attributed to a ceramide-aminoethyl phospho- 
nate, since it gave positive reactions with specif- 
ic reagents for sphingolipids and amino groups. 
This compound has been recognized in other 
marine (15,16) and freshwater invertebrates ( 17, 
18). Large quantities of this compound were 
reported by Rouser et al. (19) and Mason (20) 
in sea anemones. 

Phosphatides of  serine and inositol, as well 
as the cerebrosides present in many aquatic or- 
ganisms, including sea anemones (19,20), could 
not be detected. 

Fatty Acid Composition 

The fatty acid composition of  total lipids of  
P. clematis, determined by GLC, is presented in 
Table 2. The spectrum of fatty acids found cor- 
responds, in general, to an aquatic pattern, 
where the acids of linolenic series (co3) prevail 
over those of  the linoleic series (co6). 

It is important to remark that, although the 
22:6603 acid is a typical component  of  aquatic 
organisms, specially those of  marine origin, 
only small quantities of  an acid with its gas- 
chromatographic characteristics were detected. 
Instead, the 22:5603 acid, which is a possible 
direct precursor of the 22:6603 acid, is the 
major C22 fatty acid of  the a-linolenic family. 
Other relatively important components were, as 
expected, 20:5603, 16:0 and 18:1. 

TABLE 2 

Seasonal Fatty Acid Composition (% wt[wt) 
Found in Total Lipids of Phymactis clematis 

Fatty acid Autumn Spring 

14:0 1.1 a (0.1) b 1.0 (0.2) 
15:0 1.1 (0.0) 1.5(0.0) 
X 0.5 (0.0) 0.6 (0.0) 
16:0 9.8 (0.1) 9.9 (0.4) 
16:1 6.0 (0.2) 6.0 (0.2) 
16:27 2.1 (0.0) 2.5 (0.0) 
17:0 4.9 (0.1) 2.1 (0.0) 
18:0 6.9 (0.1) 5.9 (0.0) 
18:16o9 10.9 (0.2) 7.1 (0.3) 
18:26o6 7.1 (0.7) 2.7 (0.1) 
18:3to3 1.5 (0.1) 1.8(0.1) 
18:46o3 3.0 (0.1) 2.8 (0.1) 
20:16o9 5.5 (0.1) 5.6 (0.2) 
20:26o6 2.4 (0.4) 1.0(0.1) 
20:26o3 2.4 (0.2) 1.3 (0.0) 
20:3 0.7 (0.1) 
20:4(.o6 4.8 (0.1) 4.7 (0.4) 
20:46o3 3.9 (0.1) 4.1 (0.1) 
20:56o3 8.2 (0.5) 13.9 (O.2) 
22:2 2.2 (0.1) 1.8 (0.1) 
22:3 0.4 (0.4) 1.0 (0.1) 
22:46o3 4.6 (0.1) 4.5 (0.3) 
22:56o3 8.7 (0.1) 16.6 (1.1) 
22:6? 0.4 (0.4) 0.5 (0.5) 
24:2 0.9 (0.0) 1.1 (0.1) 

aAverage of 2 lots of 4 animals each. 
bExtreme deviation of the mean. 

In general, aquatic animals show quantitative 
seasonal changes in their fatty acids. As regards 
to P. clematis, the most significant variations 
are produced in the 20:5603 and 22:5603 acids. 
Quantitative variations observed in fatty acids 
at different periods of  the year, could be attrib- 
uted to the sexual cycle, diet or proportions of 
different lipid classes. In this respect, conclu- 
sions obtained from data for only two seasons 
of  the year would be merely speculative. 

On the other hand, the possibility of fluctua- 
tions in the biosynthesis of fatty acids in the 
animal tissues, or the contribution of the sym- 
biont algae located in the polyp tentacles, can- 
not be discarded. With respect to this last point, 
it is well established (21,22) that zooxanthellae 
can  translocate fatty acids to the cells of their 
animal hosts. 

Incorporation of Fatty Acids into Lipids 

Some aspects of  the dynamics of fatty acids 
in the animal were studied with labeled fatty 
acids. When the ammonium salts of 14C-labeled 
linoleic and 0t-linolenic acids were incubated 
with the anemones, it was found that after 2 hr, 
significant radioactivity was incorporated into 
the lipids (Table 3). The amount incorporated 
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TABLE 3 

[ 1-14C ] Linoleic and [ 1-14C ] Linolenic Acids Incorporation into Lipids of Phymactis clematis 

15 

[ 1-'4C] 18:2to6 [ 1-t4C] 18:3co3 

Radioactivity (%b) dpm Radioactivity (%) dpm 
Lipid a mg lipid mg lipid 

WE + SE 3.9 +- 2.5 4.9 -+ 1.5 
DGE 2.6 -+ 1.1 6.1 -+ 1.9 
TG 41.9 +- 3.6 52.6 -+ 5.1 
FFA 31.7 -+ 3.5 10.8 -+ 3.0 
FA+ FS+ DG 6.0-+ 2.4 1.1 -+ 0.8 
MG 13.9 + 4.1 18.8 -+ 2.9 
PL traces 5.7 -+ 0.7 

TL 100.0 11869 14457 

aWE: wax esters; SE: sterol esters; DGE: diacylglycerol ethers; TG: triacylglycerois; 
FFA: free fatty acids; FA: fatty alcohols; FS: free sterols; DG: diacylglycerols; MG: mono- 
acylglycerols; PL : phospholipids; TL : total lipids. 

b Results are the mean of 4 determinations -+ standard deviation. 

was d e p e n d e n t  on  t he  f a t t y  acid added.  Ane-  
m o n e s  i n c u b a t e d  w i th  l i no lena te  showed  an in- 
c o r p o r a t i o n  h igher  t h a n  t hose  i n c u b a t e d  w i th  
l inoleate .  Af t e r  i n c u b a t i o n ,  ca. 15% and  30%, 
respect ively ,  of  t he  rad ioac t iv i ty  " i n c o r p o r a t e d "  
r e m a i n e d  as free f a t t y  acids. 

When  t he  l ipids were separa ted  a f te r  incuba-  
t i on  w i th  l ino lea te  and  ana lyzed  by  TLC, t he  
label ing was f o u n d  pr inc ipa l ly  in the  neu t r a l  
lipids, especial ly t r iacylg lycerols  and  m o n o a c y l -  
glycerols.  The  same neu t r a l  l ip ids  were labe led  
b y  ~- l inolenate ,  b u t  in  this  case it mus t  be  added  
t h a t  t h e  p h o s p h o l i p i d s  were also labeled  signifi- 
cant ly .  The  area near  t he  origin was scraped 
f r o m  t h e  plates ,  e lu ted  and  r e c h r o m a t o g r a p h e d  
by  TLC using t he  solvents  app r op r i a t e  for  t he  
phospho l i p id  deve lopm en t ,  as descr ibed in t he  
e x p e r i m e n t a l  par t .  In th is  c i rcumstance ,  i t  was 
observed t h a t  a r emarkab le  p r o p o r t i o n  of  the  
labe l ing  be longed  to  the  ce ramide  a m i n o e t h y l  
p h o s p h o n a t e  and  p h o s p h a t i d y l c h o l i n e  area. No 
rad ioac t iv i ty  w a s  de t ec t ed  in o t h e r  p h o s p h o -  
lipids. 

These  resul ts  wou ld  suggest  t h a t  l ipid syn- 
thesis  in P. c lemat is  fo l lows  the  c o m m o n  pa th-  
ways w h e r e b y  l inoleic  and  0~-linolenic acids or 
the i r  me tabo l i c  p r o d u c t s  wou ld  be  conve r t ed  
in to  acyl-CoA, and  rapidly  i n c o r p o r a t e d  i n to  
lipids. A l t h o u g h  p o l y u n s a t u r a t e d  acids, t h e y  
were p re fe ren t ia l ly  s tored  in the  t r iacylglycerols .  
Similar  resul ts  were f o u n d  by  Hi l l -Manning and  
B lanque t  (12).  

The  pla te  zones  co r r e spond ing  to  free sterols,  
f a t t y  alcohols ,  wax esters and  s ter i f ied s terols  
were separa ted  f rom the  p la tes  and  saponi f ied  
as descr ibed previously.  When  t he  unsaponi f i -  
ables were r e c h r o m a t o g r a p h e d  b y  TLC, some  

label ing was observed  in free sterols,  f a t t y  al- 
cohols  and  wax esters.  

Several fac tors  shou ld  be  t a k e n  i n to  a c c o u n t  
re la t ing  to  wax es ter  b iosyn thes i s .  Sargent  et al. 
(23)  have d e m o n s t r a t e d  t ha t  t he  l imi t ing  f ac to r  
in wax es ter  syn thes i s  is t he  f a t t y  a lcohol  availa- 
bi l i ty,  p r o d u c e d  b y  r e d u c t i o n  of  t he  cor respon-  
d ing f a t t y  acids or by  t he  de n o v o  synthes is  f rom 
c a r b o h y d r a t e s  and  d ie ta ry  p ro t e in s  (24) .  T h e y  
have  also suggested t h a t  t he  b io syn thes i s  of  tri- 
acylglycerols  and  t ha t  of  wax esters may  be  
rec iprocal ly  exclusive and  t he  resul ts  o b t a i n e d  
in t he  a n e m o n e s  would  agree w i th  th is  sugges- 
t ion.  

As regards t he  i n c o r p o r a t i o n  of  subs t ra tes  in 
d iacylglycerol  e thers ,  similar conc lus ions  m a y  
be  drawn.  However ,  t he  h igh  levels of  diacylgly- 
cerol  e thers  in  P. c lemat is  seem r a t h e r  d i f f icul t  
to  exp la in  b y  th is  m e c h a n i s m .  

Label ing  f o u n d  in free s terols  suggests de 
novo  synthes i s  f rom ace ta te  p r o d u c e d  b y  t he  
f a t t y  acid /3-oxidat ion .  A similar  conc lus ion  
m a y  be  d rawn  f rom the  resul ts  of  f a t t y  a lcohol  
labeling.  Linoleic  and  a - l ino len ic  acid r e d u c t i o n  
to  the i r  co r r e spond ing  f a t t y  a lcohols  does  n o t  
seem reasonable ,  s ince t he  specif ic i ty  of  t he  
acyl-CoA reduc tase  to  sa tu ra t ed  and  m o n o e n o i c  
subs t ra t e s  has  b e e n  d e m o n s t r a t e d  (13).  

When  t he  a n e m o n e  t en tac les  inc luding  zoo- 
xan the l l ae  were s e p a r a t e d  a f te r  who le  an imal  
exposure  and  ana lyzed  separa te ly ,  no  d i f fe rence  
was f o u n d  in t he  l ipid r ad ioac t iv i ty  dis t r ibUtion.  
Nevertheless ,  t he  labeled  p recurso r  incorpora -  
t i on  was m u c h  h igher  in t en tac les  t h a n  in t he  
r ema in ing  par ts  of  t he  animal.  The  relat ive 
specif ic  act ivi t ies  of  t e n t a c l e s : b o d y  were 3 .56 
and  3.58 for  t he  l inoleic  and  a- l inolenic  acid 
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incubat ions ,  respectively.  

Biosynthesis of Fatty Acids 

After  incubat ing  the  anemones  wi th  [ 1-14C]- 
l inoleate  and [ 1-14C] a- l inolenate ,  the  fa t ty  acids 
were analyzed by gas-liquid rad iochromatogra -  
phy.  The results are p resen ted  in Table 4. It is 
shown  that  bo th  precursors  not  only are activa- 
ted and incorpora ted  in to  lipids, but  also are 
conver ted  in to  o the r  fa t ty  acids. 

TABLE IV 

Labeling Distribution in the Fatty Acids 
of the Anemone after Administration of 

[ i - t 4 C  ] Linoleic and [ 1-14C I Linolenic Acids 

Radioactivity (%a) 

Fatty acid [1-14C]18:2to6 [l-t4C]18:3w3 

1 6 : 0  4 . 4  +- 1 . 7  - 
1 8 : 2  87.7 -+ 3.8 - 
18:3 - 94.0 • 1.7 
18:4 - 6.0 • 1.7 
20:2 traces - 
22:2 4.2 • 0.7 -- 
24:2 3.7 -+ 1.5 -- 

aResults are the mean of 4 determinations • stan- 
dard deviation. 

is generally agreed and has been  repor ted  for  
higher animals by Brenner  (27), a very low affin- 
ity would exist in P. clematis for  the 18:26o6 
acid but  a very s t rong one  would  exist  for  18: 
3603 acid. The presence  of  a A6-desaturase 
specifically active for  a- l inolenic  acid and appar- 
ent ly  inactive for  l inolenic acid was also ob- 
served in Acanthamoeba castellanii (28), 
Chlamys tehuelcha (Pollero,  R.J.,  and Brenner,  
R.R.,  unpubl i shed  results),  and cul tured HTC 
cell (29,30).  

In conclusion,  18:26o6 and 18:36o3 acids 
are rapidly incorpora ted  by the algae host  sys tem 
o f  P. clematis, especially in tr iacylglycerols.  
They are also conver ted  in to  o the r  acids by 
e longat ing enzymes  and by a desaturase specific 
for 18:36o3 acid. An i m p o r t a n t  ques t ion  may 
be posed about  the  reasons and mechanisms  of  
subs t ra te  specif ici ty of  the  A6-desaturase  in the  
a fo r emen t i o n ed  cells, that  is no t  shown  in rat 
liver, human  liver (31), fish (3 2) and many o the r  
animals. 
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Linoleic acid was e longated to 20:2,  22:2  
and 24:2 acids, but  no radioact ivi ty  was de tec ted  
in the  18:3606 acid. This result indicates  tha t  A6- 
desaturase was inactive in the  cond i t ions  o f  the  
expe r imen t  and only the elongat ing enzymes  
tha t  conver t  the substrate  in to  its long-chain 
homologs  were active. These results agree wi th  
o the r  repor ts  that  also showed  that  l inoleic 
acid e longat ion rather  than desa tura t ion  takes 
place in some  marine animals (25). Some  oxi- 
da t ion  o f  the  linoleic acid and de novo synthe-  
sis o f  fa t ty  acids apparent ly  took  place, since 
the  radioact ivi ty  was also de tec ted  in palmit ic  
acid. 

The incuba t ion  with a- l inolenic acid showed  
no radioact ivi ty in shor te r  chain acids. Af ter  2 
hr, most  o f  the  radioact ivi ty was still found  in 
the  substrate.  However,  the  convers ion o f  the  
18:36o3 acid in to  18:46o3 acid showed that  a 
A6-desaturase  actively desa tura tes  a- l inolenic  
acid. There  exists the possibil i ty that  the A6- 
desa tura t ion  of  18:36o3 to 18:46o3, an impor-  
tant  fa t ty  acid in zooxan the l l ae  (26), may be 
p lant -or ien ted  and not  part o f  the  animal system.  

If A6-desaturase  is the  same enzyme  for  the  
18:26o6 acid and 18:36o3 acid desa tura t ion ,  as 
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Cholesterol Esterifying Capacity of Various Organs 
in Cholesterol-Fed Guinea Pigs 

F.R. HELLER, Laboratoire de Pharmacothdrapie, Universitd Catholique de Louva/n, 
53, Avenue E. Mounier, B-1200 Bruxelles, Belgium 

ABSTRACT 

In guinea pigs fed a diet enriched with 1% cholesterol, the liver, adren',ds, spleen, and small intestine 
accumulated cholesterol much more than the lungs and kidneys. The cholesterol content of the aorta, 
stomach and colon was not increased by the diet. Cholesteryl ester was the predominant form of 
cholesterol deposited in the organs richest in this sterol and the total cholesterol content of a tissue 
tended to increase with the proportion of cholesteryl ester. Cholesterol esterifying activity (ACAT) 
was found in most tissues and paralleled the cholesteryl ester content of these tissues, being highest in 
the adrenals, liver, spleen and the proximal part of the small intestine. ACAT activity was enhanced by 
the cholesterol diet and its elevation was fairly well correlated with the increase in the cholesterol 
content of the organs. However, the liver and adrenals tended to accumulate more cholesterol than 
anticipated from their cholesteryl ester content and their ACAT activity. Cholesterol esterification 
may play a major role in the ability of organs to accumulate cholesterol. 
Lipids 18:18-24, 1983. 

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

Feeding of cholesterol to animals results in 
metabolic alterations which vary from one 
animal species to another. Cholesterol-fed 
guinea pigs develop hypercholesterolemia with 
serum lipoprotein alterations (1,2), fatty liver 
(3) and hemolytic anemia (4-7). In cholesterol- 
fed guinea pigs as in other animal species, 
several mechanisms have been shown to be 
operating in processing the cholesterol load 
supplied by a diet enriched with cholesterol, 
such as increased excretion of bile acids (8) and 
decreased cholesterol synthesis (9). 

Most of the increase in total body choles- 
terol in cholesterol-fed guinea pigs can be 
accounted for by an increase in liver esterified 
cholesterol content (10). 

Preliminary studies in our laboratory have 
shown that in normocholesterolemic guinea 
pigs, there is a good correlation between the 
total cholesterol content of tissue and the pro- 
portion of esterified cholesterol in the same 
tissue and between the last parameter and the 
cholesterol esterifying capacity of the same 
tissue (Heller, F.R., unpublished results). 

The aim of the present study was to estimate 
the cholesterol esterifying capacity of various 
tissues by assaying the acyl-CoA cholesterol 
acyltransferase (ACAT; EC 2.3.1.26)in guinea 
pigs fed a cholesterol enriched diet (1%), in 
relationship with the amount of cholesterol 
deposited in these tissues. 

M A T E R I A L S  AND METHODS 

Chemicals 

[4JdC]Cholesterol  was obtained from the 
Radiochemical Center, Amersham, England. 
Bovine serum albumin (fraction v, Sigma 
Chemical Co.) was essentially fatty acid free. 
All other chemicals and solvents were standard 
commercial high purity materials. 

Animals and Diets 

Forty-seven male guinea pigs weighing 300- 
400 g were fed a semisynthetic diet enriched 
with cholesterol (cholesterol-fed guinea pigs; 
CHOL GP). Cholesterol (1%) (USP grade) was 
added to the standard diet (Table 1). The diet 
was prepared by Hope Farms BV, Woerden, 
The Netherlands. The animals had free access 
to food and water containing ascorbic acid 
(1 g/s and were weighed every 14 days. Prelim- 
inary studies have shown that weight plateauing 
immediately preceded an impairment in the 
clinical state of  the animals ;hence,  to obtain 
a maximum load of cholesterol, the animals 
were sacrificed after the weight had stabilized 
for 4-6 weeks. 

Sixteen animals died, most from a pulmo- 
nary infection. So 31 guinea pigs were sub- 
mitted to metabolic investigations. Most 
animals (27/31) were sacrificed between 4 and 
10 months after the start of  the experiment; 
one animal was sacrificed at 7 weeks as rapid 
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TABLE 1 

Composition of the Standard Diet 

19 

Chemical analysis Trace elements 

Protein total (%) 22.3 
Protein-digestible (~) 21.1 

Arginine (%) 1.40 
Lysine (%) 1.21 
Methionine (%) 0.44 
Cystine (%) 0.35 
Tryptophane (%) 0.29 
Phenylalanine (%) l . l  1 
Tyrosine (%) 0.89 
Leucine (%) 1.62 
lsoleucine (%) 1.07 
Histidine (%) 0.52 
Threonine (%) 0.77 
Valine (%) 1.12 

Fat (%) 4.4 
Linotenic acid (vitamin F) (%) 2.1 

Fiber (%) 13.2 
Minerals (%) 5.8 

Calcium (%) 0.84 
Phosphorus (%) 0.44 
Potassium (%) 1.54 
Magnesium (~,) 0.41 
Sodium (%) 0.32 

Iron (mg/kg) 277.0 
Manganese (mg/kg) 87.4 
Zinc (mg/kg) 28.2 
Copper (mg]kg) 19.5 
Cobalt (mg/kg) 0.22 
Iodine (mg/kg) 0.72 
Vitamin A (iu/kg) 32,400.0 
Vitamin I)3 3,400.0 
a-Tocopherol (E) (mg/kg) 92.0 
Vitamin K (mg/kg) 12.1 
Thiamin (BI) (mg/kg) 11.6 
Riboflavin (B2) (mg]kg) 13.2 
Niacin (mg/kg total) 68.4 
Niacin (mg/kg available) 38.2 
Pantothenic acid (mg/kg) 34.3 
Folic acid (mg/kg) 9.4 
Pyridoxine (mg]kg) (B6) 5.8 
Choline (mg/kg) 2,082.0 
Vitamin B12 (mcg/kg) 20.0 
Biotin (H) (mcg/kg) -+ 200.0 
Vitamin C (mg/kg) 1,600.0 

weight loss occurred at this t ime. Three appar- 
ently resistant guinea pigs were sacrificed only 
after  21 months  (21) and 23 months  (2) on the 
diet. These apparent ly hyporesponding  guinea 
pig,s displayed,  like the o ther  guinea pigs, the 
same impressive cholesterol  storage in their  
tissues as shown by the microscopic  examina-  
t ion and the de te rmina t ion  of  the cholesterol  
con ten t ;  thus, their  data were pooled with 
those of  the responding animals. 

At the m o m e n t  of  sacrifice, the weight o f  
the CHOL GP was f rom 325 to 1020 g (685 -+ 
32;  mean -+ SEM). Twen ty - four  male guinea 
pigs were used as control  (control  guinea pigs; 
CONT GP); their  weight was be tween  225 and 
1100 g (471 + 52; mean + SEM) and the ani- 
mals were on the standard diet for periods 
extending  f rom 1 to 24 months .  Most animals 
were sacrificed by exsanguinat ion (carotid 
ar tery)  be tween  8 and 10 A.M. and were not  
fasted. Blood was collected in the presence of  
E D T A  for red blood cell (RBC) count  and 
heparin for cholesterol  de terminat ion .  In some 
animals killed by decapi ta t ion ,  suff icient  b lood 
could not  be obta ined for chemical  analysis. 
The tissues were quickly excised,  placed in ice- 
cold 0.9% saline and weighed. 

The fol lowing organs were studied: s tomach,  
small intestine (divided in 3 equal por t ions  
named proximal ,  middle and distal parts), 

colon,  liver, kidneys,  adrenals, lungs, spleen and 
aorta. All regions of  the gastrointestinal tract  
were carefully freed f rom surrounding mesen- 
tery, opended longitudinally and washed 
thoroughly in ice-cold saline. Tissue samples 
were used for pathological  examinat ion ,  free 
and esterified cholesterol  de terminat ion  and 
cholesterol  esterif ication capacity. In some 
animals, the size of  the entire organs was some- 
times no t  great enough for per forming all tissue 
analysis and f requent ly  organs such as aortas, 
adrenals and spleens had to be pooled.  Details 
concerning the number  of  organs studied will 
be given in the accompanying  tables. For  cho- 
lesterol de te rmina t ion ,  tissue samples were 
homogen ized  in 0.9% saline and extracted with 
pe t ro leum ether.  For  measurement  of  cho- 
lesterol esterifying capacity,  tissue samples 
were ' homogen i zed  in 0.25 M sucrose;  the 
homogena te  was centr i fuged at 4 C (4500 g for 
10 min) and the supernatant  was kept  frozen 
or immedia te ly  used for enzyme  activity 
measurement .  

Analysis 

Plasma and tissue total  and free cholesterol  
was measured by gas liquid chromatography  
(1 1). The number  of red cells was obta ined  by 
means of  an electronic  particle counte r  (Coul ter  
Counter) .  His topathology of  the various organs 
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was studied on stained sections (hematoxylin- 
eosin) of formalin-fixed tissue. CoA-dependent 
cholesterol esterifying activity of the fiver was 
estimated by using the method of Goodman et 
al. (12) as modified by Beck and Drevon (13). 
The incubation mixture contained in a volume 
of 0.75 ml, cytoplasmic extract from 50 mg 
liver, bovine serum albumin 8 mg/1, ATP 26.7 
mM, CoA 1.07 mM and about 0.05 /~Ci of 
[4- lr ] cholesterol. 

The radiolabeled cholesterol was added to 
the incubation tube as a [4J4C]cholesterol - 
albumin solution which was prepared by adding 
slowly the [4-14C] cholesterol dissolved in ace- 
tone to a solution of 100 mg bovine serum 
albumin in 1 ml of 0.1 M phosphate buffer 
pH 7.4; acetone was removed by evaporation. 
The tubes were incubated in a shaking water 
bath maintained at 37 C. The incubation t ime  
was 90 min, as preliminary experiments showed 
that the reaction rate was linear during this 
period of time. The reaction was stopped by 
the addition of 10 ml of chloroform/methanol 
2:1, v/v) and lipids were extracted by the 
method of Folch et al. (14). 

Free cholesterol and cholesteryl esters were 
dissolved in a small volume of chloroform (500 
btl) and separated by thin layer chromatography 
on Silica Gel H using light petroleum/diethyl- 
ether/glacial acetic acid (85:15:3,  v/v/v). The 
spots containing the radiolabeled free choles- 
terol and cholesteryl esters were visualized with 
iodine vapor, scraped into vials containing 4 ml 
of mixture containing naphthalene 320 g, 
POPOP 2 g, PPO 20 g, toluene 1540 ml, diox- 
ane 1540 ml, and absolute ethanol 920 ml. For 
the whole procedure, recovery of cholesterol 
was 85.2%. The radioactivity was quantitated 
in a liquid scintillation counter (Intertechnique 
SL 31). 

The ACAT activity in the other organs were 
assayed by the technique used for the fiver. 
Esterification rate was calculated as fractional 
esterification rate (FER) (percentage of choles- 
teryl ester formed per hour and per g of tissue). 
For statistical analysis, the Student t-test and 
correlation coefficient were used. 

RESULTS 

246.8) and the percentage of plasma free cho- 
lesterol between 30 and 95% (51.6-+ 35.0) 
(mean -+ 2 standard deviations). 

Twenty-two of the 31 CHOL GP (71%) 
developed anemia (RBC count less than 4.475 
x 106/mma). In CHOL GP, the weights of the 
fiver, the spleen and the lungs were 3, 7 and 2 
times higher, respectively, than in the CONT 
GP. A microscopic examination revealed the 
presence of fatty infiltration, intra- and extra- 
cellular cholesterol crystals and sometimes 
hematopoiesis foci, particularly in the liver, 
spleen, adrenals, lungs and kidneys. 

Tissue Cholesterol Content 

Tables 2 and 3 show the total cholesterol 
concentration and the percentage of esterified 
cholesterol in the organs of CONT GP and 
CHOL GP. 

When compared with the CONT GP, and 
taking into account the weight of the organs, 
the cholesterol content in the CHOL GP in- 
creased in the liver (x 16.6), in the spleen 
(x 16.3), the adrenals (x 7.8) and in the lungs 
(x 2.1). So, in the CHOL GP, the liver was the 
organ that accumulated by far the greatest 
amount of cholesterol. 

In the CONT GP, cholesteryl esters repre- 
sented 9-14% of the total cholesterol in most 
organs (Table 3), except for the liver and 
adrenals. The percentage of esterified choles- 
terol in CHOL GP was 2-5 times higher in most 
organs, except for the stomach and aorta in 
which the percentage of esterified cholesterol 
was lower and did not differ from the CONT 
GP. There was a significant correlation between 
the cholesterol content of each organ and the 
percentage of esterified cholesterol in the same 
organ, in the CONT GP: r = +0.73; p = 0.01 and 
in the CHOL GP: r = +0.88; p<0.001; for all 
animals, the correlation coefficient was +0.81 
(p<0.001). Except for the liver and adrenals, 
the relative amount of cholesterol accumulation 
in each organ tends to increase with the relative 
percentage of esterified cholesterol of the same 
organ. In the liver and the adrenals, the amount 
of cholesterol deposited was much higher than 
would be predicted by the change in the per- 
centage of esterified cholesterol (Fig. I). 

Blood Parameters and Pathology 

In CONT GP (N=23), the total plasma cho- 
lesterol concentration and percentage of free 
cholesterol were, respectively, 42.8 -+ 32.6 
mg[l00 ml and 25.2 -+ 11.6 % (mean -+ 2 
standard deviations). In CHOL GP (N=31), the 
total plasma cholesterol concentrations were 
between  60 and 550 mg/100 ml (268.3 -+ 

Tissue ACAT Activity 

Table 4 shows the values of the FER in 
various organs of the CONT GP and of the 
CHOL GP. Values of the FER of each organ 
showed significant correlation, with the values 
of the percentage of esterified cholesterol in the 
same organ. In the CONT GP: r = +0.87, 
p<0.001; and in the CHOL GP: r = +0.74, 
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T A B L E  2 

Total  Cholesterol  C o n t e n t  (mg /g  Organ)  of  Various  Organs  in Cont ro l  (CONT)  
and Cholesterol  ( C H O L )  Gu inea  Pigs (GP)  

C O N T  GP C H O L  GP 

Liver 2.5 -+ 0.2 (16)  a 13.4 t 1.2 (17)  c 
Spleen b 3.6 8.4 
Adrena ls  b 5.9 34.2 
Kidneys  3.6 -+ 0.2 (14)  4.0 -+ 0.5 (10)  
Lungs  4.3 +- 0.3 (16)  5.1 -~ 0.8 (10)  
A or t a  b 1.6 2.0 
S t o m a c h  1.9 + 0.2 (9)  2.1 -+ 0.2 (10)  
Small  intest ine p rox ima l  1.4 + 0.1 (17)  3.5 + 0.3 (10)  c 

middle  1.5 + O.l (17)  4.0 + 0.3 ( lO)  c 
distal 1.5 + 0.1 (17)  3.0 -+ 0.3 (10)  c 

Colon 2.0 -+ 0.2 (18)  1.8 -+ 0.2 ( lO)  

aln bracke ts ,  the  n u m b e r  o f  animals  s tudied .  

b l )ue  to their  small  size, the spleens,  the adrenals  and the aor tas  had  to be pooled  on 
several occasions.  For  the  spleen,  the values  r ep resen t  the mean s  o f  6 d e t e r m i n a t i o n s  in 
C O N T  GP ( co r r e spond ing  in 4 cases to  the  pool  o f  2 spleens and in 2 cases to  the pool o f  3 
spleens)  and the means  o f  6 d e t e r m i n a t i o n s  in C H O L  GP ( co r r e spond ing  in 3 cases to iso- 
lated spleens,  in 2 cases to the pool o f  2 spleens and in 1 case to the pool  o f  3 spleens) .  For  
the adrenals ,  the values represen t  the means  of  4 d e t e r m i n a t i o n s  in C O N T  GP (cor respond-  
ing in 1 case to the pool  o f  adrenals  f rom 8 animals ,  in 1 case to the pool  o f  adrenals  f rom 5 
animals ,  and in 2 cases to the  pool o f  adrenals  f r o m  4 animals)  and the means  o f  4 deter-  
mina t ions  in C H O L  GP (co r r e spond ing  in 2 cases to  the pool  o f  adrenals  f rom 5 animals ,  in 
1 case to the pool  o f  adrenals  f rom 4 animals ,  and in 1 case to the  pool  o f  adrenals  f rom 3 
animals) .  For  the aor tas ,  the values represen t  the mean s  o f  7 d e t e r m i n a t i o n s  in C O N T  GP 
(co r r e spond ing  in 4 cases to 1 aor ta ,  in 1 case to the pool  o f  4 aor tas ,  in I case to the  pool  
o f  5 aor tas  and I case to the pool  o f  8 aor tas )  and the mean s  o f  4 d e t e r m i n a t i o n s  in C H O L  
GP (co r r e spond ing  in 1 case to the pool  o f  3 aor tas ,  in 1 case to the pool  o f  4 aor tas  and in 
2 cases to the pool o f  5 aor tas) .  

CMeans tha t  the d i f fe rence  be twe e n  C O N T  GP and C H O L  GP is s ignif icant  wi th  a p va lue  
infer ior  at least to 0 .0005 .  

T A B L E  3 

Choles tero l  Ester i f ied C o n t e n t  (%) o f  Various  Organs  in Cont ro l  ( C O N T )  
and Choles terol  ( C H O L )  Guinea  Pigs (GP) 

C O N T  GP C H O L  GP 

Liver 22 .6  -+ 2.6 (16)  a 59.6 -+ 3.2 (17)  c 
Spleen b 11.8 50.1 
Adrena ls  b 60.0 85.4 
Kidneys  11.5 -+ 2.1 (17)  25.1 -+ 5.6 (10)  d 
Lungs  12.4 -+ 2.4 (16 )  40 .2  -+ 2.1 (10)  c 
A o r t a  b 10.3 6.1 
S t o m a c h  14.1 -+ 4 .0  (17)  13.3 +- 3.9 (10)  
Small  in tes t ine  p rox imal  I 1.2 + 2.5 (24)  38.6 -+ 1.6 (10)  c 

middle  11.5 -+ 2.6 (24)  38.6 -+ 2.3 (10)  c 
distal 8.9 -+ 2.0 (24)  32.6 + 2.6 ( lO)  c 

Colon 12.1 + 2.8 (18)  25.7 + 5.4 (10)  c 

a ln  b racke t s ,  the n u m b e r  o f  animals  s tudied.  

bDue  to the i r  small  size, the spleen,  the adrenals  and the  aor tas  had  to  be pooled  on 
several occasions.  For  m o r e  detai l ,  see legend o f  Table  2. 

CMeans tha t  the d i f fe rence  be tween  C O N T  GP and C H O L  GP is s ignif icant  wi th  a p level 
value < at least to 0 .0005 .  

dMeans tha t  the d i f fe rence  b e t w e e n  C O N T  GP and C H O L  GP is s ignif icant  wi th  a p level 
value < at least to 0 .001.  
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CONIC. RATIO 
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FIG. 1. Relation between cholesterol accumulat ion and changes in esterified cholesterol 
content  in various tissues of  guinea pigs. 

TABLE 4 

ACAT Activity of  Various Organs of  Control (CONT) 
and Cholesterol (CHOL) Guinea Pigs (GP) 

FER (% h-' ) 

CONT GP CHOL GP 

Liver 13.8 -+ 1.1 (20) a 22.8 -+ 2.1 c (17) 
Spleen b 14.3 8.0 
Adrenals b 30.7 17.0 
Kidneys 8.8-+ 1.1 (11) 8.2-+ 2.6 (10) 
Lungs 1.2-+ 0.5 (9) 0.7 +- 0.2 (10) 
Aorta b 1.5 0.6 
Stomach 2.1 + 1.1 (11) 0.2 :t 0.04 (10) 
Small intestine proximal 11.5 -+ 2.2 (20) 15.1 -+ 2.8 (11) 

middle 3.3 +- 0.8 (18) 8.8 + 3.0 d (10) 
distal 4.4 -+ 0.7 (18) 5.6 -+ 0.7 (10) 

Colon 7.3 +- 1.6 (13) 9.0+- 1.1 [10) 

aln brackets,  the number  of  animals studied. 
bDue to their small size, the spleens, the adrenals and the aortas had to be pooled on 

several occasions. For more details, see legend of  Table 2. 
C,dMeans that the difference between the CONT and the CHOL GI' is significant with p 

values inferior at least, respectively, to 0.025 and 0.0025. 

p < 0 . 0 1 .  
T h e  re la t ive  a m o u n t  o f  c h o l e s t e r o l  a c c u m u -  

l a t ed  in e a c h  o r g a n  is a l so  fa i r ly  well  c o r r e l a t e d  
w i th  t h e  re la t ive  i n c r e a s e  in t h e  F E R ,  b u t  o n l y  
w h e n  t h e  l iver  a n d  t h e  a d r e n a l s  are  n o t  t a k e n  
i n t o  a c c o u n t  (all o r g a n s  m i n u s  l iver  a n d  ad re -  
nals :  r = + 0 . 6 9 ;  p < 0 . 0 5 :  all o r g a n s :  r = + 0 . 2 8 ;  
NS) .  T h u s ,  t h e  a m o u n t  o f  c h o l e s t e r o l  a c c u m u -  
l a t ed  in t h e  l iver  a n d  a d r e n a l s  is h i g h e r  t h a n  
w o u l d  be p r e d i c t e d  by  t h e  i n c r e a s e  in t h e  
c h o l e s t e r o l  e s t e r i f y i n g  a c t i v i t y  o f  t h e s e  o r g a n s .  

D I S C U S S I O N  

It  is k n o w n  t h a t  a c h o l e s t e r o l - e n r i c h e d  d i e t  
i n d u c e s  s t r i k i n g  m e t a b o l i c  a l t e r a t i o n s  in g u i n e a  
pigs ,  s u c h  as m a r k e d  t i s sue  a n d  p l a s m a  c h o l e s -  
t e ro l  a c c u m u l a t i o n  and  h e m o l y t i c  a n e m i a .  
N u m e r o u s  s t u d i e s  have  b e e n  c o n d u c t e d  to  
u n d e r s t a n d  t h e  m e c h a n i s m s  w h i c h  c o n t r o l  t h e  
e x p a n s i o n  o f  t h e  c h o l e s t e r o l  p o o l  in t h e s e  
a n i m a l s  ( 8 , 9 , 1 5 - 1 7 ) .  

P r e l i m i n a r y  s t u d i e s  p e r f o r m e d  in o u r  l a b o r a -  
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tory on normocholesterolemic guinea pigs have 
demonstrated that the cholesterol esterifying 
capacity of tissue could be an important factor 
for determining the amount of cholesterol 
deposited in the tissue. 

The anemia usually observed in guinea pigs 
after 10-15 weeks on a cholesterol diet (RBC 
less than 3-3.5 x 106/ram 3) (5,18) was not 
frequently attained in our animals. No overt 
hemolytic anemia developed in guinea pigs fed 
cholesterol and saturated fat in contrast to 
those fed cholesterol and polyunsaturated fatty 
acids (19). As the diet used in our work did not 
contain axachidonic acid, the low degree of 
anemia observed in our guinea pigs could be 
explained by the relative enrichment of satu- 
rated fatty acids in the diet. 

As previous studies have shown (4,5,10,16), 
the liver, spleen and adrenals are organs which 
accumulate the greatest amount of cholesterol 
when the diet is enriched with this sterol, and 
cholesteryl ester is the predominant state of the 
cholesterol deposited in these organs (3,4,7, 
10,16). Our study shows that the amount of 
cholesterol deposited tends to increase with 
the percentage of esterified cholesterol in the 
same organs, except for the liver and the 
adrenals which seem to accumulate more 
cholesterol than would be predicted by the 
degree of esterification. 

The increase in the cholesteryl ester content 
of the tissues could be due to a diminished 
activity of the cholesterol esterase; however, at 
least in the organs studied by Drevon, this does 
not apply to cholesterol-fed guinea pigs (16). 
Preliminary work in our laboratory has demon- 
strated that a coenzyme A-dependent esterifica- 
tion mechanism of cholesterol previously 
demonstrated in some organs of guinea pigs 
(13,16,20) is present in most tissues, with vari- 
able activity depending on the organ studied 
(Heller, F.R., unpublished results). The present 
work shows that, in response to dietary choles- 
terol, the ACAT activity expressed as fractional 
esterification rate was found to be increased 
only in the liver and intestine (Table 4). This 
suggests that the enhancement is not due 
simply to increased substrate concentration. As 
sterol synthesis in the liver seems to be far less 
sensitive to cholesterol accumulation than in 
other organs (9), this can account for the im- 
pressive amount of  cholesterol deposited in the 
liver of cholesterol-fed guinea pigs. Compared 
with the control animals, the ACAT activity is 
increased in the 3 parts of the small intestine 
in cholesterol-fed guinea pigs, although the 
difference is significant only for the middle part 
of the intestine. It has recently been suggested 
that the ACAT of the small intestine can play a 

role in the regulation of cholesterol absorption, 
or, at least, in chylomicron formation (21). 
Therefore, one reason for the inability of  
guinea pigs to limit absorption of  dietary cho- 
lesterol (22) is that the middle part of the small 
intestine can increase its ACAT activity, allow- 
ing more cholesterol to be absorbed. 

In several organs, such as adrenals, spleen 
and probably proximal and distal parts of the 
small intestine, the decrease of the ACAT 
activity as expressed by FER can be explained 
by the dilution of the radiolabeled cholesterol 
by the high free cholesterol content of these 
organs. The absence of morphological changes 
of the cardiovascular system noted in the 
cholesterol-fed guinea pigs in the present study 
as in the study of Yanamaka et al. (5) can be 
related to the low cholesterol content and 
possibly to the low ACAT activity of the aorta. 

Despite the fact that changes in ACAT 
activity vary according to the organ, it was 
found that the cholesterol esterifying activity 
is relatively well correlated with the degree of 
cholesterol esterification and the total choles- 
terol content in the various organs of guinea 
pigs. Thus, it is suggested that ACAT can play a 
major role in the disposition of excess choles- 
terol supplied by the diet in addition to the 
other mechanisms reported to be operating by 
other researchers (8,9). It remains to be deter- 
mined whether the primary event is the ability 
of the cell surface receptors to bind more cho- 
lesterol containing lipoproteins, or the capacity 
of the cells to increase cholesterol esterification 
or (and) to suppress steroidogenesis. 
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Heterogeneous Labeling of Adipocytes 
during in vivo-in vitro Incubation of Epididymal Fat Pads 
of Aging Mice with [1-14C] Palmitate 
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ABSTRACT 

We have hypothesized that the in vivo-in vitro technique of Stein and Stein for studying tree fatty 
acid incorporation into adipose tissue triglycerides and phospholipids may introduce artifacts due to 
diffusion barriers such as collagenous membranes, especially in fat pads of old animals. By using this 
technique in young and old mice and peeling the external cells, either physically or by collagenase 
treatment, we were able to show that the outer adipocytes are preferentially labeled, llowever, this 
pattern of heterogcnous labeling occurred in fat pads of both young (10-14 weeks) and old (80 weeks) 
mice. Fat pads are known to develop thicker, collagenous outer membranes during aging. Therefore, 
it seems likely to us that the marked decrease in free fatty acid esterification in fat pads of old mice, 
using the in vivo-in vitro method that we have described prcvously and confirmed here, could have 
been due to greater diffusion barriers in the tissues of the older mice. 
Lipids 18:25-31, 1983. 

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

One of  the  potent ia l ly  useful techniques  for 
s tudying fat ty acid turnover  in adipose tissue is 
the in vivo-in vi tro technique  first in t roduced  
for  that purpose by Stein and Stein using rats 
(1). We have applied this technique  in a s tudy 
of  PLFA and T G F A  turnover  in ad ipocytes  of  
aging mice (2). In analyzing these data, we noted 
that  the incorpora t ion  of  labeled palmita te  in to  
lipid esters, when expressed per unit membrane  
(based upon cell PL mass), fell markedly with 
age. We wondered  whether  this might  be an arti- 
fact of  decreased F F A  penetrabi l i ty  into the  
fat pads o f  aging mice. If an external  barrier 
existed, it seemed conceivable  that the labeled 
palmitate  added to the incubat ion medium 
might have made contac t  with only the most  
superficial cells of  the fat pad, while we might 
expect  the dis t r ibut ion o f  F F A  within the 
smaller and more delicate fat pad of  young  
mice to be much more uniform.  

Earlier studies o f  possible he te rogenei ty  with- 
in the fat pad have focused on intracellular 
compar tmen ta t ion  (1,3,4,  and references cited 
therein),  which Stein and Stein could demon-  
strate at early t imes fol lowing the in vivo-in 
vitro incubat ion of  rat adipose tissue with 

1Author to whom correspondence should be ad- 
dressed. Current address: Crump Institute for Medical 
Engineering, University of California at Los Angeles, 
Los Angeles, CA 90024. 

Abbreviations: FFA = free fatty acids; PL = phos- 
pholipids; PLFA = phospholipid fatty acids; TG = tri- 
glyeerides; TGI.'A = triglyceride fatty acids; Sp.A. = 
spec i f i c  activity; and SE = standard error. 

labeled palmitate .  In that  s tudy,  the authors  did 
not  address the ques t ion  of  whether  the peri- 
pherally and central ly located adipocytes  were 
uni formly labeled by this technique.  

However,  this point  was addressed briefly,  
as a methodologica l  side issue, by t lol lenberg 
who used the in vivo-in vitro approach (1) to 
s tudy lipogenesis from glucoseJ4C in rat epi- 
didymal  fat pads (5). Hollenberg concluded 
that  the ou te rmos t  cells were labeled to the 
same extent  as the innermost  adipocytes ,  as 
evidenced by "pee l ing"  of  the adipocytes  from 
the whole fat pad with collagenase and analyz- 
ing successive yields of  cells for TG specific 
act ivi ty  (Sp.A.).  However ,  we have reanalyzed 
these data (below) and conclude that the cells 
may not  have been homogenous ly  labeled. 

In the  present s tudy,  we have used a similar 
peeling technique  to de te rmine  whether  adipo- 
cytes in epididymal  fat pads of  young  and old 
mice are labeled in a homogeneous  fashion fol- 
lowing incubat ion  with [ 1-14C] palmitate  com- 
plexed to bovine serum albumin using the  in 
vivo-in vitro t echn ique  of  Stein and Stein (1). 

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

Mice 

Mice (C57B1[6)  were obta ined f rom Simon- 
sen Labs (Chatsworth,  CA). Older mice (40 
weeks or  more)  were ei ther maintained at the 
VA Wadsworth Medical Center  Animal  Research 
Facil i ty from 4 to 6 weeks of  age or  obtained 
as retired breeders and then aged further.  The  
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mice were fed Purina Lab Chow and water ad 
libitum at all times. Experiments were conduc- 
ted between 8:00 A.M. and 12:00 noon to insure 
that the mice would be in a fed or early post- 
absorptive nutritional state during our studies 
(6). 

In Vivo-ln Vitro Incubation of Fat Pads 

The in vivo incubation technique developed 
by Stein and Stein (1) was adapted for labeling 
epididymal fat pads of mice. As previously des- 
cribed (2), fat pads of anesthetized mice were 
exteriorized and incubated by placing the mouse 
in a prone position with the fat pads distended 
into wells containing incubation medium. The 
pads' innervation and blood supply remain in- 
tact. Surgery and incubations were carried out 
under Diabutal| (Diamond Laboratories, Inc., 
Des Moines, IA; 0.11 mg pentobarbital/g BW) 
anesthesia. After incubation for 20 rain, pads 
were rinsed briefly with 3 changes of warm buf- 
fer. 

The medium for labeling the pads consisted 
of Krebs-Ringer Phosphate buffer (KRB) with 
�89 the normal CaCI2 concentration, 2.5% al- 
bumin (essentially fatty acid free, Sigma Chem- 
ical Co.), and 0.35 /aeq palmitate/ml. The pal- 
mitate was complexed to the albumin as des- 
cribed previously (2). [1-14C] palmitate was 
obtained from Rosechem Pro'ducts (Los Ange- 
les, CA). The final Sp.A. of the media for all 
experiments ranged from 14.3 to 39.1 x 106 
cpm//~eq paimitate, i.e. from 5.0 to 13.7 x 
106 cpm/ml. Counting efficiency for doses and 
experimental samples was ca. 60% (60 cpm/ 
100 dpm) using a Beckman Model LS 3133P 
scintillation spectrometer. The complex was 
made in 100-ml amounts and frozen (once only) 
in 10-ml aliquots. 

Preparation of Adipocytes 

Following incubations, pads were chilled to 
0-4 C. This chilling has been reported (Bruck- 
dorfer, personal communication) to inhibit 
irreversibly the lipolysis of TG. We are aware, 
however, of reports by other authors that only 
adrenalin-stimulated lipolysis is inhibited irrever- 
sibly by lowering the temperature of fat pads 
(7,8). In any case, very little of the newly formed 
TGFA broke down to FFA during the subse- 
quent preparation of adipocytes using a modifi- 
cation of Rodbell's procedure (9). 

In order to demonstrate the possible hetero- 
geneity of labeling, fat pads were excised after 
incubation, and the cut edge of the pads tied 
off with waxed dental floss. The pads were then 
lowered into 50-ml Erlenmeyer flasks contain- 
ing 3 ml of collagenase medium, the flasks were 

shaken at 37 C at a speed of ca. 30 cycles/min. 
The tied, cut endswere not exposed to the coll- 
agenase. The coUagenase medium consisted of 
Krebs-Ringer phosphate buffer (1/2 Ca 2§ concen- 
tration and containing 5% albumin and 5 mg 
collagenase/3 ml medium). The pad was removed 
to a fresh flask of coUagenase medium at 5-10 
rain intervals. For the last sample of each pad, 
the floss was removed and the entire remaining 
piece of tissue was shaken with collagenase until 
all the cells were released. The last fraction con- 
tained 20-40% of the total cells of the pad and 
consisted primarily of cells from the interior 
portion of the pad. Although some peripheral 
cells at the cut end of the pad were included in 
this last fraction, they would have constituted 
only a minor portion of it. 

Cell sizes were measured (2), using the pad 
contralateral to the one used for the incubation. 
In some cases, cell size and number were esti- 
mated from known pad size and cell size rela- 
tionships (2). 

Lipid Analyses 

Each fraction of cells from each pad was 
analyzed for its TG and PL content and radio- 
activity; Analyses were done as described pre- 
viously (2). 

R ESU LTS 

When the Stein and Stein (1) in vivo-in vitro 
method of labeling rat epididymal fat pad lipids 
was used by Hollenberg to study 14C-glucose 
metabolism (5), he considered the possibility 
that the outermost layers of adipocytes might 
be labeled differently from inner layers. Thus, 
using collagenase, he attempted to "peel" 
successively larger layers of adipocytes from the 
pads to determine whether these different pop- 
ulations of cells had similar specific activities. 
In 3 experiments, he obtained cumulative frac- 
tions consisting of 1.1, 3.6, and 9.9% of the 
total pad lipid; these fractions contained 0.4, 
2.8, and 12.3% of the total pad lipid radioactivi- 
ty, respectively. He interpreted these data to 
mean that the fractions were not different from 
one an'other and concluded that the cells were 
homogeneously labeled throughout the fat pad. 
When we reanalyzed his data, however, by sub- 
tracting the smaller from the larger fractions, 
we obtained the graph shown in Figure 1, which 
shows that the lipid Sp.A. of successive adipo- 
cyte fractions were not equal; thus, the Sp.A. 
of each fraction increased markedly (from 0.36 
Sp.A. units in the first cell fraction to 1.5 Sp.A. 
units in the third fraction). 

Since this reanalysis of Hollenberg's data 
suggested a possible heterogeneous labeling of 
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FIG. 1. Increase in lipid Sp.A. of successively larger 
fractions of adipocytes from rat epididymal fat pads 
labeled with '4C-glucose by the in vivo-in vitro method 
of Stein and Stein (1). Horizontal abscissa represents 
the percent of ceils released relative to the whole pad. 
The units of Sp.A. are % TL-~4C/% TL mass, Graph 
was obtained, by reanalysis of data obtained by Hollen- 
berg (5), as discussed in text. 

adipocytes, we did a preliminary experiment to 
further examine such a possibility. Mouse epi- 
didymal fat pads were incubated for 10 min in 
[1-t4C]palmitate as described in Materials and 
Methods. After incubation, they were frozen on 
dry ice; thin slices (~  10 mg TG) were taken 
from the outermost edges of  the pad, the inter- 
mediate areas were cut away and discarded (~  
470 mg), and the approximate centers (~  40 mg 
TG) of  the pads were saved. The Sp.A. of these 
samples are shown in Table 1. The outer adi- 
pocytes of  the fat pads had incorporated 20 
times more label than those in the center of  the 
pad. These results may seem contrary to our 
analysis of Hollenberg's data, which showed 
that the first cells released contained less radio- 
activity in newly synthesized lipids than did the 

last batch of adipocytes released by collagenase. 
However, in his study, precautions were not 
taken to insure that the first cells released repre- 
sented outer cells (see Discussion). 

To confirm our results, we did experiments 
using HoUenberg's "peeling" approach, but 
with precautions to prevent escape of inner 
cells from cut fat pads. Mouse epididymal fat 
pads were incubated for 20 min in [1-i4c] pal- 
mitate, chilled, and then incubated in collage- 
nase medium, as described in Materials and 
Methods. Figure 2 shows the results of one of 
these experiments with one group of 4 mice. 
The Sp.A. of the TG in the adipocytes released 
during the first incubation are represented by 
the first bar. The first collagenase incubation 
thus yielded about 13% of the total pad lipid, 
and the mean TG Sp.A. of  this fraction was 260 
cpm/mg. The last fraction collected, consisting 
of  38% of the total pad lipid, had a TG Sp.A. of 
only 60 cpm/mg, ca. one-fourth that of the first 
fraction. Figure 2B shows these same data pre- 
sented more conveniently, i.e. only the mid- 
points of the percent of total pad lipid are 
plotted with the SE of the midpoints indicated 
by the horizontal lines and the SE of the Sp.A. 
indicated by the vertical lines. The presentation 
in Figure 2B is used in Figures 3 and 4, except 
that the S.E. of the percent of ceils released are 
shown only in Figure 3A, since the percent ceils 
released for a particular age-group remained the 
same in all figures. 

Figure 3 shows the extent of [ 1-t4c] palmi- 
tate incorporation into TG in 4 collagenase- 
derived ceil fractions of  pads from mice of vary- 
ing ages. The data are expressed as in our earlier 
study (2), i.e., per unit mass (mg TG), per adi- 
pocyte, and per unit membrane Lug PL). In all 
cases and for all ages of mice and sizes of pads, 
the activity was less in the last fraction repre- 
senting the innermost portion than in that de- 
rived from the outermost part of the fat pad, 
confirming the result we obtained in the slicing 
experiment (Table 1). As reported earlier (2), 

TABLE 1 

Heterogeneity of Cell Labeling after in vivo-in vitro 
Incubation of Mouse Epididymal Fat Pads with [ 1-1+C] Palmitate 

Approximate 
fraction of Sp.A. of TG 

Adipocyte fraction total pad TG in fraction a 

Outer, peripheral cells 0.02 6.1 + 1.8 (4;2) 
Inner, central cells 0.08 0.3 + 0.04 (3;2) 

aMean • SE (number of pads; number of mice). The fat pads contained 520 + 100 mg 
TG/pad. Fractions were obtained by slicing as described in Results. 
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FIG. 2. TG Sp.A. of samples of adipocytes isolated by the "peeling" method (see Mater- 
ials and Methods). Epididymal fat pads of 80-week old mice were incubated 20 min in 
[ l-t4C] palmitate (Sp.A. 14.4 cpm/geq) by the in vivo-in vitro method prior to the peeling 
of adipocytes. (A) Each bar represents the mean TG Sp.A. (• (4 mice/bar) of the frac- 
tion; the size of the fraction is indicated by the width of the bar on the x-axis (percent of 
pad total lipid). (B) This is the .same data as shown in Figure 2A, but here the percent of pad 
total lipid is represented only by the mean of the midpoints of the lipid in the fraction, ex- 
pressed as percent of total pad TG lipid. For example, the first bar in Figure 2A shows that 
ca. 12% (_+ SE of 4 mice) of the total lipid was collected in the first fraction; in Figure 2B, 
this is represented by the point of intersection of the TG Sp.A. _+ SE line and the line indi- 
cating the midpoint • SE of the percent pad lipid i.e., ca. 6% in this case. 

the mean Sp.A. ( cpm/mg  TG, Fig. 3A) obta ined  
with  pads f rom the  youngest  mice were an order  
o f  magni tude  greater  than those o f  the larger 
pads f rom the older  mice. The  ratio of  the TG 
Sp.A. (Fig. 3A) o f  the ou te rmos t  adipocytes  to 
the innermost  ranged f rom ca. 2 (14-week old 
mice) to 5 (80-week old mice).  The heterogen-  
ei ty o f  TG labeling is evidenced whe the r  ex- 
pressed as sp.A., per adipocyte ,  or  per unit  
membrane  (/~g PL), as seen in Figures 3B and 
3C. 

In general, incorpora t ion  of  [1-14C]palmi - 
tare into phosphol ipids  of  the ad ipocytes  also 
showed a logar i thmic decrease f rom the outs ide 
to the  inside o f  the  fat pad, as shown in Figures 
4A-C. This was the  case in mice of  all ages and 
whether  the PL act ivi ty was expressed per unit 
mass (mg TG),  per adipocyte ,  or per unit  mem- 

brane (/ag PL). An inconsis tency in the appar- 
ent  he te rogenei ty  o f  the released cells based 
upon their  degree o f  labeling in the TG and PL 
moiet ies  was found in 2 groups of  mice. Thus, 
in bo th  the  14- and 54-week old mice, the two 
ou te rmos t  fract ions represent ing the  ou te r  third 
o f  the cells appeared to be homogeneous  with 
respect  to their  PL labeling (Fig. 4A-C). Re- 
examina t ion  of  the data for these two  groups 
with respect to their  TG labeling (Figs. 3 A - C -  
shows that  there were no significant differences 
in TG Sp.A. o f  the two fract ions in the outer  
third o f  cells released. 

The effects  of  age on PL labeling were com- 
plex, as repor ted  previously (2). When expressed 
per unit ad ipocyte  (Fig. 4B), the cell PL radio- 
act ivi ty of  the 54-week old mice was significant- 
ly higher than that  o f  all the  o ther  age groups. 
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FIG. 3. Incorporation of [1-~4C]palmitate (dose Sp.A. 14.4 X 10 ~ cpm//~eq) into TG in adipocytes of epi- 
didymal fat pads of mice of various ages, expressed (A) per unit mass (mg TG), (B) per adipocyte, and (C) per 
unit membrane (#g PL). Pads were incubated 20 rain by the in vivo-in vitro method. Adipocytes were subse- 
quently isolated in fractions representing cell populations from outer (first fractions) and inner (later fractions) 
regions of the pads ("peeling" method, see Materials and Methods). Data are from 2 experiments (indicated by 
triangles or circles) with 2 ages of mice per experiment (% 12 weeks; a, 14 weeks; A, 54 weeks; e, 80 weeks). 
Each point (4 mice/point) represents the mean TG activity _+ SE (y-axis) of fractions containing the mean of the 
midpoints of the percent of the pad total lipid recovered in that fraction (x-axis). 

When expressed per unit membrane (Fig. 4C), 
the ceils from the 54-week old mice had the 
highest and the 80-week old mice the lowest PL 
Sp.A. 

DISCUSSION 

We have shown here that the in vivo-in vitro 
incubation of  mouse epididymal fat pads with 
[1J4C]palmitate  results in a heterogeneous 
pattern of adipocyte labeling. Those cells that 
have greater access to the label, i.e., the most 
peripherally located adipocytes, are the ones 
that incorporate the most fatty acids from the 
medium into TG and PL. This phenomenon was 
seen in both small and large fat pads of mice 
varying in age from 12 to 80 weeks. 

We are unable to determine from these s tudies  
whether the heterogeneous pattern of labeling 
that we have observed is due to metabolic dif- 
ferences between the peripherally and centrally 
located cells or to simple physical aspects such 

as diffusion gradients. The most tikely and sim- 
plest explanation is that the outermost cells of 
the pad are exposed to the highest concentra- 
tion of labeled FFA and are, therefore, selec- 
tively labeled. Based on evidence in other species 
(10,11), the peripherally located cells are prob- 
ably smaller than the central ones. If this is true 
in mouse epididymal fat pads, then it is unlikely 
that the outer (smaller) cells would be more 
active metabolically than the inner (larger) adi- 
pocytes. We base this reasoning on a large body 
of evidence showing that, for a given age group 
of  animals, the larger the cell, the greater the 
rate of  TG synthesis/cell from glucose or from 
FFA (12-14), even though hormone responsive- 
ness is clearly diminished in the larger adipo- 
cytes (15). Further studies based upon the pres- 
ent techniques for collecting the outer cells 
could be used to resolve these questions (relative 
size and metabolic activity of peripheral adipo- 
cytes in mice). Tentatively, we-conclude that 
the heterogeneous pattern of FFA incorporation 
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FIG. 4. Incorporation of [1J4C]palmitate (dose Sp.A. 14.4 • 106 cpm/#eq) into PL in adipocytes of epi- 
didymal fat pads of mice of various ages expressed as (A) per unit mass (mg TG), (B) per adipocyte, and (C) per 
unit membrane 0~g PL). Pads were incubated 20 min by the in vivo-in vitro .method. Adipocytes were subse- 
quently isolated in fractions representing cell populations from outer (first fractions) and inner (later fractions) 
regions of the pads ("peeling" method, see Materials and Methods). Data are from 2 experiments (indicated by 
triangles or circles) with2 ages of mice per experiment (% 12 weeks; % 14 weeks; A, 54 weeks; o, 80 weeks). 
Each point (4 mice/point) represents the mean PL activity _+ SE of fractions containing the mean of the mid- 
points of the percent of the pad total lipid recovered in that fraction (x-axis). 

into TG and PL of adipocytes in mouse epididy- 
mal fat pads when the in vivo-in vitro technique 
(1) is used results from simple diffusion gradi- 
ents. 

A different pattern of labeling can be seen in 
a study of lipogenesis from labeled glucose car- 
bon in rat epididymal fat pads (5). In this study 
it was concluded that heterogeneous labeling of 
cells did not occur. However, our reanalysis of 
those data shows that the cells were clearly het- 
erogeneous with respect to their total lipid 
Sp.A. The first batch of cells released by colla- 
genase treatment (9) had only about one-fourth 
the Sp.A. compared to the third batch of  cells 
released. This is in apparent direct contradic- 
tion to our results, but we think that the most 
likely explanation of Hollenberg's data is that 
the first batch of cells released were those de- 
rived from the central, cut portion of the pad. 
We have obtained evidence (N. Baker, V. Hill 
and M. Jacobson, manuscript in preparation) 
that the epididymal fat pads of  mice are sur- 
rounded by a thick membrane which could be a 

significant barrier to collagenase action at an 
uncut surface. Therefore, we would expect the 
first cells to be released by collagenase when a 
pad is dissected from the animal and placed in a 
buffer, as in Hollenberg's study (5), would be 
the centrally located cells at the cut surface. In 
our studies, the pads were cut, but precautions 
were taken to preclude the exposure of  the cen- 
trally located cells to collagenase until after the 
outer thick collagen layer and peripheral cells 
were first removed. If this rationalization of the 
apparent differences between our findings and 
those of  Hollenberg is correct, then  it would 
appear that the heterogeneous pattern of label- 
ing that we have observed using the in vivo-in 
vitro approach occurs in both mice and rats and 
is seen when the label is either a rapidly diffus- 
ing, water soluble substance (glucose) or a lipid 
(pamitate) bound to albumin as a complex. 

In an earlier study using the Stein and Stein 
technique (1), we reported marked differences 
in the esterification of palmitate by adipocytes 
of epididymal fat pads from young and old mice. 
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Small cells f rom younge r  mice syn thes ized  TG 
f rom FFA much  faster  (per  uni t  cell) than large 
ad ipocy tes  f rom older  mice (2). In tha t  paper,  
we noted  that  labeled F F A  complexed  to  al- 
bumin  and added to the incubat ion  med ium 
may have had more  dif f icul ty  gaining access to  
the  bulk of  the  ad ipocy tes  in large pads f rom 
older  mice than in small pads f rom younger  
animals. The present  s tudy does not  resolve 
that  ques t ion  since the  p h e n o m e n o n  of  he te ro-  
geneous  labeling of  cells occurred in fat pads of  
bo th  young  and old mice. It remains to be estab- 
fished w he the r  F F A  that  en te r  ad ipocy tes  f rom 
the  capillaries that  are in con tac t  wi th  all the  
ceils are incorpora ted  more  readily in to  adipo- 
cytes  of  young  than of  old mice. 
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Dietary Squalene Increases Tissue Sterols 
and Fecal Bile Acids in the Rat 

REIJO S. T ILV IS*  and TATU A. M IETT INEN,  Second Department of Medicine, 
University of  Helsinki, 00290 Helsinki 29, Finland 

ABSTRACT 

Feeding 1% squalene increased markedly the concentrations of squalene and methyl sterols in each 
serum lipoprotein class, intestinal mucosa, liver and "also in adipose tissue. It also increased cholesterol 
concentration of the liver and serum VLDL, and esterified cholesterol in serum LDL as well as fecal 
bile acids. The results suggest that absorbed dietary squalene contributes to some extent to the squa- 
lene content of adipose tissue, effectively increases the overall cholesterol synthesis and enhances 
cholesterol elimination preferentially as fecal bile acids. 
Lipids 18:32-36, 1983. 

Squalene, a water-insoluble precursor of 
cholesterol, is a widely distributed lipid in 
common western diets, especially in fish and 
plant oils (1o5). Liu et al. have estimated that 
the average daily intake of squalene is about 
25 mg/2000 calories in the USA, but that it 
can reach up to 200 mg if olive oil is used (5). 
Dietary squalene can affect the serum level of 
squalene in man (5,6) and cholesterol concen- 
tration of the rat liver (7). However, the meta- 
bolic fate of dietary squalene has not been 
investigated in detail. 

Squalene is also present in most mammalian 
tissues (5,8). Postmortem analysis of human 
tissues have revealed that the highest squalene 
concentrations are found in adipose and muscle 
tissues (8). In serum, squalene is principally 
transported with VLDL and its concentration 
is closely correlated with that of triacylgly- 
cerols (9). Radioactive squalene administered 
intravenously is only negligibly taken up by 
adipose tissue of the rat (10). Whether the 
raised serum squalene could affect the squalene 
concentration of adipose tissue is still unknown.  

In this study, sterols of serum lipoproteins, 
tissues and feces were analyzed in rats on high 
and low squalene diets. Special emphasis was 
paid to serum methyl sterols, which reflect the 
activity of overall cholesterol synthesis in many 
experimental and clinical conditions (11) and 
to sterol balance of the animals in order to 
evaluate changes in cholesterol synthesis. 

MATERIALS AND METHODS 

Animals and Diets 

Male Sprague-Dawley rats (Anima Ltd., 
Finland), weighing 230-260 g, were fed for 10 
days with "fat-free test diet" (Nutritional Bio- 

*Author to whom correspondence should be 
addressed. 

chemicals, Cleveland, OH). This diet contained 
virtually no squalene and sterols. Squalene-rich 
diet was prepared by dissolving 10 g squalene 
(Sigma Ltd., St. Louis, MO) in 50 ml olive oil 
(Fischer Scientific Company, Fairlawn, N J) and 
the solution was mixed with I kg of "fat-free 
test diet". On this diet, the daily intake of squa- 
lene of the rats was 190 + 30 mg. The animals 
were housed one in the cage and had free access 
to tap water. 

Determination of Tissue Lipids 

After exsanquination of the rats liver, intes- 
tine and epidymal fat pads were removed and 
washed with saline at room temperature. The 
mucosa of washed jejunum was scraped off 
with a scalpel blade to the muscle layer. The 
samples were homogenized with Ultra-Turrax R 
and the lipids were extracted with chloroform/ 
methanol (2: 1, 12). After addition of coprosta- 
nol (Sigma Ltd, USA) as an internal standard, 
squalene, free and esterified methyl sterols and 
cholesterol were determined using the thin 
layer chromatography-gas chromatography pro- 
cedure (8). The chemical structure of different 
methyl sterols was studied by mass spectrom- 
etry (8). 

Fecal neutral sterols and bile acids were 
extracted and quantitated by the methods 
described earlier (13,14). Chromic oxide was 
used for correction of fecal flow. 

The significance of difference was estimated 
by the Student's two-tailed t-test. 

RESULTS 

Squalene-rich diet for l0 days raised the 
squalene concentrations 106-fold in the intes- 
tinal mucosa, 51-fold in serum, 15-fold in liver 
and 2-fold in adipose tissue (Table 1). The in- 
crease was detectable in each serum lipoprotein, 
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TABLE I 

Effects of Squalene Feeding on Squalene and Sterol Concentrations 

33 

Specimen 

Squalene Methyl sterols 
Number (,umol/I b or kg) (o.mol/I b or kg) 

of animals Control Squalene-fed Control Squalene-fed 

Ch otesterol 
(mmol/l b or kg) 

Control Squalene-fed 

Serum 12 
free 21 + 4 320 • I I a 29 + 3 37 -+ 2 
ester 64 + 11 1598+ 282 a 103. +. 5 1 1 7 + 6  
total 67 + II 3407 + 1105 a 85-~: II  1918 + 276 a 132 + l l  154• 8 

VLDL 
free 5 + I 101 + 15 a 4 • 1 12 + 3 a 
ester 14 + 2 756 + 287 a 4 + 1 13 • 2 a 
total 35 • 6 2802-+ 1298 a 19 + 2 857 x 284 a 8 +- 1 25 • 2 a 

LDL 
free 6 • I 88 + 15 a 9 + 3 10 • 1 
ester 44 + 9 740 + 209 a 17 • 3 28 + 3 a 
total 21 • 5 325 + 124 a 50 + 9 828 + 208 a 26• 3 38• 3 a 

HDL 
free 10• 2 131-  + 14 a 16 -  + 2 15-+2 
ester 5 ~ 1 102 • 9 a 82 + 5 76 • 6 
total 11 • 3 280 • 108 a I 5 • 1 233 • I 2 a 98 • 5 91 .+. 6 

Liver 6 30 • 6 432 -+ 132 a 13 • 5 196-+ 48 a 4 • 1 1 0  • 2 a 

lntest inalmucosa 6 11 -+ 3 1163• 417 a 27-+ 5 "/6• 8 a 6 ~ 1 4 •  1 

Adipose tissue 6 68 + 9 161 • 11 a 8• 2 29• 3 a 1 -+ 1 2 •  I 

Mean + SEM. 
ap~<O.05. The animals were pair-fed for 10 days with fat-free test diet (control or with 

supplemented with squalene (1%). 
bAll serum values multiplied by 100. 

fat-free test diet 

the  m o s t  s ign i f ican t  e leva t ion  be ing  f o u n d  in 
V L D L  (80- fo ld) .  U n d e r  the  base-l ine cond i -  
t ions ,  52% o f  s e r u m  s q u a l e n e  was  t r a n s p o r t e d  
b y  V L D L .  D u r i n g  the  s q u a l e n e  feeding,  the  
value increased  to  82%. 

The  to ta l  m e t h y l  s te ro l  c o n c e n t r a t i o n s  were  
also m a r k e d l y  increased  in s e r u m  (23- fo ld ) ,  
liver (15- fo ld ) ,  in tes t ina l  m u c o s a  (3- fo ld) ,  and  
even in ad ipose  t issue (3- fo ld) .  Bo th  the  free 
and es ter i f ied  m e t h y l  s tero l  c o n c e n t r a t i o n s  
were  m a r k e d l y  e levated  in each  s e r u m  l i pop ro -  
rein class, especia l ly  in V L D L  (Table  1). The  
increase  in es ter i f ied m e t h y l  s te ro ls  was  even 
m o r e  m a r k e d  t h a n  in free m e t h y l  s te ro ls .  The  
bu lk  o f  m e t h y l  s te ro ls  was t r a n s p o r t e d  by  L D L  
(59%)  on the  c o n t r o l  diet and by  V L D L  (45%)  
and  L D L  (43%)  on  the  squa l ene  diet.  

All the  indiv idual  free and es ter i f ied  m e t h y l  
s te ro l  s u b f r a c t i o n s  were  s ign i f ican t ly  increased  
in each  s e r u m  l i p o p r o t e i n  class. The  h ighes t  
increase  o f  free m e t h y l  s te ro l s  was  f o u n d  in 
m e t h o s t e n o l  ( f r a c t i o n  I I I )  and  f r ac t ion  V, t he  
increase  o f  m e t h o s t e n o l  be ing  p r e d o m i n a n t  in 
L D L  and  t l D L  (Fig. 1). Of  the  individual  es ter -  
ified m e t h y l  s te ro ls ,  the t w o  m o n o m e t h y l  
s te ro ls ,  especia l ly  m e t h o s t e n o l ,  inc reased  m o s t  

s ign i f ican t ly  in each l i p o p r o t e i n  by squa l ene  
feeding.  The  p r o p o r t i o n  o f  the  t w o  d i m e t h y l  
s t e ro l s  ( f r a c t i o n s  II and  V) was su rp r i s ing ly  l o w  
especia l ly  on  the  high squa l ene  in take .  

F r a c t i o n  V was  v i r tua l ly  unes t e r i f i ed  in all 
l i p o p r o t e i n s  and ,  in c o n t r a s t  to cho les t e ro l ,  
e s t e r i f i ca t ion  p e r c e n t  o f  'all m e t h y l  s te ro l s  was  
low (5-50%)  in H D L  (Table  2). Squa l ene  feed- 
ing inc reased  the  e s t e r i f i ca t ion  p e r c e n t a g e  of  
all m e t h y l  s t e ro l s  in V L D L ,  less c o n s i s t e n t l y  in 
L D L  and  in HDL.  

The  p a t t e r n  o f  hepa t i c  to ta l  m e t h y l  s te ro l s  
r e s e m b l e d  tha t  o f  es ter i f ied V L D L  m e t h y l  
ster91s, in tha t  m e t h o s t e n o l  was  the  m a j o r  
c o m p o u n d .  Squa l ene  feed ing  increased  all the  
individual  m e t h y l  s terols ,  the  p r o p o r t i o n  o f  
m e t h o s t e n o l  be ing  inc reased  f r o m  ca. 50% to  
75% by d ie ta ry  squa l ene .  Methyl  s te ro l  p a t t e r n s  
o f  je junal  m u c o s a  and ad ipose  t i ssue  were  dif- 
f e ren t  f r o m  those  o f  s e r u m  l i p o p r o t e i n s .  Squa-  
lene feed ing  changed  the  p a t t e r n  o f  the  t w o  
organs  s imi lar ly .  Thus ,  on ly  l a n o s t e r o l  ( f r a c t i o n  
IV)  and  d i u n s a t u r a t e d  d i m e t h y l s t e r o l  ( f r a c t i o n  
V)  were  c o n s i s t e n t l y  increased ,  the o t h e r s  
r e m a i n e d  una l t e r ed .  

In c o n t r a s t  to  m e t h y l  s te ro ls ,  the  s e r u m  level 
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FIG. 1. Percentage distribution of individual 
methyl sterols in serum lipoproteins, liver, intestinal 
mucosa, and adipose tissue of the rat on squalene-free 
(n) and squalene-rich (-) diet. Upper panel: free 
methyl sterols of serum VLDL, LDL and HDL; middle 
panel: esterified methyl sterols of VLDL, LDL and 
HDL; lower panel : total methyl sterols of liver, intes- 
tinal mucosa and adipose tissue. On the top of each 
column, the sum of the 5 methyl sterols (I-V) is ex- 
pressed in terms of mmol/mol free (upper panel), 
esterified (middle panel), or total cholesterol (lower 
panel). On the ordinate, the sum of the 5 methyl 
sterols is indicated by 100. The chemical structures 
of different methyl sterols are indicated in footnote 
to Table 2. 

of total cholesterol was not significantly af- 
fected by squalene feeding (Table 1). However, 
a marked redistribution of cholesterol was 
observed in serum lipoproteins. Thus, free and 
esterified cholesterol was tripled in VLDL on 
the squalene-rich diet. The three triglyceride 

measurements revealed inconsistent decrease in 
VLDL (1.33 mmol/1 in controls and 0.92 
mmol/l in squalene-fed rats). Furthermore, 
cholesteryl esters were almost doubled in LDL, 
whereas the level of LDL-triglycerides did not 
rise, and the total amount of cholesterol in 
HDL tended to decrease. In the liver, the con- 
centration of total cholesterol was markedly 
increased (3-fold). 

The changes in the lipoprotein concentra- 
tions, as indicated by cholesterol, might have 
contributed to the increase in the cholesterol 
precursor levels during squalene feeding. Data 
on the top of the columns in the upper panel of 
Figure 1 show that, in terms of mmol/mol of 
free cholesterol, VLDL, LDL and HDL are 
almost equally rich in free methyl sterols under 
the base-line conditions and during squalene 
feeding, respectively. On the squalene diet, the 
values are 7-15 times higher, however. The less 
polar squalene and methyl sterol esters exhibit 
highest contents in VLDL and very low ones in 
HDL, both off and on squalene; squalene feed- 
ing increased the content mainly in VLDL, 
though the relative increase was highest in 
HDL. 

In order to evaluate the effect of squalene 
feeding on overall cholesterol synthesis, the 
fecal steroids of the rats were analyzed (Table 
3). In spite of the similar weight gain of the 
animals, squalene feeding increased significantly 
total fecal steroids mainly as bile acids. 

DISCUSSION 

Markedly increased concentrations of serum 
and tissue squalene and methyl sterols, and 
fecal elimination of cholesterol primarily as bile 
acids indicate that dietary squalene has been 
absorbed and contributed to overall cholesterol 
synthesis. In fact, our unpublished studies 
showed that 30% of dietary squalene was 
observed and cholesterol synthesis from endog- 
enous precursors was suppressed, dietary squa- 
lene being virtually the only source of newly 
found cholesterol. 

Despite marked increase of dietary squalene 
in intestinal mucosa, lanosterol and diunsatu- 
rated dimethyl sterols were the only methyl 
sterols which accumulated as a consequence 
of enhanced cholesterol synthesis. These two 
sterols are the next successive intermediary 
sterols after squalene in the synthesis pathway 
of cholesterol. The levels of the subsequent 
methyl sterols were not  increased, suggesting 
that demethylation of methyl group at carbon 
14 and especially dihydrogenation of the side- 
chain double bond were rate-limiting. The 
hepatic methyl sterol pattern differed from that 
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TABLE 2 

Effects of Squalene Feeding on the Percentage Esterification 
of Sterols in Serum Lipoproteins 

35 

Individual methyl sterots 

Diet I II III IV V Sum Cholesterol 

VLDL 
Control 88-+ 6 50-+ 3 93+- 2 75 +- 5 5+- 1 95+- 4 48-+ 3 
Squalene 95 +- 4 78 -+ 6 95 -+ 2 78 -+ 4 38 -+ 3 88 -+ 4 53 + 2 

LDL 
Control 85-+ 3 75-+ 4 86-+ 3 86-+ 3 4-+ 1 88-+ 2 67-+ 2 
Squalene 84-+ 3 96-+ 6 95 +4  89-+ 4 4 6 + 4  89-+2 73-+ 2 

HDL 
Control 54 -+ 5 39 -+ 4 13 -+ 6 45 -+ 2 5 -+ 2 33 + 4 83 -+ 1 
Squalene 46+- 6 40-+ 2 34-+ 4 48-+ 3 25-+ 6 43+- 5 84-+ 1 

Mean -+ SE (N=6). 
Subfraction I = 8-en-monomethylsterol (4c~-methyl-Sa-cholest-8-en-3/3-ol), contains also 

trace amounts of dihydrolanosterol (4,4,14-trimethyl-Sa-cholest-8-en-3/3-ol); II = monoun- 
saturated dimethylsterol (4,4-dimethyli5a-cholest-8-en-3fl-ol); III = methostenol (4a-methyl- 
5a-cholest-7-en-3~-ol); IV = lanosterol (4,4,14a-trimethyl-Sa-cholest-8,24-dien-3fl-ol); and 
V = diunsaturated dimethylsterol (4,4-dimethyl-5a-cholest-8(7), 24 dien-3/3-ol). 

TABLE 3 

Effect of Squalene Feeding on Weight Gain and Fecal Steroids 

Weight gain Fecal steroids 0zmol/day) 

Diet (g/day) Neutral sterols Bile acids Total 

Control 2.1 -+ 0.2 10.4 -+ 1.6 8.3 -+ 1.6 18.9 -+ 2.1 
Squalene 1.8 -+ 0.1 14.5 -+ 1.9 16.9 -+ 2.6 a 31.4 -+ 4.2 a 

Mean -+ SEM (n = 6). 
ap~<0.05. The average daily intake of squalene was 509 -+ 80 tzmol/day. The feces was 

collected on the 9th day after the start of feeding. 

in the  m u c o s a ,  ind ica t ing  t ha t  bil iary s terols  
a p p a r e n t l y  play a m i n o r  role in the  genesis  o f  
m u c o s a l  m e t h y l  s terols .  The  s imilar  change  in 
the  in tes t ina l  and  ad ipose  t i ssue m e t h y l  s terol  
p a t t e r n s  sugges ts  t h a t  c h y l o m i c r o n s  and  V L D L  
t r a n s p o r t e d  in tes t ina l  m e t h y l  s terols  to  ad ipose  
t i ssue .  In fact ,  labeled squa lene  a d m i n i s t e r e d  
oral ly  appears  in tho rac ic  l y m p h  as squa lene  
and  to  a smal l  e x t e n t  as m e t h y l  s terols  and  cho-  
les terol  (15) .  In  add i t ion ,  labeled  squa lene  
a d m i n i s t e r e d  i n t r a v e n o u s l y  in  V L D L  or chy lo -  
m i c r o n s  is f o u n d  in adipose  t i ssue  (10).  T h u s ,  
the  conve r s ion  o f  squa lene  to  cho les te ro l  cou ld  
be s imilar ly  r a t e q i m i t e d  in t he  t w o  t issues .  

The  increase  in all h epa t i c  m e t h y l  s terols  
dur ing  the  sq u a l ene - induced  ac t iva t ion  o f  
cho les te ro l  sy n th e s i s  ind ica tes  l imi ted  h e p a t i c  
d e m e t h y l a t i o n  at b o t h  ca rbon  14 and  4. The  
p r e d o m i n a n t  e leva t ion  o f  the  m e t h o s t e n o l  level 
wi th  less p r o m i n e n t  A a - m e t h o s t e n o l  ( f rac t ion  I) 

po in t s  especial ly  to  r a t e q imi t i ng  40t -demethyla-  
t i on  o f  AT-methy l  sterols .  The  p a t t e r n  o f  free 
m e t h y l  s terols  in d i f f e ren t  l i p0pro te ins  was n o t  
very m u c h  d i f fe ren t  and  r e se mb le d  more  t h a t  
of  the  liver t ha n  o f  the  in t e s t ine  or fa t  t i ssue .  
Thus ,  the  increase  in the  s e r u m  m e t h y l  s terol  
levels was ma in ly  caused  by  e n h a n c e d  release 
o f  these  s terols  f r om the  liver and  re f lec ted  
s q u a l e n e - i n d u c e d  ac t iva t ion  o f  he pa t i c  choles-  
t e r m  syn thes i s .  Qui te  m a r k e d  d iurna l  f luc tua-  
t ion  o f  s e r u m  free m e t h y l  s terols  (16)  sugges ts  
t ha t  t h e y  are equ i l ib ra ted  on  and  o f f  l ipopro-  
te ins  and  t ha t  t h e y  are m e t a b o l i z e d  to  a lesser  
e x t e n t  via syn the s i s  and  ca t abo l i sm of  whole  
l i pop ro t e in  molecules .  

The  low es te r i f i ca t ion  pe rcen tage  of  m e t h y l  
s terols  especial ly  in H D L  can be  exp la ined  by  
the  f ind ing  tha t ,  in c on t r a s t  to choles tero l ,  
m e t h y l  s terols  are apparentl~r f o r m e d  by ACAT,  
ma in ly  in  the  liver, p roba b ly ,  and  released wi th  
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the  newly  fo rmed  V L D L  in to  the  b lood .  Catab-  
olism of  V L D L  may t rans fe r  the  esters  to  LDL 
and  HDL. The  marked  increase of  es ter i f ied 
m e t h y l  s terols  and choles te ro l  especial ly in 
VLDL,  bu t  also in LDL by die tary  squa lene ,  is 
mos t  l ikely caused by e n h a n c e d  hepa t i c  ester-  
i f ica t ion  of  those  sterols.  

It has been  suggested tha t  V L D L  p r o d u c t i o n  
is l inked  wi th  cho les te ro l  and  bile acid syn thes i s  
(18) .  Squalene  feeding e n h a n c e d  hepa t i c  choles-  
terol  and bile acid synthes is ,  and increased 
V L D L  choles tero l .  However ,  the  few analyses  
of  V L D L  and LDL tr iglycer ides  ind ica ted  a lack 
of  the  squa lene  effect .  Thus ,  increased choles-  
terol  syn thes i s  caused by  squa lene  feeding was 
appa ren t ly  associated with a f o r m a t i o n  of  
hepa t ic  V L D L  tha t  was qui te  rich in choles-  
terol.  S u b s e q u e n t  e x t r a h e p a t i c  ca tabo l i sm of  
this  V L D L  may have en r i ched  LDL with  ester-  
ified choles terol .  It r emains  to be s h o w n  
w h e t h e r  the squa lene - induced  increase  in cho-  
lesterol  syn thes i s  is actual ly  associated wi th  
e n h a n c e d  t u r n o v e r  of  VLDL.  

Earl ier  s tudies  have ind ica ted  tha t  newly 
syn thes ized  choles te ro l  serves as a preferen t ia l  
p recursor  for  bile acid synthes i s  for  chol ic  acid 
p r o d u c t i o n ,  in par t i cu la r  (18-21) .  The  m a r k e d  
increase in fecal bile acids of  the  p resen t  s t udy  
may actual ly  be associated wi th  the  squalene-  
i nduced  increase in newly fo rmed  hepa t i c  
choles te ro l .  

REFERENCES 

1. Dickhardt,  W. (1955) Am. J. Pharm. 127, 359- 
361. 

MIETTINEN 

2. Sorrel, M.F., and Reisser, R. (1957) J. Am. Oil 
Chem. Soc. 34, 131-134. 

3. Alam, S.Q., Brossard, J., and MacKinney, G. 
(1962) Nature 194, 175-176. 

4. Lewis, R.W. (1972) Phytochemistry 11,417-419. 
5. Liu, G.C.K., Ahrens, Jr., E.H., Schreibman, P.H., 

and Crouse, J.R. (1976) J. Lipid Res. 17, 38-45. 
6. Lewis, R.W.(1976) Lipids 11,430-433. 
7. Channon, H.J. (1926) Biochem. J. 20, 400-408. 
8. Tilvis, R., and Miettinen, T.A. (1980) Arch. 

Pathol. Lab. Med. 104, 35-40. 
9. Saudek, C.D., Frier, B.M., and Liu, G.C.K. 

(1978) J. Lipid Res. 19,827-835. 
10. Tilvis, R.S., and Miettinen, T.A. (1982) Biochim. 

Biophys. Acta 712, 376-381. 
11. Miettinen, T.A. (1971) Ann. Clin. Res. 3, 264- 

271. 
12. Folch, J., Lees, M., and Sloane-Stanley, G.H. 

(1957) J. Biol. Chem. 226, 497-509. 
13. Miettinen, T.A., Ahrens, Jr., E.H., and Grundy, 

S.M. (1965) J. Lipid Res. 6, 411-424. 
14. Grundy, S.M., Ahrens, Jr., E.H., and Miettinen, 

T.A. (1965)J.  Lipid Res. 6, 397-410. 
15. Tilvis, R.S., and Miettinen, T.A. (1982) Lipids, 

submitted for publication. 
16. Miettinen, T.A. (1982) J. Lipid Res. 23,466-473. 
17. Tilvis, R.S., and Miettinen, T.A. (1980) Scand. J. 

Clin. Lab. Invest. 40,671-674. 
18. Angelin, B., Einarsson, K., Hellstr~Sm, K., and 

Kallner, M. (1976) Clin. Sci. Mol. Med. 51, 393- 
397. 

19. BjBrkhem, 1., and Danielson, H. (1975) Eur. J. 
Biochem. 53, 63-70. 

20. Mitropoulos, K.A., Myant, N.M., Gibbons, G.F., 
Balasubramaniam, S., and Reeves, B.E.A. (1974) 
J. Biol. Chem. 249, 6052-6056. 

21. Schwartz, C.C., Berman, M., Vlahcevik, Z.R., 
Halloran, L.G., Gregory, H.D., and Swell, L. 
(1978) J. Clin. Invest. 61,408-423. 

[Received  May 24,  1982]  

LIPIDS, VOL. 18, NO. I (1983) 



Peroxidative Formation of C3-Hydrocarbons 
from an c0-4 Polyunsaturated Fatty Acid(16:36o4) 
in the Alga Bumilleriopsis 

GERHARD SANDMANN and PETER B(3GER*, Lehrstuhl f'~r Physiologie und Biochemie 
der Pflanzen, Universif~t Konstanz. 1)-7750 Konstanz, Germany 

37 

ABSTRACT 

Under peroxidative conditions (i.e., illumination in the presence of Cu 2+ or a p-nitro diphenylether 
herbicide), the xanthophycean microalga, Bumilleriopsis filiformis, evolves C 2 and C s hydrocarbons 
besides substantial amounts of propane and propene. Fatty acids were separated as methyl esters by 
argentation and reversed-phase thin layer chromatography and the fractions subsequently peroxidized 
by illuminated and copper-supplemented Anacystis thylakoids. These membranes do not contain poly- 
unsaturated fatty acids and are, therefore, unable to evolve volatile hydrocarbons by itself. The C 2 
and C s hydrocarbons formed by the fractions added match with their content of co-3 and w-6 fatty- 
acid species having 2-4 double bonds. The fractions yielding C 3 hydrocarbons contain a fatty acid 
hitherto unknown for Bumilleriopsis, which was isolated and identified as 16:3co4. 
Lipids 18:37-41, 1983. 

INTRODUCTION 

Degradation of fatty acids can be achieved 
using chemical (1,2) or biological systems (see 
ref. 3 for review). Several attempts have been 
made to determine fatty acid sources of short- 
chain hydrocarbons formed under peroxidative 
conditions. Formation of short-chain hydrocar- 
bons by organisms requires polyunsaturated 
fatty acids with at least two double bonds. 
Furthermore, the chain length of the evolving 
hydrocarbons is determined by the position of 
the double bond most distant from the car- 
boxyl group. For example, thylakoid mem- 
branes from blue-green algae form C 2 hydro- 
carbons from endogenous 6o-3 polyunsaturated 
and C5 hydrocarbons from 6o-6 polyunsaturated 
fatty acids (4). 

Recently, it has been reported that peroxida- 
tion of fatty acids in the xanthophycean alga, 
Bumilleriopsis, caused by peroxidative herbi- 
cides like oxyfluorfen (2-chloro-4-trifluoro- 

t t . 

methylphenyl-3 -ethoxy-4 -nltrophenylether) or 
t . t . . . .  

paraquat (1,1 -dlmethyl-4,4 -blpyndllum di- 
chloride) resulted in the formation of propane 
and some ethane (5,6). 

In this paper, we report the formation of C3 
and Cs hydrocarbons in addition to those with 
2 carbons in Bumilleriopsis. In particular, the 
formation of propane and propene is quite 
substantial, which led us to determine the 
source of the C3 volatile hydrocarbons. 

*Author to whom correspondence should be 
addressed. 

MATERIALS AND METHODS 

Cultivation and Spheroplast Preparation 

The microalga Burnilleriopsis filiformis (from 
our own stock) was grown in sterile liquid 
medium as described previously (7,8). The 
marine diatom, Skeletonema costatum (strain 
no. LG 1077/1, Algal Culture Collection, 
University of Cambridge) was used to extract 
the 60-4 hexadecatrienoic-acid (16:3604); its 
cultivation was carried Out in enriched seawater 
medium as described by Darley and Volcani (9) 
under continuous fluorescent light (10 W/m 2) 
for 4 weeks at 22 C. Spheroplasts were pre- 
pared from the blue-green alga, Anacystis 
nidulans (strain 1402-1, Algae Culture Collec- 
tion, University of GSttingen), and used for 
biological peroxidation of isolated fatty acid 
methyl es ters .  For growth of this algae, see 
Sandmann and B6"ger (4). Spheroplast prepa- 
ration by lysozyme treatment was done accord- 
ing to Spiller (10). Active thylakoids were ob- 
tained by osmotically shocking the spheroplasts, 
i.e., by transferring them into the incubation 
medium which was used by Sandmann and 
B6ger (4) to determine volatile-hydrocarbon 
evolution as described. 

Extraction and Separation of Fatty Acids from Algae 

The wet algal pellet from a culture suspen- 
sion of Burnilleriopsis (4 batches, 1.25 ~ each) 
was extracted first with methanol (80 ml) for 
15 min at 65 C and then with a chloroform/ 
methanol mixture (2:1, v/v, 80 ml) for 15 min 
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at 40 C. The combined extracts were pooled 
and poured into saturated NaC1 solution (100 
ml). After phase separation, the chloroform 
layer was collected, dried over anhydrous 
Na2SO4, and chromatographed on activated 
silica gel plates (Merck AG, Darmstadt, W. 
Germany) up to a front distance of 5 cm, using 
chloroform/methanol/water (65:2:4,  v/v/v). 
The part between the origin and the lowest 
colored band was scraped off and extracted 
twice with methanol (30 ml for 5 min at 65 C). 
Saponification and esterification was performed 
as described (4). The methyl esters were then 
partitioned into petroleum ether (bp 40-60 C, 
50 ml) and reduced under nitrogen to a volume 
of about 1 ml. The ester mixture was spotted 
as a line on AgNOa-impregnated silica gel plates 
which were prepared by spraying with a 10% 
(w/v) mgNO 3 solution in acetonitrile (10 ml) 
and heating for 30 min at 130 C. The plates 
were developed twice in a solvent system con- 
taining hexane/diethyl ether/acetic acid (94: 
4:2, v/v/v) (11), dried under a stream of nitro- 
gen, and sprayed with a 1:1 (v/v) mixture of 
0.03% rhodamine 6G and 8% NaOH., Bands 
made visible under ultraviolet (UV)light  were 
scraped off and extracted twice with diethyl 
ether (1 ml each). Fraction no. 4, from bands 
with and Rf value from 0.3 to 0.5, was rechro- 
matographed on silica gel plates impregnated 
with silicone oil (Merck AG, Darmstadt) by 
immersing them in a solution of 5% silicone oil 
in diethyl ether. The solvent system for chro- 
matography was acetonitrile/acetic acid/water 
(70: 10:20, v/v/v) (12). The 16:36o4 fatty acid, 
A6,9,12-hexadecatrienoic acid methyl ester 
from Skeletonema costatum, was prepared in 
the same way. 

Analysis of Fatty Acids 

Fatty acid methyl esters were separated and 
identified by gas chromatography on either a 
15% Reoplex column at 200 C o r a  15% DEGS 
column at 180 C using a Perkin-Elmer F22 gas 
chromatograph. Identification and quantifica- 
tion of fatty acid methyl esters was performed 
by using standards purchased from Sigma, 
Munich. The 16:26o6 fatty acid was a generous 
gift of Dr. P.G. GiJlz. The 14:1 and 18:46o3 
acids were identified by determination of their 
equivalent chain length values by the procedure 
of Ackman (13). 

Fatty Acid Peroxidation 

The ether solution containing the fatty acid 
methyl esters was pipetted into vessels fitting 
into the automatic head-space sampler of a 
Perkin-Elmer gas chromatograph, mod. F22. 

Then the organic solvent was removed in a 
stream of nitrogen and the residue redissolved 
in an 0.2% Triton X-100 solution (100 /al). 
Incubation medium (phosphate buffer, pH 7.8, 
10 mM; NH4C1, 5 raM; MgCI2, 5 mM, CuSO4, 
50 mM), and Anacystis thylakoids equivalent 
to 200/ag of chlorophyll were added to a final 
volume of 2 ml. Then, the samples were incu- 
bated in the sealed head-space vessels over 2 hr 
at 25 C in the light. 

For the experiment in Table 1, cultures of 
Bumilleriopsis were inoculated with a packed 
cell volume (pcv) of 1 /al/ml and grown auto- 
trophicaUy for 18 hr with 100/aM Cu 2+ or I0 
/aM oxyfluorfen present. Then the suspension 
was concentrated to 40/al/ml pcv by centrifuga- 
tion and 2-ml samples were incubated in head- 
space vessels as described above. The volatile 
hydrocarbons produced were analyzed after 
4 hr. The detailed procedure of automatic 
sample-withdrawing and chromatography of the 
volatile hydrocarbons produced on activated 
alumina has been described (4). 

TABLE 1 

Volatile Hydrocarbons (pmol) Evolved in the Light 
by Bumilleriopsis Cultures Treated with Cu 2+ 

or the p-Nitrodiphenylether Oxyfluorfen 

Hydrocarbons Cu 2+ Oxyfluorfen 

E t h a n e  20 .2  11 .6  
E t h y l e n e  1 2 6 . 9  7 .6  
P r o p a n e  23 .2  38 .0  
P r o p e n e  97 .6  3 .4  
P e n t a n e  20 .4  15 .3  
P e n t e n e  4 1 . 4  11.9  

Evolution of each hydrocarbon gas in untreated 
controls was below 1 pmol. 

RESULTS AND DISCUSSION 

When cells of Bumilleriopsis had been treated 
with Cu 2+ or oxyfluorfen (a peroxidative 
herbicide~ 2-chloro-4-trifluoromethylphenyl-3'- 
ethoxy-4'-nitrophenylether), formation of vari- 
ous hydrocarbons was observed (Table 1). With 
the temperature program used for gas chroma- 
tography, it was possible to determine all satu- 
rated and unsaturated hydrocarbon gases with 
chain lengths of 2 to 5 C-atoms, if present. 
Using either Cu 2+ or oxyfluorfen to induce per- 
oxidation, pentane and pentene were detected 
in addition to the C 2 and C3 hydrocarbons 
previously reported to be formed in Bumil- 
leriopsis (3,6). The evolution of any saturated 
or unsaturated Ca hydrocarbons can be ex- 
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cluded. Cu 2§ was the stronger peroxidative 
agent. Also, the relative amounts of C2, C3, and 
Cs hydrocarbons varied with the peroxidative 
agents. When Cu 2§ was used, C2-hydrocarbon 
formation dominated over C3, followed by 
evolution of Cs. When oxyfluorfen was present, 
most of  the volatile hydrocarbons evolving had 
3 carbon atoms, followed by Cs hydrocarbons 
and by C2 species. This variation in hydrocar- 
bon evolution can be explained by different 
mechanisms by which (starter) radicals are 
formed through Cu 2+ (14) and oxyfluorfen 
(15), respectively, which initiate peroxidative 
chain reactions with fatty acids and keep them 
going. 

The dominance of unsaturated volatile 
hydrocarbons vs saturated ones in the presence 
of Cu 2+ is seemingly due to the redox activity 
(valence state) of the copper ion (14). Also, in 
paraquat-mediated peroxidation with intact 
Bumilleriopsis ceils, addition of Fe 2+ increased 
the rate of evolution of unsaturated vs satu- 
rated hydrocarbon gases (6). 

Dumelin and Tappel (1) discussed the for- 
mation of  propane from CC14-treated rats by 
/3-scission of pentane which is the major hydro- 
carbon formed under these conditions. Ana- 
cystis thylakoids have no polyunsaturated fatty 
acid and do not produce short-chain hydrocar- 
bons by themselves when illuminated in the 
presence of Cu 2+. Experiments in which various 
polyunsaturated fatty acids were added exogen- 
ously showed that a /3-scission reaction is of 
minor importance (4). Therefore, w-6 fatty 
acids which are degraded to Cs hydrocarbons 
apparently are not  the source of propane and 

propene in Bumilleriopsis. 
To study the origin of C3 hydrocarbons, 

individual fatty acid fractions were isolated as 
methyl esters from Bumilleriopsis and incu- 
bated with isolated thylakoid material (see 
Methods). Argentation thin layer chromatog- 
raphy (TLC) resulted in 6 distinct fractions 
(nos. 1-6) in which the fatty acids were en- 
riched according to their degree of desaturation 
(Table 2). Fractionation helped to identify new 
fatty acids from Bumilleriopsis as 16:2, 18:0 
and 18:2 species, which extends previous f i n d  
ings (16). Chain length and number of double 
bonds of these fatty acids match with their 
expected accumulation in the corresponding 
fractions. 

In contrast to fatty-acid fractions nos. 1 and 
2 of Table 2, fractions 3-6 gave rise to volatile 
hydrocarbons under pcroxidative conditions 
(Table 3). From fraction 3, Cs hydrocarbons 
were predominantly obtained in addition to 
some C2 and C3 species. Fractions nos. 5 and 
6 yielded high amounts of C2 and Cs hydro- 
carbons. Peroxidation of fraction no. 4 by 
Anacystis thylakoids led to formation of sub- 
stantial propane and propene. Therefore, this 
fraction was further purified to identify the 
fatty acid(s) responsible for C3-hydrocarbon 
evolution. Reversed-phase TLC separated the 
methyl esters into 3 bands (nos. 4-1/4-2/4-3 of  
Table 2). Most of the band (97%) with the high- 
est Rf value (no. 4-1) was a fatty acid "X",  
which could not be identified with commer- 
cially available standards. Its accumulation in 
the fraction containing the unsaturated species 
with 3 double bonds (no. 4, Table 2) and the 

TABLE 2 

Composition of Fatty-Acid Fractions from Bumilleriopsis 

Total fatty acid esters % Composition of fatty acids 
Fraction no. Rf regions a (mg) of each fraction 

1 0.74-0.85 61.3 14:0 (52%), 14:1 (1%), 16:0 (45%), 16:1 (1%), 
18:0 (1%) 

2 0.55-0.75 96.1 14:1 (7%), 16:1 (88%), 18:1 (5%) 
3 o.50-0.55 30.5 " x "  (5%), 16:1 (10%), 16:2t~6 (63%), 

18:2co6 (I 1%), 18:3co3 (4%), 18:3o~6 (7%) 
4 0.35-0.50 28.7 "X" (30%), 16:1 (4%), 16:2 (3%), 18:3~3 (7%), 

18:3to6 (2 i%), 20:4to6 (35%) 
4-1 0.7-0.9 b 8.0 "X" (97%), 18:3co6 (2%), 20:4to6 (1%) 
4-2 0.5-0.7 b 9.1 18:3to3 (27%), 18:3co6 (57%), 20:4co6 (16%) 
4-3 0.3-0.5 b 8.6 18:3t~3 (1%), 18:3w6 (9%), 20:4~6 (90%) 
5 0.25-0.35 23.9 "X" (2%), 18:4co3 (24%), 20:4to6 (52%) 
6 0.05-0.25 41.4 18:4to3 (11%), 20:5~o6 (89%) 

aRf values of fractions nos. 1-6 r e f e r  t o  argentation TLC. 
bRf values from reversed-phase TLC of fraction ; see Methods for details. 
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TABLE 3 

Formation of Volatile Hydrocarbons (nmol) over 2 hr from Fatty Acid Methyl Ester Fractions 
Peroxidized with Illuminated Anacystis Thylakoids in the Presence of 100 #M Cu 2+ 

Addition of fractions 
from table 1 

(no.) Ethane Ethylene Propane Propene Pentane Pentene 

3 0.32 0.74 1.01 1.98 7.60 12.24 
4 1.09 1.95 4.09 5.90 5.28 6.11 
5 6.39 6.19 0.54 0.88 8.57 2.89 
6 3.09 3.37 0.02 0.03 1.63 2.00 

4-1 0.05 0.08 3.46 4.82 0.18 0.11 
4-2 0.91 1.22 0.03 0.04 1.02 1.46 
4-3 0.01 0.02 0.07 0.08 4.88 5.44 

From fractions nos. 1 to 6, 5 mg were used per peroxidation assay; in the case of the more enriched fractions 
4-1 to 4-3, 2 mg were added. Fractions 1 and 2 evolved only traces of hydrocarbons. Addition of 2 mg of 
1 6 : 3 t o 4  isolated from Skeletonema yielded about 2 nmol of propane and 4 nmol of propene. 

C16 fraction (no. 4-1) is indicative of a 16:3 
fatty acid, although it did not  show the reten- 
tion times of a 16:6o3 species, either using a 
15% DEGS or a 15% Reoplex column. 

Eventually, we isolated a 16:36o4 fatty acid 
from Ske le tonema cos ta tum,  an alga in which 
a 16:36o4 unsaturated fatty acid had been 
f o u n d  p rev ious ly  (1 7). The  c o r r e s p o n d i n g  f a t ty  
acid m e t h y l  es te r  c o c h r o m a t o g r a p h e d  wi th  
f rac t ion  no .  4-1 in the  TLC s y s t e m s .  The  sepa- 
r a t ion  behav io r  on  b o t h  g a s - c h r o m a t o g r a p h y  
c o l u m n s  is s h o w n  in Figure  1. Us ing  e i the r  a 
15% DEGS c o l u m n  or  a 15% Reop l ex  c o l u m n ,  
ident ica l  r e t e n t i o n  t imes  for  " X "  and  for  the  
16:3604 species  f r o m  Ske le tonema were ob- 
ta ined .  Th e  da ta  prove  i d e n t i t y  of  the  16:3604 
species  wi th  the  f a t t y  acid " X "  f r o m  Bumil-  
leriopsis en r i ched  in f rac t ion  no.  4-1.  Peroxi-  
dat ive f o r m a t i o n  o f  C3 h y d r o c a r b o n s  f rom 
16:36o4 and  " X "  were also a b o u t  the  s ame  
(Table 3). 

In co n c lu s io n ,  we have  p o s t u l a t e d  prev ious ly  
t h a t  the  cha in  l eng th  o f  h y d r o c a r b o n s  f o r m e d  
dur ing  pe rox ida t ive  deg rada t i on  o f  f a t ty  a c i d s  
by biological  s y s t e m s  is d e t e r m i n e d  by  the  posi-  
t ion  60 o f  t h e  doub le  b o n d  m o s t  d i s t an t  f r o m  
the  ca rb o x y l  g roup  (3,4) .  This  was based  on  
e x p e r i m e n t s  wi th  t h y l a k o i d s  f r o m  several  b lue-  
green algae wi th  var ious  p a t t e r n s  o f  e n d o g e n o u s  
fatty acids. A pos i t i on  o f  60 s h o u l d  resul t  in 
C~_ 1 s a t u r a t e d  or u n s a t u r a t e d  h y d r o c a r b o n s .  
This  was d e m o n s t r a t e d  for  C2 h y d r o c a r b o n s  
or ig ina t ing  f r o m  6~-3 and  Cs h y d r o c a r b o n s  
f r o m  60-6 p o l y u n s a t u r a t e d  f a t ty  acids (4). The  
p re sen t  s t u d y  has  p roved  tha t  C3 h y d r o c a r b o n s  
or ig ina ted  f r o m  an 60-4 p o l y u n s a t u r a t e d  f a t ty  
acid. 
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16:3to4 species. Separation of  fraction 4-1 (A) and 16:3w4 prepared from Skeletonema (B) 
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identified additionally on a 15% DEGS column (see parts (C) and (D), respectively). 
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Effects of Purified Eicosapentaenoic Acid 
on Arachidonic Acid Metabolism 
in Cultured Murine Aortic Smooth Muscle Cells, 
Vessel Walls and Platelets 

I. M O R I T A * ,  Y. SAITO,  W.C. C H A N G  1 and S. M U R O T A ,  Department of Pharmacologv, 
Tokyo Metropolitan Institute of Gerontology, 35-2 Sakaecho, Itabashi-ku, 
Tokyo- 173, Japan 

ABSTRACT 

The effects of highly purified eicosapentaenoic acid (97% pure) on the arachidonic acid cascade in 
isolated murine vascular cells and platelets were studied. The incorporation of eicosapentaenoic acid 
was not as active as that of arachidonic acid in platelets. The ratio of incorporation of eicosapenta- 
enoic acid to arachidonic acid into platelet phospholipids was about 0.7. Analysis of the phospholipid 
fractions of platelets after labeling with ~*C-eicosapentaenoic acid and ~*C-arachidonic acid revealed 
that the incorporation of ~4C-eicosapentaenoic acid into the phosphatidylinositol fraction is signifi- 
cantly less than that of t*C-arachidonic acid, while the incorporation of both fatty acids into other 
phospholipid fractions was almost the same. On the other hand, no significant difference between 
either fatty acid in incorporation rate, kinetics or distribution in cellular phospholipids was found in 
cultured aortic smooth muscle cells. Following treatment with eicosapentaenoic acid, cells produced 
less prostacyclin from endogenous arachidonic acid than did control cells. This was not due to the 
decrease in fatty acid cyclooxygenase activity, but rather, due to the decrease in arachidonic acid con- 
tent in cellular phospholipids. In addition, eicosapentaenoic acid was neither converted to prostag- 
landin 13 by the vascular cells nor to thromboxane A 3 by platelets. Furthermore, similar results were 
also obtained by in vivo experiments in which rats were fed with eicosapentaenoic acid enriched diet. 
Lipids 18:42-490 1983. 

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

Greenland Eskimos have been demons t ra ted  
to have a low incidence of  myocardial  infarc- 
t ion by epidemiological  studies (1). Dyerberg  
et al. (2) showed that  high con ten t  of  all cis- 
5,8 ,11,14,17-eicosapentaenoic  acid (EPA)  in 
their  food is connec ted  with low incidence of  
myocardia l  diseases. Since then,  some investi- 
gators have repor ted  that  EPA has an inhibi tory  
ef fec t  on platelet  aggregation (3,4). However ,  
all the reports  published to date were investi- 
gated using crude EPA or fish oil instead o f  
purified EPA. The crude EPA and fish oil con-  
tain o ther  fatty acids having an inhibi tory 
ef fec t  on platelet  aggregation, such as docosa- 
hexaenoic  acid (5). Therefore ,  to know the 
exclusive ef fec t  of  EPA alone on vascular cells 
and platelets,  studies using purified EPA must  
be done.  

In the present  studies, we showed that  puff- 

*Author to whom correspondence should be 
addressed. 

1Current address: Department of Medicinal Chem- 
istry and Pharmacognosy, College of Pharmacy, 
University of Kentucky, Lexington, KY 40536-0053, 
USA. 

Abbreviations: EPA, eicosapentaenoic acid; AA, 
arachidonic acid; PG, prostaglandin; TX, thromboxane. 

fled EPA was easily incorpora ted  into  phospho-  
lipids of  cul tured murine smooth  muscle cells 
as well as vessel walls, and the biosynthesis  o f  
prostacyclin (prostaglandin I2, PGI2) was inhib- 
ited by the incorpora ted  EPA, both  in vivo and 
in vitro.  The effects  of  purified EPA on the 
platelet  axachidonic acid (AA)  cascade were 
also examined.  

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

Chemicals 

[ l - t 4C]Arach idon ic  acid (58 Ci /mol)  was 
purchased from Radiochemical  Centre ,  Amer-  
sham, U.K. [1 J4C]E icosapen t aeno i c  acid (50 
Ci /mol )  was purchased f rom New England 
Nuclear,  Boston,  MA. Arachidonic  acid and 
standard fatty acid methyl  esters for  gas chro- 
matography were purchased f rom Sigma 
Chemical Co.,  St. Louis, MO. Authent ic  pros- 
taglandins (PG) and PGI2 sodium salt were 
generous gifts of  Ono Pharmaceut ical  Co., Ltd.,  
Osaka, Japan.  Purified EPA (97% pure,  the 
o the r  componen t s  were 1.0% 18:3,  6o3; 1.0% 
16:0; 0.5% 18:1,  609; 0.5% 18:2,  606) was 
kindly supplied by Nippon Oil and Fats Co., 
Ltd., Tokyo ,  Japan.  Thin layer ch romato-  
graphic plates o f  Silica Gel G 60F254, 0.25 mm 
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in thickness, were purchased from Merck, 
Darmstadt, F.R.G. 

Animals 

Male Sprague-Dawley rats aged 8 weeks, 
with body weight ca. 230 g, have been housed 
in Sizouka Experimental Animals Agricultural 
Corp., Hamamatsu, Japan, prior to experi- 
mental use. Commercial laboratory chow 
(CRF-1, Oriental Yeast Co., Ltd, Japan) and 
water were provided ad libitum. 

Isolation and Culture of Rat Aortic 
Smooth Muscle Cells 

Rat aortic smooth muscle cells were iso- 
lated from medial explants of thoracic aortas 
and maintained and subcultured in Eagle's 
minimum essential medium supplemented with 
10% fetal bovine serum according to the meth- 
ods described in our previous paper (6). Cells 
displayed multilayered growth and abundant 
myofilament characteristic of smooth muscle 
cells. Cells under  passage 8 were used in this 
series of experiments. 

Incorporation of A A  and EPA 
by Cultured Cells and Platelets 

Aortic smooth muscle cells in a petri dish 
.(30-mm diameter) were incubated with 14C- 
labeled AA or FPA in 1 ml of culture medium 
supplemented with 10% fetal calf serum at 37 C 
under normal culture conditions. Radioactivity 
incorporated into the cells was estimated by 
counting that remaining in the medium by 
liquid scintillation counter. 

Platelet-rich plasma was prepared by centri- 
fuging citrated rat blood at 1200 rpm for 15 
min at room temperature. Platelet-rich plasma 
(I ml) was incubated with 14C-labeled AA or 
EPA at 30 C several times. After incubation, 
platelet-rich plasma was centrifuged at 3000 
rpm for 15 min, and the radioactivity incor- 
porated into the platelets and that remaining 
in the platelet-poor plasma were measured, 
respectively. 

PG Production by the Homogenates 
of Smooth Muscle Cells 

Cells in a petri dish (60-mm diameter) were 
incubated with 10 or 20 /,zg of EPA or AA in 
4 ml under the conditions mentioned below. 
After 18-hr incubation, cells were washed twice 
with 0.05 M phosphate buffer (pll 8.2) and 
then reharvested using a teflon sheet. Cells were 
sonicated and the resulting homogenates were 
used for PG synthesizing activity assay. The 
homogenate (1 ml) was incubated with 0.2/aCi 
of 14C-AA or 14C-EPA for 15 min at 37 C. The 

extraction, separation and identification of PG 
were performed as described in our previous 
papers (7,8). In brief, PG were extracted by 
ethyl acetate at pH 3 and separated by thin 
layer chromatography (TLC). The solvent sys- 
tem was the organic phase of a solvent of ethyl 
acetate/2,2,4-trimethylpentane/water/acetic acid 
(11:5: 10:2, v/v/v/v). The radioactive products 
were detected by a D~innschicht radiochromato- 
scanner. 

Release of PGI 2 from Smooth Muscle Cells 

The release of PGI 2 from cultured aortic 
smooth muscle cells was determined by radio- 
immunoassay of 6-keto PGFla (a hydrolyzed 
product of PGI2). Details of the procedure for 
radioimmunoassay have been described in our 
previous paper (9). In brief, E P A - a n d  AA- 
treated cells and control cells were washed 
twice with serum-free Eagle's minimum essen- 
tial medium and recultured with 1 ml of 
medium supplemented with 10% fetal calf 
serum for 18 hr under normal conditions. The 
medium was then collected and 6-keto PGFla 
in the medium was measured by radioimmuno- 
assay. 

Lipid Extraction and Fractionation 

Cells in a petri dish (30-mm diameter) were 
harvested into 0.8 ml of 1% methanol contain- 
ing 0.1% EDTA to which were added 2 ml of 
methanol. The mixture was sonicated by a 
model W185 Branson Sonifier. Platelets in 
which radioactive fatty acids were incorporated 
were mixed with 1 ml of methanol, 0.5 ml of 
chloroform and 0.4 ml of water. A whole lipid 
extraction was then carried out by.the method 
of Bligh and Dyer (10). Separation of neutral 
lipid, free fatty acid and phospholipid was 
carried out by TLC in a solvent system of n- 
hexane/diethyl ether/acetic acid (90:10:1,  
v/v/v). Separation of the subclass of phospho- 
lipid was carried out by TLC using a solvent 
system of chloroform~methanol/acetic acid/ 
water (75:45:12:3,  v/v/v/v) (11). Separation 
of phosphatidylinositol and phosphatidylserine 
was carried out by TLC using a solvent system 
of chloroform/methanol/acetic acid/formic acid/ 
water (45:10:1:5:1,  v/v/v/v/v). Rf values of 
phosphatidylinositol and phosphatidylserine 
were 0.16 and 0.29, respectively. 

Fatty Acid Analysis by Gas Chromatography (GC) 

Analysis of acylated fatty acids in phospho- 
lipids was carried out by GC of their corres- 
ponding methyl esters. The samples for the 
analysis were obtained by transesterifying with 
1 ml of 5% methanolic hydrochloric acid solu- 
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tion at 80 C for 2 hr. Internal standard hepta- 
decanoic acid (17:0) was added before the 
esterification. The methyl esters were extracted 
with n-hexane and dried under an N 2 gas 
stream and then dissolved in 20 /al of chloro- 
form for GC analysis. The fatty acid methyl 
esters were separated on a column of 16% poly- 
ethylene glycol succinate coated on Celite 545 
at 185 C with an N2 gas flow rate of 40 ml/min 
in a Shimadzu Model 7A gas chromatograph. 
The data were computerized by a Shimadzu 
Chromatopac E1A. The identification of EPA 
and AA was carried out by a capillary column 
(50 m PEG-HT, purchased from Gasukuro 
Kogyo Inc., Tokyo, Japan) gas chromatograph. 

RESULTS 

Incorporation of A A  and EPA into Murine Aortic 
Smooth Muscle Cells in Culture and Platelets in vitro 

Murine aortic smooth muscle cells and 
platelet-rich plasma were incubated with 0.1 
/aCi of t4C-AA or 14C-EPA. The time courses of 
the incorporation of the labeled fatty acids into 
these cells were shown in Figure 1. There was 
no difference in the incorporation rate between 
AA and EPA in smooth muscle cells (Fig. la), 
but AA was incorporated more easily than EPA 
throughout the experimental times in platelets 
(Fig. lb). 

EPA Feeding in Animals 100 

Rats were divided into two groups. Each 
group consisted of 6 rats with 230-g body 
weight. One group received free EPA (75% 
pure) at 0.7% (wet weight % of the total diet) 
while the control group received the same % of 
linoleic acid instead of EPA. The diet was pre- 0\o 
pared every day in order to prevent autoxida- 
tion. The basal diet was the commercial diet as ~ 50 
m e n t i o n e d  above. The individual food con- < 

sumption and body weight were measured daily. 
Both groups consumed about 20 g/day of food. 
EPA treatment was continued for 2 consecutive 
weeks. Rats were fasted one day prior to ex- 
perimental use. The average body weight of 
control and EPA-fed rats was 280.3 and 272.3 
g, respectively. 0 

Preparation of Aortas 

Thoracic aortas were removed immediately 
after killing. Surrounding fat tissues were care- 
fully trimmed off. The aortas were then washed 
with 15 mM Tris-HC1 buffer (pH 7.6) contain- 
ing 140 mM NaC1 and 5.5 mM glucose. 

30. 

(a) 

i " 3 ' - 6 - - " 1-2 ~ 24 
TIME ( h r )  

3 20, 
PGI 2 Production by Aortas 

u J  

Aortic rings (ca. 5 mg) were incubated with 
1 ml of Tris-HCl buffer (pH 8.6) at 37 C for 
5 min with shaking. Platelet-rich plasma was --, 
prepared by centrifuging citrated rabbit blood 10 
at 1200 rpm for 15 min at room temperature. 
Platelet-rich plasma (200 ALl) was preincubated 
with 20 /al of each sample or standard PGI: 
solution, for 1 min at 37 C in constant stirring, 
in a Model DP-247E aggregation meter prior to 0 
initiation of aggregation induced by 20/al ADP, 
at a final concentration of 100/aM. The concen- 
tration of PGI2 in the sample was calculated 
from the standard curve by using authentic 
PGI2 sodium salt. 

(b) 

/ 

1 2 3 
TIME {h r )  

FIG. 1. Time course of the incorporation of 140 
AA (o--o) and 14C-EPA (o--o)  into rat (a) aortic 
smooth muscle cells and (b) platelets. 
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Next, the effects of dose of AA or EPA on 
the incorporation of each fatty acid were exam- 
ined. As shown in Figure 2, both AA and EPA 
behaved exactly in the same manner and were 
incorporated linearly into the cultured vascular 
cells. On the other hand, both AA and EPA 
were linearly incorporated into the platelets 
when up to 6 #g of fatty acids were used. Itow- 
ever, the increase in incorporation rate declined 
gradually in a concentration range of 6-21 /~g. 
At any dose of fatty acids used, the incorpora- 
tion of EPA was always about 70% of that of 
AA in platelets (Fig. 2b). 

Total lipids were then extracted from the 
labeled ceils and platelets. The extracted lipids 
were fractionated into individual lipids. The 
14C-AA and 14C-EPA were found to be distrib- 
uted largely into the phospholipid fractions in 
both cultured vascular cells and platelets. Ca. 
92% and 93% of the radioactivity incorporated 
into total lipids were found in the phospholipid 
fractions of the cultured cells and platelets, 
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respectively. The phospholipids were then sub- 
fractionated by TLC analyses. As indicated in 
Table 1, both AA and EPA had nearly the same 
distribution pattern in the phospholipid frac- 
tions of  cultured vascular cells. However, less 
EPA was incorporated into the phosphatidylino- 
sitol fraction as compared with AA in platelets. 

Effects of EPA on PG Synthesizing Activity 
in Cell-Free Homogenates 

Cultured murine aortic smooth muscle cells 
were treated with EPA and AA for 18 hr. Fatty 
acid concentrations of 10 and 20 /ag/dish did 
not elicit any significant effects on cell prolif- 
eration (data not shown). Cell-free homog- 
enates were then prepared as the enzyme source 
from the control, AA-treated and EPA-treated 
cells. PG synthesizing activity in ceLl-free 
homogenates was investigated by using 14C-AA 
and 14C-EPA as substrates. The typical scanning 
profiles showing the conversion of 14C-AA and 
14C-EPA are shown in Figure 3. 6-Keto PGF1a 

~ ( b )  

3 "~ 3 

2,1, ~~ ~" 2 1 ~  / "0"  

0 i2 6 1-1 21 O i2 6 1] 21 
FATTY ACID (lJg/ml) FATTY AClD(IJg/ml ) 

FIG. 2. Incorporation of added AA (e--.-e) and EPA (o o) into (a) aortic smooth muscle cells and (b) 
platelets. 

TABLE 1 

Distribution of ~4C-Labeled AA and EPA in Phospholipid Fractions 

14C-Fatty acids Phospholipid fraction (%) 
Cells used PC PE PI PS LysoPC LysoPE 

S m o o t h  m u s c l e  c e l l s  A A  4 2 . 8  4 5 . 3  - -- 7 . 9  4 . 0  

E P A  4 2 . 3  4 5 . 7  - - 8 . 8  3 . 2  

P l a t e l e t s  A A  6 1 . 2  2 1 . 4  1 3 . 1  4 . 3  - -  - 

E P A  6 6 . 3  2 1 . 4  8 . 9  3 . 3  - - 

Values are the percentages of total ~4C-labeled fatty acids distributed in the total cellular 
phospholipid fractions. They represent the mean 4 individual experiments and the deviation 
was less than 5%. 
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TX ~ F  
0 O 0  O 0  
D E F 

! S " " 1"0 . . . . . . .  

D I S T A N C E  ( c m )  

FIG. 3. Radiochromatoscans showing the PG- 
synthesizing activity in smooth muscle cells. - -  
~4C-AA; - - - ,  '4C-EPA. The reaction mixture (l mli 
contained 0.05 M phosphate buffer (pH 8.2), 0.2 uCi 
of 14C-AA or J4C-EPA and the sonicated cell-free 
enzyme source. The TLC plates were developed with 
the organic phase of ethyl acetate/2,2,4-trimethyl- 
pentane/acetic acid/water (l 1:5:2 :l 0, v/v/v/v). Abbre- 
rations used : D, E, F, 6KF and TX are PGD 2, E 2, F2a, 
6-keto PGFnc ~ and TXB2, respectively. 

and small amoun t s  of  PGE2 were fo rmed  from 
n4C-AA by cell homogena t e s  prepared  f rom all 
3 groups of  cells. However,  none  o f  the 3 
groups  of  cells were able to conver t  14C-EPA 
in to  any significant p roduc ts .  As indica ted  in 
Table 2, the  convers ion o f  n4C-AA into  t4C- 
6-keto PGF m by cells h o m o g e n a t e s  prepared 

TABLE 2 

Effects of AA and EPA on PGI2%Synthesizing Activity 
in Smooth Muscle Cells 

6-Keto PGFIa produced 
Groups (cpm/mg prot) 

Contro l  7245 -+ 242 

EPA IO/.tg/dish 7421 • 186 
20 ~ug/dish 7454 • 316 

AA IO ~ug/dish 7677 -* 323 
20 Mg/dish 6876 4- 298 

Values represent the mean • SE from 5 individual 
dishes. 

f rom 3 groups of  cells was no t  significantly 
d i f ferent .  These results indicated that  the  PG 
cyc looxygenase  activity in ceils is no t  a f fec ted  
by EPA t rea tment .  

Effects of EPA and AA on PGI 2 Production 
by Intact Aortic Smooth Muscle Cells 

After  t r e a tmen t  with EPA and AA for  16 
hr,  cells were again cul tured with fresh med ium 
in the absence of  addi t ional  fa t ty  acids for 18 
hr. The amo u n t  of  6-keto PGFLe released in to  
the med ium during 18-hr incuba t ion  was mea- 
sured by rad io immunoassay .  The result is 
shown  in Figure 4. EPA t r ea tmen t  apparent ly  
inhibi ted  the p roduc t ion  of  6-keto PGF1a by 
cells, while AA t r ea tmen t  s t imula ted  the 6-keto 

3.8 

2 ,  - 1 -  

- -  T 
t. .J 

r 

r e "  

a. m-'r  

1, ; " "  

a_ i i  �9 

m �9 
i u i 

CONTROL EPA EPA EPA AA AA AA 

5Jug 10 JJ{.l 20.ug 5 ,ug 10 l~g 20 ,ug 

I-'113. 4. Effects of incorporated EPA and AA on the release of 6-keto PGFne from rat 
smooth muscle cells. The amounts of 6-keto PGFL~ produced endogenously were measured 
by radioimmunoassay. Details were described in the text. 
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P G F l a  p r o d u c t i o n  in a d o s e - d e p e n d e n t  manne r .  
In these expe r imen t s ,  the  pr inciple  fa t ty  acid 
c o m p o s i t i o n  in cel lular  phospho l ip id  f rac t ions  
was also ana lyzed  by TLC and  GC. The  prin-  
cipal fa t ty  acid c o m p o s i t i o n  in cellular phos-  
phol ip ids  is ind ica ted  in Table 3. In EPA- 
t r ea ted  cells, the  c o n t e n t  of  AA in p h o s p h o -  
l ipids decreased,  while the  c o n t e n t  of  EPA 
increased.  On the  o t h e r  h a n d ,  the  c o n t e n t  of  
AA increased in AA- t rea ted  cells. The increase 
in AA c o n t e n t  in cel lular  p h o s p h o l i p i d s  in AA- 
t r ea ted  cells and  the  decrease in AA c o n t e n t  in 
EPA- t rea ted  cells might  provide a plausible 
exp l ana t i on  of  the  changes  in 6-keto  P G F ] a  
p r o d u c t i o n  by EPA- and AA- t rea ted  cells 
s h o w n  in Figure 4. 

Transformation of ~4C-EPA by Platelets 
and the Direct Effect of EPA on Platelet Aggregation 

Since ]4C-AA is conve r t ed  to t h r o m b o x a n e  
(TX)  B2, 1 2 L - h y d r o x y - 5 , 8 , 1 0 - h e p t a d e c a t r i e n o i c  
acid (HHT)  and  12L-hydroxy-5 ,8 ,10 ,14-e icosa -  
t e t r aeno ic  acid (12 -HETE)  by washed rat  pla te-  
lets (12) ,  we the re fo re  s tud ied  the  convers ion  
of  t4C-EPA by washed  rat  platelets .  When ~4C- 
EPA was i n c u b a t e d  wi th  washed  pla te le ts ,  no  
f o r m a t i o n  of  TXB3 and  12Lohydroxy-5 ,8 ,10 ,14-  
h e p t a d e c a t e t r a e n o i c  acid was observed.  The  
di rec t  ef fec t  of  EPA on pla te le t  aggregat ion 
in vi t ro  was then  s tudied.  Platelet  aggregat ion 
in p la te le t - r ich  p lasma was i nduced  by  ADP and  
collagen in the  presence  of  5 - 2 0 / z g / m l  of  EPA. 
No s ignif icant  change  in p la te le t  aggregat ion 
and t ime  delay of  p la te le t  aggregat ion by  EPA 
were observed  (da ta  no t  shown) .  

Effects of EPA Diet on PGI 2 Production 
by Intact Aortas and Platelet Aggregation in Rats 

In o rde r  to  s tudy  the  effects  o f  EPA on PGI2 
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b iosyn thes i s  in aor tas  and pla te le t  aggregat ion 
in vivo, rats were fed wi th  EPA-enr iched  diet.  
PGI2 p r o d u c t i o n  by  aor tas  was assayed by the  
an t ip l a t e l e t  aggregat ion m e t h o d .  The  antiaggreg- 
a to ry  f ac to r  released f rom aor tas  was iden t i f i ed  
to  be PGI2, since its act ivi ty  was lost  a f te r  
ac id i f ica t ion  and  its f o r m a t i o n  was i nh ib i t ed  
by  the  p r e i n c u b a t i o n  of  2 • 10 -s M i n d o m e t h -  
acin for  10 min  at 37 C. The ef fec t  o f  EPA diet  
on  PGI2 p r o d u c t i o n  by aor tas  is ind ica ted  in 
Table  4. The aor tas  f rom EPA-fed rats pro- 
duced  s ignif icant ly  less PGI 2 than  those  o f  con-  
t rol  rats. The convers ion  of  14C-AA and 14C- 
EPA to PG by aor tas  f rom b o t h  con t ro l  and  
EPA-t rea ted  rats was also s tudied.  As in the  
case of  cu l tu red  vascular  cells descr ibed  above ,  
the  t r a n s f o r m a t i o n  of  exogenous  t4C-AA by 
aor tas  f rom b o t h  groups  of  rats did no t  show 
any  d i f ference ,  and  the  e x o g e n o u s  ]4C-EPA was 
no t  conve r t ed  to any  PG in e i the r  g roup  of  rats  
(da ta  n o t  shown) .  

Af te r  EPA t r e a t m e n t  in rats in vivo, the  
p la te le t  aggregat ion of  b o t h  con t ro l  and EPA- 
t rea ted  groups  was also compared .  Pla te le t  
aggregat ion in p la te le t - r ich  p lasma was induced  
by  ADP and  col lagen.  The  aggregat ion of  plate-  

TABLE 4 

Effect of EPA-feeding on PGI 2 Biosynthesis 
in Rat Aortas 

PGI 2 produced 
(ng/mg aorta) 

Control 3.59 + 0.39 
EPA feeding 1.90 -+ 0.30 

Values represent the mean + SE from 6 individual 
rats. 

TABLE 3 

Composition of the Principle Fatty Acids in Phospholipids of Smooth Muscle Cells 
after EPA and AA Treatment 

Fatty acid (%) 

EPA AA 

Control 5 V.g 10/ag 20 #g 5/ag 10/.tg 20 ,ug 

16:0 27.5 28.1 27.9 33.1 29.2 27.2 27.4 
16: ! 4.5 5.6 6.8 5.2 5.3 5.4 5.2 
18:0 24.8 20.9 20.7 22.5 20.0 21.2 20.3 
18:1 29.3 31.2 31.4 26.1 30.2 28.0 26.4 
18:2 (.o6 1.5 2.6 2.0 2.0 1.2 1.5 1.8 
20:4 0o6 12.5 11.8 10.8 8.9 14. l 16.9 19.0 
20:5 co3 _a  _ 0.6 2.8 - - - 

aNot detectable. 
Values are the percentages of total fatty acids in phospholipid fractions. They represent 

the mean from 4 individual dishes, and the deviation was less than 10%. 
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lets was slightly inhibited (about 10% inhibi- 
tion) by EPA treatment, but the inhibition was 
not statistically significant (data not shown). 

DISCUSSION 

Since Dyerberg et al. (1,2) suggested that 
EPA-enriched food may prevent thrombosis 
and atherosclerosis according to their epidemio- 
logic study results, many investigations on the 
effects of EPA on platelet aggregation have 
been done. Regarding the possible mechanism 
on the inhibitory effects of EPA on thrombosis, 
the following two speculations can be made: 
(a) EPA feeding may cause a shift from PGI2 
and TXA 2 production to PGI3 and TXA3 pro- 
duction (13). Since TXA3 is not a proaggregat- 
ing substance and PGI3 has antiaggregating 
properties similar to PGI2, the shift from TXA2 
to TXA3 by EPA feeding in platelets may de- 
crease the platelet aggregation. (b) EPA may 
competitively block the oxidation of AA by 
fatty acid cyclooxygenase in platelets (14). The 
competitively inhibitory effect of EPA on the 
oxidation of AA by cyclooxygenase in platelets 
may result in a decrease in TXB2 formation, 
which favors antiaggregation in platelets. The 
reality of these two speculations are still being 
challenged. But the antiaggregatory effect of 
EPA was not direct. In our experiments, EPA 
did not affect the magnitude and time course 
of ADP-aggregation, which is inconsistent with 
the report by Needleman et al. (15). The differ- 
ence may be due to the dose of EPA used. 
Their dose was as high as 125 gtg/ml, while ours 
was only 5-20 /ag/ml. Even in that high dose, 
they could demonstrate that EPA was less than 
50% of inhibition of ADP-aggregation. The 
reality of these two speculations is still being 
challenged. 

Whitaker et al. (16) and Homstra and Henker 
(17) have independently demonstrated that rat 
endothelial cells are not able to convert EPA to 
PGI3. Hamazaki et al. (18) also reported that 
rat aorta is not  able to convert EPA to A-17-6- 
keto PGFI~ (a hydrolyzed product of PGI3) in 
control or EPA-fed animals. Moreover, no one 
has been able to detect TXB3 and A-17-6-keto 
PGFIa in blood and urine in EPA-treated ani- 
mals and humans. In the present studies, we 
could find neither conversion of EPA to A-17- 
6-keto PGFla by cultured murine aortic smooth 
muscle cells and rat aortas, nor to TXB3 by rat 
platelets. However, Dyerberg et al. (19) recently 
reported that human umbilical blood vessel 
walls transform EPA to PGI3. We still do not 
know whether the difference is due to the 
species difference or tissue difference. There- 
fore, the In'st speculation on the antithrombotic 

characteristic of EPA is very unlikely at least in 
the case of rats according to the observations 
mentioned above. 

If EPA acts as a competitive inhibitor of the 
oxidation of AA by fatty acid cyciooxygenase 
in platelets, this phenomenon should be appli- 
cable to any other cells which produce PGI 2. 
Since the balance between PGI2 produced by 
vascular cells and TXA2 produced by platelets 
plays an important role in the development of 
atherosclerosis and arterial thrombosis, the 
change in the ratio between PGI 2 and TXA2 
production is crucial to thrombus formation. 
The incorporation rate of EPA and AA in cul- 
tured vascular cells and platelets was compared 
in the present investigation. In platelets, EPA is 
incorporated into cellular phospholipids to a 
lesser degree than is AA (Figs. lb  and 2b). 

The result may be explained by the recent 
findings by Wilson et al. (20) who reported on 
AA specific acyl-CoA synthetase in human 
platelets. The enzyme shows a higher Km value 
with EPA than with AA. We also found that the 
incorporation of EPA into the phosphatidylino- 
sitol fraction is less than that of AA in platelets 
(Table 1). Therefore, we could not find any 
results showing a preferential incorporation of 
EPA as compared with AA into platelets and 
vascular cells. Cells treated with EPA apparently 
produce less PGI2 from endogenous AA than 
do control cells (Fig. 4). The inhibition of PGI 2 
production by EPA is not due to the inhibition 
of fatty acid cyclooxygenase activity in cul- 
tured vascular cells (Table 2). In EPA-treated 
cells, the content of AA in phospholipid frac- 
tions decreases, while the content of EPA 
increases (Table 3). Upon stimulation, EPA 
might be released from phospholipids in the 
same manner as is AA, and the amount of cel- 
lular free AA released from phospholipids in 
EPA-treated cells should be less than that in 
control ceils. Since EPA is not a good substrate 
for the fatty acid cyclooxygenase in cultured 
vascular cells (Fig. 3), the inhibition of PGI2 
production by EPA might be due to the com- 
petitive inhibition of the oxidation of AA in 
cells. The inhibition of PGI 2 production by 
EPA treatment in cultured vascular cells was 
well produced in intact aortas of animals fed 
with EPA-enriched diet. In agreement with our 
results, Hornstra et al. (21) also reported that 
the vessel walls in rats fed cod oil synthesize 
less PGI2 than those in control rats. However, 
Hamazaki et al. (18) recently reported that 
aortas of rats fed with ethyl ether of EPA pro- 
duce more PGI2 than those of control rats, 
though the mechanism of the increase in PGI2 
production by ethyl ester of EPA has not been 
described yet. It is difficult to explain the dis- 
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crepancy be tw een  the  results because we used 
free EPA ra ther  than  e thy l  es ter  o f  EPA. There-  
fore, the second specula t ion  on the anti- 
t h r o m b o t i c  character is t ic  o f  EPA is also ques- 
t ionable ,  at least in the case o f  rats. 

Since EPA has been  suggested to  have a pos- 
sible a n t i t h r o m b o t i c  character is t ic  in cardiovas- 
cular systems,  we tr ied to  f ind the  beneficial  
e f fec ts  of  EPA on  the  balance be tween  PGI2 
and TXA2 in vessel walls and platelets  in rats in 
the  p resen t  s tudies.  We were unable  to  d e m o n -  
s t ra te  any signif icant  ef fec ts  o f  EPA on improv-  
ing the  ratio of  PGI2 to  TXA2 in favor of  its 
possible a n t i t h r o m b o t i c  character is t ic .  How- 
ever, the ef fec ts  o f  EPA may vary wi th  its type  
(e.g., free acid or esters,  e tc . )  and animal species 
used in the studies.  More invest igat ions are 
abolute ly  necessary  to  explain the  possible ant i-  
t h r o m b o t i c  proper t ies  of  EPA in the  future .  
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Unsaturated Fatty Acids in the Postnatally Developing Rat Lung 
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ABSTRACT 

Fatty acid desaturase activity specific for the C-9 position is present in lung microsomes prepared 
from rats of all ages. This activity is significantly lower in neonatal rat lung compared with adult lung. 
A rapid increase in C-9 fatty acid desaturase activity seen at the approximate time of weaning may be 
related to a decrease in the polyunsaturated fatty acid (PUFA) content of the diet as the rat begins to 
consume laboratory chow instead of mother's milk. The 900 • g supernatant fraction of rat lung 
parenchymal cell homogenates is capable of incorporating linoleate, linolcnate, and arachidonate into 
both triacylglycerols and phospholipids. Lung tissue from rats less than 20 days old incorporates these 
PUFA into phospholipids at a greater rate than lung tissue from adult rats. The incorporation of these 
PUFA into phospholipids in neonatal lung tissue occured at a greater rate than their incorporation into 
triacylglycerols. In contrast, lung tissue from adult rats incorporated PUFA into triacylglycerols at a 
greater rate than into phospholipids. These data show that PUFA, known to be elevated in neonatal 
rat lungs, are used primarily for phospholipid biosynthesis in neonatal lung tissue whereas in adult lung 
tissue they are preferenti',dly esterified to glycerol. 
Lipids 18:50-54, 1983. 

The fat ty  acid compos i t ion  of pu lmonary  
triacylglycerols changes rapidly during the first 
3 weeks of life in the rat ( 1,2). This change pri- 
marily involves an increase in the quant i ty  of  
arachidonic acid (20: 4) and docosahexaenoic  
acid (22: 6) found in tr iacylglycerols f rom birth 
to 5 days o f  age. Thereaf ter ,  the  quant i ty  of  
these fat ty acid moiet ies  decreases until  adult 
levels are reached about  20 days of  age. A sim- 
ilar change in the polyene  con ten t  of  diacyl- 
glycerols has been reported by o ther  researchers 
(3) while the fat ty acid compos i t ion  of  pulmo- 
nary phospholipids has been shown to be un- 
changed during postnatal  deve lopment  (1). 

The origin of  these polyunsatura ted  fat ty 
acid (PUFA)  moiet ies  of  pu lmonary  triacyl- 
glycerols and the reason for their  rapid decline 
after 5 days o f  age is not  clear. They may 
originate e i ther  from PUFA in the diet of 
mothers '  milk or as a consequence  of  an en- 
hanced capacity to synthesize unsaturated fat ty 
acids. Mammalian lung can catalyze the synthe-  
sis (4,5), desaturat ion (6), and e longat ion (7) 
of  various fat ty acids. Monodesatura ted  fat ty  
acids may serve as substrates for subsequent  
desaturat ion reactions required for the synthesis 
of  PUFA (8). Al though it is known that C-6 
fat ty acid desaturase directly catalyzes the syn- 
thesis of  PUFA,  measurement  o f  this activity 
was not  possible in our  lung preparat ions.  
C-9 fatty acid desaturase activity has been 
measured in pulmonary  microsomes (6) and 
lung slices from adult rats, however  (9). The C-9 

*Author to whom correspondence should be ad- 
dressed. 

fat ty acid desaturase system catalyzes the 
monodesa tura t ion  of  palmita te  (16:0)  to pal- 
mitoleate  (16: 1) and steara, te (18: 0 ) t o  oleate 
(18: 1). Thus, C-9 desaturase act ivi ty was used 
in this s tudy as an index of  the overall capacity 
of  lung tissue to desaturate fat ty acids, and an 
age-related change in C-9 fatty acid desaturase 
activity in pu lmonary  microsomes is described. 
Age-dependent  changes in the in vitro incor- 
porat ion of  l inoleate,  l inolenate,  and arachi- 
donate  into pu lmonary  tr iacyglycerols and 
phospholipids were also measured in an a t t empt  
to determine  the ul t imate  dest inat ion of  free 
PUFA. 

MATERIALS AND METHODS 

Materials 

Stearoyl-CoA [ I J ' C ]  (50.4 Ci/M) was ob- 
tained from New England Nuclear (Boston,  
MA). Silica Gel G and silica Gel GF  with 10% 
AgNO 3 thin layer chromatography  (TLC)  
plates were obtained from Analtech.  Amer-  
sham Corpora t ion  supplied l inoleic acid [ 1 J4  C] 
(60 Ci/M), l inolenic acid [ 1 -'4 C] (60 Ci/M) and 
arachidonic acid [ 1-14C] (61 Ci/M). Stearoyl  
CoA,  coenzyme A, unlabeled fatty acids, BF 3 
(14%) in methanol ,  NADH,  NADPH, and ATP 
were obtained from Sigma Chemical  Co. (St. 
Louis, MO). All o ther  chemicals  used were 
reagent grade. 

Animals 

Sprague-Dawley rats o b t a i n e d  from ei ther  
BioLab (St. Paul, MN) or  ARS-Sprague-Dawley 
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(Madison, WI) were used in these studies. 
Mature female rats were bred at the University 
of Iowa as described elsewhere (10). Lung 
tissue was obtained from nonpregnant adult 
females (300-350 g) and neonates of both sexes. 
The animals were decapitated and the lungs per- 
fused through the pulmonary artery with iso- 
tonic saline. 

Tissue Preparation 

Lung tissue was minced with scissors into 
pieces of ca. 1-2 mm 3 and stirred vigorously at 
4 C in isotonic saline for 6 min. The suspension 
was filtered through HC-160 nylon cloth 
(TETKO, Inc.) and washed twice with isotonic 
saline to remove extracellular lung fluid and 
pulmonary alveolar macrophages (11). After 
weighing, the remaining tissue was homogenized 
(1: 3, w/v) in a glass homogenizer using a motor  
driven teflon pestle. The homogenization buffer 
was composed of 0.02 M Tris-HC1, 0.15 M KC1, 
4 mM MgC12, 0.02 M sodium citrate and 4 mM 
sodium acetate at pH 7.4. The homogenate was 
filtered through gauze to remove large particles 
and unbroken cells and centrifuged at 900 x g 
for 5 min. 

PUFA Incorporation Into Phospholipids 
and Triacylglycerols 

The final reaction mixture in which the rates 
of linoleic, linolenic, or arachidonic acid 
incorporation were measured contained 10 
umol ATP, 2 umol NADH, 2 umol NADPH, 0.6 
umol coenzyme A, 10 umol glucose 6-phos- 
phate, 2 umol fatty acid and 900 x g super- 
natant fraction containing 4 mg of protein in 
a total volume of 2 ml. Protein concentrations 
of the 900 x g supernatant fraction were 
determined by the microbiuret method (12). 
Fat ty acids were stored desiccated under 
nitrogen at -20 C and added to the incubation 
mixture from a solution made up immedi- 
ately before its use. This preparation was made 
by dissolving 0.055 umol of the labeled fatty 
acid and 11.1 umol of the unlabeled fatty acid 
in 0.2 ml of methanol and adding this to 3 ml 
of buffer; 0.5 ml of the resulting emulsion was 
added to each reaction. 

The final reaction mixture was incubated at 
37 C for 30 min. The reaction was terminated 
by the addition of 2 ml of chloroform/methanol  
(2: 1). The lipids were then extracted by the 
method of Folch et al. (13) and the phospho- 
lipid and triglyceride fractions isolated by thin 
layer chromatography (1). Lipid fractions were 
located by exposure to iodine vapor. The 
amount of radioactivity in each lipid fraction 
was determined by liquid scintillation methods. 
The incorporation of each fatty acid into the 

appropriate lipid fraction was calculated as 
nmol/min/mg lung protein. The assumption was 
made that there were no significant changes in 
the fatty acid specific activity during the 
incubation period. 

Liquid Scintillation Counting 

Radioactivity measurements were done on a 
Beckman LS 250 liquid scintillation counter. 
Lipids were identified on TLC plates by com- 
parison with commercial standards and then 
scraped directly into counting vials. Phospho- 
lipids were solubilized by the addition of 1 ml 
of methanol. Triglycerides and fatty acid 
methyl esters were soluble in the scintillation 
fluid which contained 0.4% 2,5-diphenyloxazole 
and 0.025% p-his-[ 2-(5-phenyloxazolyl] benzene 
in toluene. Each sample was counted 3 times 
for 10 min in 10 ml of  scintillation fluid and 
quench corrections were made. 

C-9 Fatty Acid Desaturase 

The monodesaturation of stearic acid to 
oleic acid was assessed to quantitate C-9 fatty 
acid desaturase activity in pulmonary micro- 
somes. The method used has been described in 
detail by Montgomery (6). C-9 fatty acid de- 
saturase activity was expressed as the nmoles of 
oleic acid formed/min/mg microsomal protein. 

Statistics 

All data were calculated as means • SE. 
These data were analyzed by one-way analysis 
of variance and multiple comparisons were 
done with Student Newman-Keul's test (14). 
A p value at 0.05 or less was considered to be 
significant. 

RESULTS 

The C-9 fatty acid desaturase activity in 
pulmonary microsomes from rats 1-12 days 
of age remained constant and was significantly 
less than that measured in adult lung micro- 
somes (Fig. 1). The activity measured in lung 
microsomes from rats 19 days old was signifi- 
cantly greater than that measured from rats 1-12 
days of age but not significantly different from 
adult microsomes. 

Optimal conditions for the incorporation of 
linoleic, linolenic, and arachidonic acid into 
lung phospholipids and triacylglycerols were 
determined. The incorporation of these PUFA 
into pulmonary phospholipids was a linear 
function of protein concentration to 3 mg/ml 
and time to 30 min (data not shown). Their 
incorporation into pulmonary triglycerides was 
a linear function of protein concentration to 2 
mg/ml and time to 60 min (data not shown). 
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FIG. 1. Fatty acid desaturase activity in rat lung 
microsomes. Microsomes were isolated from rat lungs 
and assayed as described in Materials and Methods. 
Stearoyl CoA [1-14C], 70 t~m, was used as the sub- 
strate and C-9 fatty acid desaturase activity is ex- 
pressed as nmol oleic acid formed min/mg microsomal 
protein. 

* Significantly less than adult rat (p <0.05). 

Optimal conditions were identical in lung pre- 
parations from animals at all ages used in this 
study. Age-related changes in PUFA incorpora- 
tion into pulmonary phospholipids and triacy- 
glycerols were, therefore, examined after a 30- 
min incubation using a reaction mixture con- 
taining 900 x g supernatant fraction at a con- 
centration of 2 mg protein/mg. 

No difference in the maximal rate of  incor- 
poration of linolenate, linoleate, and arachi- 
donate into lung phospholipids of rats of the 
same age was evident. However, rates of incor- 
poration of all PUFA into phospholipids were 
significantly greater in lungs of rats 5-12 days 
of age compared with adult lung tissue (Fig. 
2A-C). Compared to adult lung tissue, a signif- 
icantly greater rate of arachidonate and linolen- 
ate incorporation into phospholipids was ob- 
served in lung tissue from 20-day old rats, al- 
though the difference was less than with the 5- 
12-day 01d age groups. This smaller increase was 
also observed with arachidonate in 1-day old 
rats. 

As with incorporation into phospholipids, 
the rate of incorporation of linolenate, linoleate, 
and arachidonate into triacylglycerols was sim- 
ilar in lung tissue from rats of the same age. In 
contrast, however, significantly lower rates of 
incorporation into triacylglycerols were ob- 
served in lung tissue of rats less than 20 days of 
age compared with adult lung tissue. This was 
true for all PUFA tested. 

The net rate at which linolenate, linoleate, 

and arachidonate were incorporated into lung  
phospholipids of animals 5 and 12 days of age 
was significantly greater than the rate of in- 
corporation of these PUFA into triacylglycerols 
(Fig. 2A-C). Adult lung tissue incorporated 
these PUFA into triacylglycerols at a greater 
rate than into phospholipids. 

DISCUSSION 

The PUFA content of triacylglycerols in 
neonatal rat lung is much higher than in adult 
rat lung but begins a rapid decline toward the 
low adult level at 12-19 days of age (1). Possible 
explanations for the age-related changes in the 
fatty acid composition of  pulmonary trigly- 
cerides include changes in the intestinal absorp- 
tion of PUFA, changes in the fatty acid com- 
position of  the diet, changes in the de novo syn- 
thesis of PUFA, and changes in the pulmonary 
utilization of PUFA. Previous work has shown 
changes in the intestinal absorption of fatty 
acids (15) and in the PUFA content of rat milk 
at various days postpartum (2). Changes in the 
fatty acid composition of the diet fed to adult 
rats alters the fatty acid content of pulmonary 
triacylglycerols (16). The changes in rat milk 
fatty acids did not  appear to be of sufficient 
magnitude, however, to account entirely for 
the profound alterations in the fatty acid com- 
position of rat lung triacylglycerols associated 
with maturation. 

Sinclair has reported that the PUFA in neo- 
natal rat liver are derived directly from the diet 
rather than by synthesis from precursors (17). 
Because of the large, age-related changes in lung 
tissue, we considered it necessary to determine 
the capacity of lung tissue from rats of various 
ages to synthesize unsaturated fatty acids. 
Montgomery (6) reported that rat pulmonary 
microsomes catalyzed the monodesaturation of 
stearic acid to oleic acid. Our results confirmed 
this finding although the activity we measured 
was lower than previously observed, possibly as 
a result of sex and strain differences of the rats 
used (female Sprague-Dawley rats in our  study 
compared with male Charles-River C-D rats 
used in the previous work) (6). Monodesaturase 
activity remained at a constant low level until 
the time of weaning when a rapid increase 
occurred. Other studies of liver C-9 fatty acid 
desaturase activity showed that fat free diets 
and low serum fatty acids enhanced the activity 
of this enzyme system (8,18,19), while the 9- 
desaturation of fatty acids in pulmonary tissue 
was inhibited by unsaturated fatty acids (20) 
The increase of pulmonary C-9 fatty acid de- 
saturase activity observed at the time of wean- 
ing could, therefore, be due to a decrease in the 
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FIG. 2. Age-related changes m incorporation of PUFA into pulmonary phospholipids and triglycerides. Each 
fatty acid was incubated at a concentration of 1 mM with the 900 g supernatant fraction of a rat lung homoge- 
nate at 37 C for 30 min as described in Materials and Methods. The phospholipid and triglyceride fractions were 
isolated and the radioactivity in each determined by liquid scintillation counting. Data are expressed as nmol 
fatty acid incorporated/min/mg protein in the 900 g supernatant fraction. (A) Linolenic acid; (B) linoleic acid; 
and (C) arachidonic acid. 

*-Triacylglycerols; o-phospholipids. 
*Significantly different from adult rats (p <0.05). 

total  lipid and unsaturated fat ty  acid con ten t  of  
the diet at this t ime when rats change f rom a 
high fat milk diet to a low fat labora tory  diet. 

The biosynthesis  of  P U F A  in rat liver micro-  
somes is dependent  pr imari ly upon the 6- 
desaturat ion of  monodesa tu ra ted  fa t ty  acids 
(8). A t t empt s  to measure this activity in pul- 
monary  microsomes f rom both  neonata l  and 
adult rats using l inoleic acid and an acyl co- 
enzyme  A generating system were unsuccessful,  
however,  and radioact ive l inoleoyl-CoA is no t  
commerc ia l ly  available. Measurements  of  C-9 
desaturase activity using stearic acid and an acyl 
coenzyme A generating system rather than 
commerc ia l  s tearoyl-CoA were also unsuccess- 
ful suggesting that  the fo rmat ion  of  the fa t ty  
acyl CoA is a l imiting step in the assay for de- 
saturase act ivi ty in lung tissue. 

The incorpora t ion  of  l inoleate,  l inolenate,  
and arachidonate  in to  pu lmonary  phospho-  
lipids and tr iacylglycerols was assessed to deter- 
mine any age related changes in the ut i l izat ion 
of these PUFA.  We found that  neonata l  rat 
lungs incorpora te  these P U F A  into phospho-  
lipids at a significantly greater rate than do 
adult  lungs. This age-related difference could be 
due to changes in compe t i t i on  by endogenous  
P U F A  or to di f ferent  metabol ic  requirements .  
Compet i t ion  by endogenous  fat ty  acids appears 
unlikely,  however ,  since a 15-fold excess (com- 
pared to total  free fa t ty  acids) of  P U F A  were 
added to each incubat ion  mix ture  (1). Al- 
though it is possible that  the endogenous  fa t ty  
acids were in a more  available form,  the large 
excess added should have minimized  this factor.  

Lung, liver, and heart  tissue undergo rapid 
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growth  during the first three weeks af ter  birth.  
The biosynthes is  of  m e m b r a n e  phosphol ip ids  
will require large quant i t ies  of  PUFA which 
could be supplied by tr iacylglycerols  in devel- 
oping tissues. The presence of  large amoun t s  of  
arachidonic  and docosahexaeno ic  acid in triacyl- 
glycerols f rom neonata l  but  not  adult  lung (1), 
liver (17),  and heart  tissue (21) suggest an im- 
por t an t  metabol ic  role for thesc PUFA.  

Lung cell prol i fera t ion is minimal up to 
three days of  age (22). The rapidly increasing 
pu lmonary  con t en t  o f  PUFA during this t ime 
period (1) could be the result o f  low uti l izat ion 
during a high dietary intake. As pu lmonary  
hyperplasia  resulting f rom matura t iona l  proces- 
ses reaches a m ax imum be tween  5 and 12 days 
of  age (22),  the demand  for PUFA to form 
membrane  phosphol ip ids  will also increase.  In 
con junc t ion  with the gradually decreasing quan- 
tity of  PUFA available from rat milk and the 
switch to labora tory  food with increasing t ime 
after  par tur i t ion  (2),  this demand  could lead to 
the observed decline in PUFA esterif ied to 
glycerol.  

In an ex tens ion  of  earlier data from our 
laboratory  (1,2),  Maksvytis et al. ( 2 3 ) h a v e  iso- 
lated and character ized t r ig lycer ide-conta ining 
intersti t ial  cells f rom the developing rat lung. 
The t ime of  appearance  and disappearance of 
these cells correlates  very well with the increase 
and decrease o f  PUFA con ten t  o f  total  lung 
triglycerides.  In addi t ion ,  the fa t ty  acid con t en t  
of  the tr iglycerides in those cells agrees with the 
fa t ty  acid compos i t ion  of  total lung tr iglycerides 
except  for palmitoleic  acid which was found  to 
be much higher in those cells (23) than in total  
lung tissue (1). We speculated on the basis of  
our earlier results (1,2) that  the high PUFA in 
neonatal  lung lipids could be involved in the 
rapid lung growth  known  to occur  at this age. 
Similarly, Maksvytis et  al. suggested that  the 
lipid conta in ing  interst i t ial  ceils ident i f ied  in 
neonatal  lungs are involved in lung res t ructur ing 
and alveolar fo rma t ion  during postnata l  lung 
deve lopment  (23). 

The data repor ted  here shows that  C-9 fa t ty  
acid desaturase activity in neonatal  lung tissue 
remains low until  the t ime o f  weaning. These 
data also show that the major i ty  o f  PUFA are 
incorpora ted  in to  phosphol ip ids  in neonatal  
rat lung tissue and in to  tr iglycerides in adult  
lung tissue. 7his  d i f ference  may be related to 
metabol ic  requ i rements  of  growth .  
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ABSTRACT 

Silicic acid column chromatography was used to separate the polar lipids of goats' milk into 
glycolipid, phosphatidylethanolamine, phosphatidylserine plus phosphatidylinositol, phosphatidyl- 
choline, and sphingomyelin fractions. Each fraction was purified by column chromatography and its 
fatty acid profile determined by gas liquid chromatography and mass spectrometry. The glycerophos- 
pholipids each contained 18:1 as the predominant fatty acid (%45%). The sphingolipids contained a 
high percentage of long-chain saturated fatty acids (C~ to C24 > 45%); the glycolipid fraction also 
contained ca. 2% 2-hydroxy fatty acids. The data represent a comprehensive cross-sectional study of 
the major polar lipids found in goats' milks. 
Lipids 18:55-58, 1983. 

The fatty acid compositions o,f the total and 
neutral lipids in goats' milk have been studied 
(1,2); however, less is known regarding their 
polar lipids, which comprise about 1.6% of the 
total lipids (2,3). Although, as pointed out by 
Morrison (4), milk polar lipids do not constitute 
a large part of man's diet, they do represent a 
major fraction of the total phospholipid in- 
gested and may be of dietary significance. For 
example, lecithin has recently been shown to 
inhibit cholesterol absorption in rats (5). The 
polar lipids also contain polyunsaturated acids 
which are essential for human nutri t ion and 
may serve as precursors for prostaglandins which 
regulate metabolic functions (6-8). 

This paper is part of a study of the lipids of 
goats' milk (1) and describes the fatty acid 
composition of the polar lipids. 

EXPERIMENTAL 

Materials 

Raw goats milk samples were obtained from 
a large commercial dairy goat company, and 
were maintained at 5 C in transit to the labora- 
tory. Upon receipt, the samples were lyophilized 
and stored at --20 C. Before lipid extraction, 
equal weights of 5 samples obtained during the 
months of April through June were mixed to- 
gether to minimize nutritional, environmental, 
and breed differences. 

Reagents 

All solvents were of nanograde quality. 
Unisil silicic acid, 100-200 mesh was from 
Clarkson Chemical Co. (Williamsport, PA). 
Precoated thin layer chromatographic plates 
SIL G-25 (Macherey-Nagel) were from Brink- 
mann Instruments, Inc. (Westbury, NY). 

*Author to whom correspondence should be 
addressed. 

Lipid Extraction 

Free lipids were obtained by extracting the 
freeze-dried samples 4 times with petroleum 
ether; the bound lipids were obtained by 3 
subsequent extractions with chloroform/meth- 
anol (2:1) as described previously (9). Lipid 
extracts and column fractions were analyzed by 
thin layer chromatography (TLC) (9). Develop- 
ing solvents were petroleum ether/diethylether/ 
acetic acid (90:10:1) for neutral lipids, and 
chloroform/methanol/water (65: 25:4) for polar 
lipids (glycolipids and phospholipids). Iodine 
vapor was used to visualize the separated lipid 
classes. Identifications were made on the basis 
of migration relative to reference standards. 

Silicic Acid Column Separations 

Initial separations were carried out on Unisil 
columns (2.5 X 25 cm). Lipid classes were 
separated by modification of the procedures of 
Masoro et al. (10) and Rouser e t a } .  (11). 
Routinely, 3 .2  g of bound lipid were applied: 
fraction A, eluted with chloroform (575 ml), 
contains neutral lipids; fraction B, eluted with 
acetone (600 ml), contains glycolipids; fraction 
C, eluted w i t h  700 ml chloroform/methanol 
(6:1 ), contains phosphatidylethanolamine; 
fraction D, eluted with 550 ml ethylacetate/ 
methanol (7:4), contains phosphatidylserine 
and phosphatidylinositol; fraction E, eluted 
with 600 ml chloroform/methanol (1:1), 
contains most of phosphatidylcholine and 
sphingomyelin. Each fraction was rechromato- 
graphed on a smaller Unisil column (1 X 20 cm) 
using the same solvent systems to remove con- 
taminants. Each separation step was monitored 
by TLC as described above. Weight distributions 
of the polar lipid classes were determined 
gravimetrically; recoveries were usually greater 
than 95%. 
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Preparation of Fatty Acid Methyl Esters 

Glycerophospholipids (2 to 5 mg) were 
transesterified with 0.6 N NaOH in methanol 
(5 ml) for 1 hr at room temperature (12), after 
which 1 N HC1, chloroform, and water were 
added (for 10 ml total volume) and the methyl  
esters were recovered in the chloroform layer. 
If some fatty acids were not methylated, as 
judged by TLC, the fraction was treated with 
5% HC1 in methanol at 60 C for 1 hr. The 
methyl esters were extracted with petroleum 
ether. 

Column fractions containing sphingomyelin 
and glycolipids (cerebrosides) were first purified 
(13) by miId alkaline hydrolysis (0.3 N NaOH, 
1 hr, rt) to remove traces (if any) of glycerol 
containing lipids. The reaction mixture was 
chromatographed on a small Unisil column as 
described above. The purified lipids were 
refluxed in methanolic HC1 (1 N) for 6 hr and 
methyl  esters recovered by petroleum ether 
extraction. 

Methyl esters of fatty acids were separated 
into nonhydroxylated and 2-hydroxylated 
esters by using a small (1 X 20 cm) Unisil 
column (14). Nonhydroxylated fatty acid 
methyl esters were eluted with petroleum ether/ 
diethylether (96:4) and 2-hydroxylated esters 
with petroleum ether/diethylether (80: 20). 

Gas Liquid Chromatography (GLC) Mass 
Spectrometry (MS) of the 2-Hydroxy 
Fatty Acid Methyl Esters 

A Hewlett-Packard Model 5922-B combina- 
tion of GLC-low-resolution Quadropole MS 
interfaced to the Hewlett-Packard Model 9825-A 
data system was employed for GLC-MS analysis. 
The 70 eV electron impact mass spectra were 
obtained fol lowing separation on a 1.83 m X 
0.64 cm (od) glass column packed with 3% 
OV-17 on 100/120 mesh Gas Chrom Q. The 
injection port was maintained at 150 C and the 
column temperature programmed from 140 C 
to 280 C at 4 C/min. Helium served as the 
carrier gas. 

GLC of the Nonhyflroxylated 
Fatty Acid Methyl Esters 

GLC studies of the nonhydroxylated fatty 
acid methyl esters were performed on the 
Hewlett-Packard Model 5750 Gass Chromato- 
graph equipped with a flame ionization detector. 
The methyl esters were separated isothermally 
a t  180 C on a 1.83 m X 0.32 cm stainless steel 
column packed with 10% Silar 10C on 100/120 
mesh Gas Chrom Q. The injection port and exit 
port were maintained at 200 C and 240 C, 
respectively, and helium served as the carrier 

gas. Peak identification was attained by refer- 
ence fatty acid methyl ester retention times 
(Ct2 - C18 methyl esters) and extrapolation 
(C19 - C24 methyl esters). Identities of the high 
molecular weight methyl esters in the glyco- 
lipid and sphingomyelin fractions were con- 
firmed by GLC-MS employing the same condi- 
tions outlined above for the 2-hydroxy fatty 
acid methyl esters. 

RESULTS AND DISCUSSION 

The milk samples in this study were ob- 
tained from a large commercial dairy which 
collects and processes goats' milk for human 
consumption. The 5 bulk milk samples are 
representative of commercially available goats' 
milk in that they were obtained from several 
breeds during the months of April through 
June when does usually are in full lactation. 

The lipids were extracted first with petroleum 
ether (free lipid fraction) and then with CHC13/ 
methanol ("bound l ipid,  fraction) as previously 
described (1). The first extract contains the 
majority of the neutral lipids as well as the free 
fatty acids of milk. The second extract consists 
of additional neutral lipid (46,8%) plus all of 
the polar lipids (53.2%). The bound lipid classes 
were separated by silicic acid column chroma- 
tography, and the weight distribution among 
the various polar lipid classes is given in Table 1. 

The most notable figure in Table 1 is the 
relatively high glycolipid content found in this 
study. Early work on cows' milk (15) estimated 
the glycolipids to account for up to 6% of the 
total polar lipids. Kayser and Patton (16) 
subsequently estimated that the glycolipid 
content of milk membranes was closer to •9% 
in both goats' and cows' milk. In this work, 
the value was found to be 16% of the total 
polar lipids of  whole milk. The fatty acid 

TABLE 1 

Distribution of Polar Lipids of the 
"Bound Lipid" Fraction of Goats' Milk 

Weight (%)a 

Phosphatidylethanolamine 29.7 
Phosphatidylserine 2.7 
Phosphatidylinositol 3.4 
Phosphatidylcholine 23.7 
Sphingomyelin 24.5 
Glycolipids 16.0 

aFrom chromatographic analysis of chloroform/ 
methanol extract of goats' milk. Weight percentage 
was determined gravimetrically. 
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profiles associated with each class af ter  purifica- 
t ion have been  de te rmined  by GC and GC-MS. 
The sa tura ted and unsa tura ted  fa t ty  acids 
p resen t  in these polar lipids are shown  in 
Table 2. 

The p r e d o m i n a n t  fa t ty  acids associated with 
the glycerol-based phosphol ip ids  are 16:0, 
18:0, 18:1, and t 8 : 2  wi th  the  18: t  accoun t ing  
for  about  50% of  the  fa t ty  acids in each class. 
Phospha t idy lcho l ine  (PC) con ta ined  36.9% 
16:0, whereas phospha t i dy l e thano l amine  (PE) 
and phospha t idy l se r ine  (PS) + inosi tol  (PI) 
con ta ined  only 12.9% and 7.0% of  this acid. 
The fa t ty  acid profi les found  in this s tudy  for  
these g lycerophosphol ip ids  are qui te  similar to 
those found  for h u m a n  and cows '  milks (17). 
However,  PE t ended  to  have a lower  po lyun-  
saturated acid con ten t ,  and a higher  18:0 
con t en t  than  repor ted  by Moore et al. (18) for 
PE f rom goats '  milk. These differences  could be 
due to seasonal and dietary responses ,  but  
Moore 's  data  was f rom a specif ic  breed,  while 
the data p resen ted  here may be more  repre-  
sentat ive of goats '  milk in general.  The glycero- 
phosphol ip ids  conta ined  only trace amoun t s  of  
h y d r o x y  fa t ty  acids. 

The glycolipids or cerebrosides  (GL) and 
sph ingomyel in  (Sph) fract ions,  in cont ras t  to  
the phospha t idy l  lipids conta ined  significant  
amoun t s  of  22:0,  23:0,  and 24:0  fa t ty  acids, 
indicat ing tha t  these  lipids are highly sa tura ted  

in goats '  milk. The 23:0 chain is s o m e w h a t  
unusual ,  but  these data are in good agreement  
wi th  the results previously r epor ted  for  the  
glucosyl and lactosyl  cerebrosides  of  cows '  milk 
fat globule m e m b r a n e  (16), excep t  tha t  the 16:0 
is s o m e w h a t  higher  in this work.  The glycolipid 
f rac t ion  was not  separated in to  glucosylceramide 
f ract ions  because lac tosylceramide  was such a 
minor  c o m p o n e n t  of  the  glycolipid f rac t ion  of  
the goats '  milk. The glycolipid f rac t ion  con- 
ta ined 2% 2 -hydroxy  fat ty  acids and the 
compos i t iona l  profi le  of  these acids is given in 
Table 3. The 2 -hydroxy  fa t ty  acid c o n t e n t  
f o u n d  for  goats '  milk is similar to  tha t  found  
for  cows '  milk glycolipids (19)  with only 
the C2s and C26 presen t  in significantly higher 
amoun t s  in goats '  milk. 

The sph ingomyel in  f rac t ion of  goats '  milk 
(Table 2), like tha t  o f  cows '  milk, conta ins  a 
high percentage of  long-chain fa t ty  acids ( 1 9 -  
21), but  the goats '  milk sph ingomye l in  has 
16:0 and 18:0 at higher levels. The 2 -hydroxy  
fat ty  acids were no t  quan t i t a t ed  because of  
insuff ic ient  amo u n t  of  material .  H y d r o x y  
fa t ty  acids compr ised  less than  2% of  the  to ta l  
fa t ty  acids in the  sph ingomyel in  fract ion.  

Al though  the  fa t ty  acid c6mpos i t ion  of  
cows'  milk has been  s tudied in detail,  the infor- 
mat ion  on cows '  milk has been more  frag- 
menta ry .  In this s tudy ,  we repor t  the  fa t ty  
acid profiles for  various polar  lipids of goats '  

TABLE 2 

Weight Percentage of the Fatty Acids in the Polar Lipids of Goats' Milk a 

Phosphatidyl 
Phosphatidyl c serine plus Phosphatidyl Sphingo 

Fatty acid b Glycolipids ethanolamine inositol choline myelin 

12:0 0.8 . . . .  
13:0 . . . . .  
14:0 2.7 0.4 (0.6) tr 2.2 3.1 
15:0 tr -- -- -- 0.1 
16:0 17.4 12.9 (10.0) 7.0 36.9 26.2 
17:0 0.6 -- -- -- 0.5 
18:0 9.5 31.6 (9.9) 26.7 9.0 10.3 
18:1 2.6 46.3 (52.0) 56.1 46.3 0.6 
18:2 -- 5.6 (18.4) 10.2 5.6 -- 
18:3 -- 3.4 (I.7) -- < 0.5 -- 
19:0 tr -- _ z_ tr 
20:0 2.6 -- (2.8) -- -- 2.3 
21:0 1.8 -- -- -- 1.1 
21:1 1.0 -- (4.5) -- -- -- 
22:0 22.0 -- -- -- 17.9 
23:0 23.0 -- -- -- 20.4 
24:0 13.6 -- -- -- 13.3 
24:1 2.4 -- -- -- 4.3 

a . . , 

hAverage of duphcate determinations. 
VMinor fatty acids as branched-chain were identified in milk samples but were omitted 

from tables. 
CValues in parenthesis reported by Moore et al. (18). 
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T'ABLE 3 

Composition of the 2-Hydroxy Fatty 
Acids in the Polar Lipids a of Goats' Milk 

Carbon Weight (%)b 
number Glycolipids Sphingomyelin c 

16 17.0 tr 
18 11.9 tr 
22 14.4 tr 
23 22.4 tr 
24 25.4 tr 
25 4.0 -- 
26 5.0 -- 

a2-Hydroxy acids were not detected in phospha- 
tidylcholine, phosphatidylethanolamine, or phospha- 
tidylinositol plus phosphatidylserin e fractions. 

bAverage of duplicate determinations. 
CCarbon number identified by GLC-MS but quanti- 

tation not possible because of unsufficient amounts of 
material. 

milk.  The  f a t ty  acid profi les  for  on ly  PE and 
PS f r o m  goa ts '  mi lk  have been  prev ious ly  
r epo r t ed  (2 ,18) ;  t hus ,  t hose  for  PC, Sph,  and  
GL are a p p a r e n t l y  r epo r t ed  for the  first t ime.  
All o f  the  values  d e t e r m i n e d  in this  work  are 
all f r o m  the  s am e  large, poo led  c o m m e r c i a l  
goa t s '  mi lk  sample .  This  i n f o r m a t i o n  coup led  
wi th  our  r epor t  (1)  on  the  t r iglycer ide f a t t y  
acids f r o m  the  same  poo led  samples  p r e sen t  
a c o m p r e h e n s i v e  view of  goat  mi lk  lipids. 
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ABSTRACT 

The hypolipidemic properties of ethyl 6-chlorochroman-2-carboxylate (II), 6-phenylchroman-2- 
carboxylate (Ill) and 6-cych)hexylchroman-2-carboxylate (IV) were compared to clofibrate (I) in 
sucrose-fed fasted male Sprague-Dawley rats. All compounds were administered at doses of 0.2 and 
0.4 mmol/kg, orally, twice daily for 7 consecutive days. In this model, II was a more effective hypo- 
cholesterolemic drug than clofibrate, whereas ill and IV were inactive. Chlorochroman It, like clo- 
fibrate, decreased serum e-lipoprotein cholesterol and pre-/3-1ipoprotein triglyceride concentrations and 
concomitantly increased serum ~-lipoprotein triglyceride concentrations. In clofihrate-treated rats, 
serum free cholesterol concentrations increased concurrent with a reduction in serum lecithin:choles- 
terol acyltransferase activity, but no such correlation was observed for II. Only II lowered liver choles- 
terol levels and increased liver triglyceride levels. No consistent inhibition of liver microsomal 3- 
hydroxy-3-methylglutaryl-CoA reductasc activity was observed with these analogs. The observed 
changes in triglyceride and cholesterol concentrations among serum lipoproteins were of a greater 
magnitude after chlorochroman 11 and clofibrate administration to sucrose-fed rats than in our 
previous studies using chow-fed fasted rats. These data suggest that chloro-substitution at the 6- 
position of the phenylchroman ring is important for hypolipidemic activity of these cyclic clofibrate 
analogs. 
Lipids 18:5%67, 1983. 

INTRODUCTION 

T h r o m b o e m b o l i s m  and h y p e r l i p o p r o t e i n -  
emia  are major  clinical man i f e s t a t i ons  of  
i schemic  hear t  disease ( I t lD;1 ,2 ) .  Clof ib ra te  is 
one  of  the  major  drugs available for t r e a t m e n t  
of  IHD which  may be related to b o t h  ant i -  
l ip idemic (3 ,4)  and an t iaggrega tory  ac t ions  in 
vivo (5). T h o u g h  c lof ibra te  lowers  serum lipids 
and reduces  m o r b i d i t y  of  pa t i en t s  suffer ing 
f rom IHD, p ro longed  t r e a t m e n t  wi th  dof f -  
bra te  has also been  repor ted  to  a c c o u n t  for  an 
increase in IHD-unre la ted  dea ths  (6).  In addi- 
t ion,  a po ten t i a l  carc inogenic  ac t ion and higher  
inc idences  of  gas t ro in tes t ina l  disorders  in pa- 
t ients  who  have been t rea ted  with c lof ibra tc  for  
h y p e r l i p o p r o t e i n e m i a s  has resul ted in a restric- 
t ion of  the  use of  c lof ibra te  in Eu ropean  coun-  
tries and the  U n i t e d  States  (7 -9 ) .  These  repor t s  
indica te  the  necessi ty  of  developing  select ive 
and n o n t o x i c  h y p o l i p i d e m i c  drugs for  the  treat-  
m e n t  of  IHD. 

In recen t  years, we have repor ted  the  
compara t ive  an t i l ip idemic  ( 1 0 - 1 3 )  and ant iag-  
grega tory  (14)  activi t ies of  e thyl  6-chloro-  
c h r o m a n - 2 - c a r b o x y l a t e  (II) ,  6 - p h e n y l c h r o m a n -  

*Author to whom correspondence should be ad- 
dressed. 

2-carboxyla te  (lI1) and  6 - c y c l o h e x y l c h r o m a n -  
2 -carboxyla te  ( IV) ,  in vivo and in vi t ro  (see 
Fig. 1 for  s t ruc tures) .  A m o n g  these  ch romans ,  
analog II was r epo r t ed  to  be equal  to  or more  
effect ive  than  c lof ibra te  in inh ib i t ing  h u m a n  
pla te le t  f unc t i on  and  lower ing  serum lipids. In 
similar s tudies ,  ana log  Ill showed  only  marginal  
hypo l ip idemic  act ivi ty  in vivo. However ,  ana log  
I l l ,  when  c o m p a r e d  to c lof ibra te ,  was 20- to  
50-fold more  p o t e n t  as an i n h i b i t o r  of  h u m a n  
plate le t  aggregat ion in vi t ro  (14) .  These data  
suggest tha t  it is possible  to  develop c lof ibra te-  
re lated analogs which  are highly t issue selective 
a n d / o r  equal ly  as act ive as e lo f ib ra te  as an t i -  
p la te le t  or an t i l ip idemic  agents.  

- 0 /CO2C2H5 

Ci I~ /~  C~H3 cH3 
I n', R" CI 

m',R- <'~/~- 

FIG. 1. Chemical structures of clofibrate (I), ethyl 
6-chlorochroman-2-carboxylate (ll), ethyl 6-phenyl- 
chroman-2-carboxylate ( l id  and ethyl 6-cyclohexyl- 
chroman-2-carboxylate (IV). 
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It is well known that dietary status, lipemic 
state of animals, seasonal variations and experi- 
mental conditions (fasted vs nonfasted) sig- 
nificantly alter responsiveness of lipid lowering 
agents (13,15). Since these chroman analogs 
possess varying antilipidemic and antiaggrega- 
tory properties, it is important to evaluate the 
hypolipidemic activity of these compounds in 
several experimental models to consider vari- 
ables such as the animal species, dietary status 
and experimental conditions. We have recently 
reported that analogs III and IV are ineffective 
in fasted normal chow-fed rats, whereas analog 
II and clofibrate were effective in lowering 
serum cholesterol levels and distribution of 
lipids among lipoproteins (13). In this report, 
we will examine the comparative effects of clo- 
fibrate and 3 chroman analogs (II-IV) on serum 
and liver lipid levels, serum LCAT activity, and 
lipid distribution among serum lipoproteins in 
fasted rats fed with an established synthetic 
diet containing a high proportion of sucrose. 
Assessment of antilipidemic activity of these 
analogs in diet-modified animal models could 
reveal changes in lipoprotein distribution as a 
function of underlying differences in mechan- 
isms of action providing leads for development 
of new agents useful in the treatment of 
specific hyperlip oproteinemias. 

MATERIALS AND METHODS 

Chemicals 

Clofibrate was a gift (Ayerst Laboratories, 
Rouses Point, NY). Ethyl 6-chloro-, 6-phenyl- 
and 6-cyclohexyl-chroman-2-carboxylates were 
synthesized as described previously (10,16). 

Animals 

Male, albino Sprague-Dawley rats (180-210 
g), ca. 60 days old, obtained from Harlan 
Laboratories (Cumberland, IN) were used. Rats 
were housed in groups of 6 and given high 
sucrose-containing synthetic diet and water 
ad libitum. 

Composition of the Synthetic Diet 

The diet consisted of sucrose (63%);vitamin 
free casein (28%); vitamin fortification mixture 
(4%); USP XIV salt mixture (5%) and cellulose 
(5%). Composition of vitamin mixture/100 lb 
of diet is as follows:a-tocopherol (1000 IU/g), 
9.10 g; L-ascorbic acid, 81.9 g; choline chloride, 
136.5 g; calcium d-pantothenate, 5.46 g; 
inositol, 9.10 g; menadione, 4.09 g; niacin, 8.19 
g; p-aminobenzoic acid, 9.1 g; pyridoxine HC1, 
1.82 g; riboflavin, 1.82 g; thiamin HC1, 1.82 
g; vitamin A acetate, 1,638,000 IU; calciferol 
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(D2), 182,000 IU; biotin, 36.4 mg; folic acid, 
163.8 mg and vitamin B12, 2.457 mg. This 
product was purchased from Nutritional BiD- 
chemicals Corporation (Cleveland, OH). 

Experimental Design 

Rats were fed a high sucrose diet for 4 days 
prior to initiating the treatment with clofibrate 
and analogs. Diet and drug treatment contil~ued 
for 7 days. Rats were housed in a vivarium at 
25-26 C on alternating 12-hr light and dark 
cycles. Animals were acclimatized to the-hous- 
ing conditions for a period of one week prior to 
these experiments. Animal selection was based 
upon the observation of Kritchevsky (15) 
who reported that serum CH and TG concen- 
trations of 50-60 day old Sprague-Dawley rats 
are comparable to those of normal male human 
subjects between the age of 20-29 years. 

Groups (n=6) of rats received various doses 
of clofibrate (0.1, 0.2, 0.4, 0.6 mmol/kg/day in 
0.25% methyl cellulose) or 0.25% methyl cellu- 
lose orally by esophageal intubation twice daily 
for 7 consecutive days. In all experiments, 
drugs were given in a volume of 1.0 ml/100 g 
body wt. Following these initial dose-response 
studies, groups of animals were treated with 
vehicle or 0.2 and 0.4 mmol/kg/day of doff- 
brate twice daily for 7 consecutive days in 3 
replicate experiments. Each of these 3 experi- 
ments also consists of groups of rats who 
received an equal dose of analogs II, III or IV. 

All rats were fasted 16-18 hr before blood 
collection. Blood was drawn (orbital plexus) 
from rats under light ether anesthesia one day 
before (day -1) and after 4 days (day +4) of 
drug treatment. After 7 days (day +7) of drug 
treatment, blood was collected by exsanguina- 
tion from the abdominal aorta. Livers were im- 
mediately excised, rinsed in ice-cold 0.1 M Tris- 
HC1 buffer, pH 7.2 (conta in ing  1.15% KCI, 
w/v), blotted, weighed, minced and homogen- 
ized in the same buffer using a glass homogen- 
izer equipped with a Teflon pestle. Liver micro- 
somes were isolated as described previously 
(11). 

Liver Assay 

Microsomal 3-hydroxy-3-methylglutaryl- 
CoA (HMG-CoA) reductase (EC 1.1 .1 .34)  
activity was assayed by the method of Huber 
et al. (17), and protein content  was determined 
by the procedure of Lowry et al. (18). CH and 
TG were extracted from liver homogenates 
(25% w/v) by the method of Abell et al. (19) 
and subsequently analyzed, respectively, by the 
methods of Parekh and Jung (20) and Soloni 
(21). 
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Serum Assay 

Blood samples were placed on ice, and after 
clott ing,  serum was separated by centr i fugat ion 
at 2000 g for  10 min.  Serum samples were kept  
at 4 C and analyzed within 48 hr. Serum total  
CH was measured by the enzymat ic  m e t h o d  of  
Allain et al. (22) with A-Gent  cholesterol  
reagent (Abbo t t  Laboratories ,  Diagnostics 
Division, Chicago, IL) on an Abbo t t  bichro- 
mat ic  analyzer (ABA-100)  equipped with a 
1 : 51 syringe plate.  Serum tota l  TG concentra-  
tions were measured with A-Gent  TG reagent 
(Abbo t t  Laborator ies  Diagnostics Division, 
Chicago, IL) on an ABA-100 according to  the 
me thod  of  Sampson et al. (23). 

~-Lipoprote in  (a-LP)-CH (high density LP- 
CH), pre-;~ ( "VLDL") - ,  ~ - ( "LDL") -  and 
( " H D L " )  a-LP-TG were de termined  by elec- 
t rophoresis  on agarose gel at 90 volts for 25 
min with 0.05 M universal barbital  buffer ,  pH 
8.6. The details of  the staining and quant i ta t ion  
procedures  of  CH and TG conten ts  in several 
e lec t rophore t ica l ly  migrated LP are described 
in our  previous repor t  (13). 

LCAT activity was assayed according to the 
me thod  of  Glomset  and Wright (24). Serum 
free CH was measured by the modi f ica t ion  of  
the me thod  of  Nagasaki and Akanuma  (25): 
Serum free CH was expressed as a percentage of  
serum total  CH. 

Statistical Evaluation 

Since these exper iments  were designed to 
measure the per formance  t rend over a period of  
t ime, the two-way Analysis of Variance 
(ANOVA)  with repeated measurements  was 
selected to analyze each variable (26). Seasonal 
and individual biological variations were ob- 
served over an 8-month  period. To minimize  
error and to normal ize  data for comparat ive  
analysis, each animal was used as its own con- 
t rol  whenever  analytes were measured on day 
-1, day +4, and day +7, and all values were 
expressed as a percent  of  day -1. These percen- 
tages were used to compare  results among the 
various t reated groups of  animals. When mea- 
surements  were only made on day +7, analyte  
concent ra t ions  were expressed in absolute 
values. Post hoc  analysis was pe r fo rmed  using 
the Newman-Keuls  procedure  at p<0 .05  (26). 

of  serum lipids is shown in Figure 2. Dose- 
dependen t  reduc t ion  of  serum total  CH was 
observed for  all doses on day +4. The percen- 
tage reduc t ion  ranged between 32 and 37% 
when compared  to  controls.  Compared  to the 
significant hypocho les te ro lemic  effect  of  clofi- 
brate on day +4 at all doses, the responses on 
day +7 were less p ronounced .  At 0.6 m m o l / k g  
twice daily, c lof ibrate  was ineffect ive  at lower-  
ing serum CH (Fig. 2, Panel A). No change in 
serum total  TG was no ted  fol lowing t r ea tment  
with clof ibrate  (Fig. 2, Panel B). Serum ~-LP-CH 
concent ra t ions  were reduced after +4 and +7 
days o f  t r ea tment  with clofibrate at 0.1, 0.2 
and 0.4 m m o l / k g / d a y  x 2 dose levels (Fig. 2, 
Panel C). Changes in c~-LP-CH and serum CH 
by clofibrate were virtually identical.  These 
dose-response relationships of  clofibrate 
indicate that  0.2 and 0.4 m m o l / k g / d a y  x 2 
doses are most  appropr ia te  for  compar ison of  
the hypol ip idemic  act ivi ty of  analogs on several 
serum and liver parameters.  

Effect of Drugs on Serum Parameters 

Table 1 compares  the effect  of  c lof ibrate  
and analogs II-IV on s e r u m  total  CH and a- 
LP-CH levels in replicate exper iments .  Clofibrate 
showed significant hypocho les te ro lemic  activity 
at 0.2 m m o l / k g / d a y  X 2 dose both  on days +4 
and +7 which averaged 67 and 72% of the 
corresponding cont ro l  values. Similar hypo-  
choles terolemia  (62% of  control )  was also ob- 
served at 0.4 m m o l / k g / d a y  x 2 dose on day +4 
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C L O F I B R A T E  ( M M O L / K G )  X 2 / D A Y  

RESULTS 

Dose Response Relationships of Clofibrate on 
Serum Total Cholesterol, Trig|ycerides and 
~-LP-Cholesterol Concentrations 

The effect  of  clofibrate in 0.2, 0.4 and 0.6 
m m o l / k g / d a y  x 2 doses on the above parameters  

FIG. 2. Dose-response relationships of orally ad- 
ministered clofibrate on total serum CH (Panel A), TG 
(Panel B) and c~-LP-CH (Panel C) concentrations in 
sucrose-fed fasted male Sprague-Dawley rats at days 
+4 (-  -), +7 (A A) and control serum lipid 
concentrations at day -1 (o o). Each point repre- 
sents the mean -+ SEM of pooled data for 4 replicate 
experiments (n=6-24). 
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TABLE 1 

Effects of Clofibrate, Ethyl 6-Chlorochroman (Analog II), Ethyl 6-Phenylchroman (Analog III) 
and Ethyl 6-Cyclohexylchroman (Analog IV)-2-carboxylates on Serum Total Cholesterol and 

c~-LP-cholesterol Levels in Male Sprague-Dawley Rats Fed a High Sucrose Diet a 

Serum total cholesterol c~-LP-cholesterol Doses 
(mmol/kg/day X 2) Day +4 Day +7 Day +4 Day +7' 

Experiment 1 
Control 88.0 • 11.4 98.6 • 16.5 91.5 • 14.4 94.0 • 18.8 
Clofibrate, 0.2 62.3 • 15.0 c 76.7 • 15.0 c 37.2 • 11.5 c 46.1 • 19.6 c 
Clofibrate, 0.4 62.3 • 9.0 c 82.6 • 6.3 44.6 • 8.6 c 68.1 -+ 12.2 

Experiment 2 
Control 99.0 -+ 12.5 110 • 15.8 107 + 20.0 118 • 21.9 
Clofibrate, 0.2 70.1 +- 7.0 c 68.6 • 17.8 c 65.0 • 17.4 c 45.3 -+ 15.6 c 
Clofibrate, 0.4 67.0 • 10.1 c 83.0 • 6.9 e 44.4-+ 6.4 c 53.7 • 4.5 c 
Analog II, 0.2 79.7 • 17.0 c 75.3 • 6.7 c 90.9 -+ 24.1 d 72.5 -+ 14.8 c 
Analog II, 0.4 60.0 -+ 7.0b, c 80.7 -+ 18.2b, c ~g~  • 12.0 b,c 60.9 + 8.6 b,c 

Experiment 3 
Control 96,7 -+ 14.2 80.4 -+ 13.2 96.2 • 15.8 88.6 • 16.2 
Clofibrate, 0.2 49.5 • 8.0 c 49.2 -+ 4.7 c 38.5 • 11.0 c 40.9 • 5.3 c 
Clofibrate, 0.4 56,6 • 6.2 c 77.4 • 16.0 d 32.0 -+ 6.1 c 46.3 • 9.0 c 
Analog III,  0.2 89.0 • 10.0 88.5 • 7.5 89.6 -+ 12.4 102 • 21.3 
Analog III,  0.4 95.8 -+ 7.0 85.0 • 10.0 92.8 -+ 9.5 95.7 • 13.4 

Experiment 4 
Control 110 • 11.4 86.2 • 6.0 104 • 12.~1 78.3 • 7.9 
Clofibrate, 0.2 70.0 • 9.3 c 63.0 • 7.5 c 59.2 • 15.0 e 50.2 • 7.9 c 
Clofibrate, 0.4 70.4 • 10.0b, c 80.0 • 13.8b, d 52.1 + 9.6 b,c 57.3 + 10.4 b,c 
Analog IV, 0.2 107 + 9.4 82.0 +- 11.4 136 • 35.8 e. 89.4 + 27.6 
Analog IV, 0.4 100 • 9.3 91.0• 9.6 108 + 15.0 d 86.5-+ 18.1 

aData are expressed as percent of  the day -1 value + SD. n=6, unless otherwise noted. 
b n = 5 .  

CSignificant difference (p<0 .05 )  between drug and nondrug treated means. 
dsignifieant difference ( p < 0 . 0 5 )  between means at the 0.2 and 0.4  doses. 

in all e x p e r i m e n t s .  H o w e v e r ,  o n  day  +7,  th i s  
h y p o c h o l e s t e r o l e m i c  e f fec t  was  n o t e d  in o n l y  
o n e  o u t  o f  4 e x p e r i m e n t s .  C h l o r o c h r o m a n  I I  

was  ef fec t ive  in l ow er i ng  t o t a l  s e r u m  CH at 
b o t h  +4 and  +7 days  o f  t r e a t m e n t .  R e d u c t i o n s  
in s e r u m  to t a l  CH c o n c e n t r a t i o n s  were  28 a n d  
31% at t he  0.2 and  0.4 m m o l / k g / d a y  • 2 doses ,  
r e spec t ive ly  (Tab l e  1). N o  e f fec t s  o n  s e r u m  
to t a l  CH were  seen  w i t h  the  p h e n y l  ( I I I )  and  
c y c l o h e x y l  ( I V )  c h r o m a n  ana logs  at t hese  doses .  

C lo f ib ra t e  and  c h l o r o c h r o m a n  II  also sig- 
n i f i can t ly  l o w e r e d  s e r u m  a -LP-CH c o n c e n t r a -  
t ions .  The  average s e r u m  a -LP-CH levels in clo- 
f i b r a t e - t r ea t ed  ra t s  were  4 7 - 5 2 %  of  t he  c o n t r o l s  
at  0 .2 and  0.4 m m o l / k g / d a y  x 2 doses  o n  days  
+4 and  +7.  C h l o r o c h r o m a n  II  t r e a t m e n t  at  t h e  
0.2 m m o l / k g / d a y  x 2 dose  l o w e r e d  s e r u m  
a -LP-CH c o n c e n t r a t i o n  by  42% at day  +7,  
w h e r e a s  a -LP-CH c o n c e n t r a t i o n s  were  r e d u c e d  
o n  b o t h  days  +4  (42%)  and  +7 (48%)  at t h e  0 .4  
m m o l / k g / d a y  x 2 dose  (Tab le  1). P h e n y l c h r o -  
m a n  I I I  was  inef fec t ive  in m o d i f y i n g  a -LP-CH,  
a n d  c y c l o h e x y l c h r o m a n  IV was  f o u n d  to  pos se s s  

marg ina l  e f fec t s  in e leva t ing  s e r u m  a -LP-CH 
at day +4.  Th i s  s e r u m  LP level, h o w e v e r ,  was  
n o t  c h a n g e d  a f t e r  t r e a t m e n t  w i t h  ana log  I V  for  
7 days .  As  s h o w n  in F igure  3, r e d u c t i o n  Of ~- 
LP-CH c o n c e n t r a t i o n s  f o l l o w i n g  c lo f ib ra t e  and  
c h l o r o c h r o m a n  I t  t r e a t m e n t  w a s  n o t  due  to  t he  
r e d u c t i o n  in t he  c i rcu la t ing  a -LP par t ic les ,  b u t  
to  a c o m p o s i t i o n a l  c ha nge  in a-LP.  Th i s  
r e su l t ed  in a 55 and  38% l o w e r i n g  o f  t he  a -LP-  
CH: a - LP - TG ra t io  o n  days  +4 and  +7,  respec-  
t ively,  a f te r  c lo f ib ra t e  t r e a t m e n t  at t he  0.4 
m m o l / k g / d a y  • 2 dose.  C h l o r o c h r o m a n  II  
t r e a t m e n t  a t  t he  e q u i v a l e n t  dose  a / so  signifi-  
c a n t l y  r e d u c e d  the  a - L P - C H : a - L P - T G  ra t io  o n  
days  +4 and  +7 by  35 and  60%, respec t ive ly  
(Fig.  3). 

T h e  h y p o c h o l e s t e r o l e m i c  e f fec t  o f  c lo f ib r a t e  
and  c h l o r o c h r o m a n  I I  o n  s e r u m  ~-LP-CH levels 
m a y  be  due  to  an  e n h a n c e d  r e m o v a l  o f  a -LP-  
f ree  CH f r o m  t h e  ~-LP par t i c les  m e d i a t e d  b y  an 
increase  in s e r u m  L C A T  act ivi ty .  T o  assess th is  
poss ib i l i ty ,  we s i m u l t a n e o u s l y  m o n i t o r e d  the  
s e r u m  L C A T  act ivi t ies  and  free CH levels in 
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FIG. 3. Effect of various oral doses of clofibrate 
and ethyl 6-chlorochroman-2-carboxylate on the ratio 
of serum ~-LP-CH to ~-LP-TG on days -1, +4 and +7 
following oral administration of a dose of 0.4 mmol/ 
kg/day X 2 for 7 days. Bars represent the mean (n=6 
except for 6-chlorochroman-2-carboxylate on day +7; 
n=5) and vertical lines represent the SEM. An asterisk 
indicates that the values were significantly different 
from day -1 values at p<0.05. 

these experiments (Table 2). Serum free CH 
levels increased significantly after 7 days of 
clofibrate treatment at both the 0.2 (in 2 out of 
4 experiments) and 0.4 mmol/kg/day x 2 (in 
4 out of 4 experiments). Treatment with clofi- 
brate at both doses also reduced LCAT activity 
in 2 out of 4 experiments. Chlorochroman II 
treatment at the 0.4 mmol/kg/day x 2 dose 
also increased serum free CH levels but had no 
effect on serum LCAT activity. Chromans III 
and IV had no effect on serum LCAT activity. 

It is evident from the data presented in Fig- 
ure 2 that clofibrate treatment at doses be- 
tween 0.2 and 0.6 mmol/kg/day showed no 
hypotriglyceridemie effect in this rat model. 
However, both clofibrate and chlorochroman II 
treatment modified the TG content in pre-~-LP 
and #-LP (Table 3). This effect on serum TG 
distribution among LP was not found in phenyl- 
chroman (III) or cyclohexyl (IV) analog-treated 
rats. 

Ef fec t  of  Drugs on Liver Parameters 

Increases in liver microsomal protein and 
liver to body weight ratios were noted with 
clofibrate treatment at the 0.2 (2 out of 4 
experiments) and 0.4 (3 out of 4 experiments) 
mmol/kg/day x 2 dose levels (Table 2), Only II 
showed similar effects on liver microsomal 
protein and liver to body weight ratios at the 
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0.2 and 0.4 mmol/kg/day x 2 dose levels. 
Whereas clofibrate showed no change in liver 
TG levels, II increased liver TG by 52% at the 
0.4 mmol/kg/day x 2 dose level. By contrast, 
II lowered liver total CH concentration by 28 
and 33% at the 0.2 and 0.4 mmol/kg/day x 2 
doses, respectively. A similar effect on liver 
CH was observed in clofibrate-treated rats at 
the higher dose level in 3 of  4 experiments. 
Moreover, clofibrate treatment lowered micro- 
somal HMG-CoA reductase activity in only one 
out of 4 experiments, whereas lI did not alter 
the activity of this enzyme system. Chromans 
Ill  and IV did not change the activity of micro- 
somal HMG-CoA reductase or liver TG and CH 
concentrations at either dose. 

DISCUSSION 

Our previous reports on the antilipidemic 
activity of analogs II, III, and IV (10-13) 
showed that their effect depended on the 
experimental conditions and diet used. In 
experiments with normal chow-fed, fasted male 
Sprague-Dawley rats, we have found that only 
II was effective in reducing serum CH concen- 
trations (13). In the present study, we have ex- 
amined the efficacy of these 6-substituted 
phenylchroman analogs in fasted, high sucrose- 
fed rats. Sucrose feeding per se did not produce 
significant changes in serum total TG levels. 
Similarly, an absence of hypertriglyceridemia 
in nonfasted sucrose-fed rats was reported by 
Tolman et al. (27). Even so, the effects of these 
analogs in normal chow-fed (13) and our high 
sucrose-fed rats were comparable. Analogs III 
and IV were inactive in these models, whereas 
clofibrate and II exhibited significant lipid 
lowering activities. Clofibrate and II adminis- 
tration in chow-fed (13) and sucrose-fed fast- 
ed (Fig. 2) or chow-fed unfasted (12) rats sig- 
nificantly lowered serum total CH concentra- 
tions. However, differences in the sensitivity 
to these agents were greater in the high sucrose- 
fed models than in normal chow-fed rats (10, 
12,13). Whereas our studies have shown that 
only serum total CH levels were reduced by 
clofibrate treatment, Tolman et al, (27) found a 
reduction in both serum total CH and TG in 
sucrose-fed rats given clofibrate in the diet 
(0.25%). No effect of clofibrate on the serum 
total TG levels in fasted chow-fed rats has been 
noted in our laboratories (13). Thus, it is clear 
that drug-induced antilipidemic responses are 
highly dependent upon the nature Of the 
experimental model employed. 

Further insight into the antilipidemic action 
of these drugs was obtained by monitoring TG 
and CH distributions among the major LP. 
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TABLE 3 

Effects of  Clofibrate and Ethyl  6-Chlorochroman (Analog II)-2-carboxylate on Pre-/~ and ~-Lipoprotein 
Triglyceride Contents  in Male Sprague-Dawley Rats Fed a High Sucrose Diet a 
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Doses Pre-/3-LP-TG B-LP-TG 

(mmol /kg]day  • 2) Day +4 Day +7 Day +4 Day +7 

Exper iment  1 
Control 109 • 19.0 105 • 20.3 112 • 40.3 139 • 40.0 
Clofibrate, 0.2 51.0 • 8.4 c 69.4-+ 26.2 c 374 �9 125 c 256 �9 119 
Clofibrate, 0.4 77.0 • 23.6c, d 84.4+- 16.0 d 235 • 86.2 183 +- 63.3 

Exper iment  2 
Control 91.1 • 8.1 91.1 • 13.0 109 • 23.5 142 • 71.3 
Clofibrate, 0.2 71.5 +- 15.2 c 68.6 + 8.2 c 223 • 87.8 d 328 +- 65.7 c 
Clofibrate, 0.4 64.2 +- 6.5 c 52.5 +- 12.3 c 365 + 141 c 710-+ 353 c,d 
Ana log l I ,  0.2 91.6 �9 9.6 80.1 +- 9.4 128-+ 50.6 242-+ 122 
Ana log l I ,  0.4 92.7 • 10.4 101 • 21.6 154 • 40.5 215 • 114 

Exper iment  3 
Control 102 • 14.5 106 • 9.4 155 • 49.4 144 • 35 
Clofibrate, 0.2 92.6 • 6.6 c 84.0 • 15.0 c 197 +- 38.6 256 • 78 
Clofibrate, 0.4 62.4 • 20.0c, d 67.2 • 11.2 c,d 358 • 118 c,d 386 • 60.8 c 

Exper iment  4 
Control 77.0 • 7.0 77.3 + 16.0 138 + 81.0 196 • 118 
Clofibrate, 0.2 73 .0•  11.5 70.7+- 11.7 103 •  34.5 194 • 79.4 
Clofibrate, 0.4 58.3 • 10.1b,c, d 57.0'• 7.5b, c 247 • 49.4 b 281 • 36 b 

aData are expressed as the percent of  serum total  triglyceride relative to the pret reatment  level (day -1) • SD. 
n = 6, unless otherwise noted.  

b n =  5. 
CSignificant difference (p<0.05)  between drug and nondrug treated means  (log t ransformat ion) .  
dsignificant  difference (p<0.05)  between means  at the 0.2 and 0.4 doses. 

S e r u m  t o t a l  CH l o w e r i n g  b y  c l o f i b r a t e  a n d  II,  
b u t  n o t  b y  III a n d  IV,  was  d i r e c t l y  c o r r e l a t e d  
t o  a r e d u c t i o n  in  ~ - L P - C H .  Segal  e t  al. ( 2 8 )  
r e p o r t e d  t h a t  c l o f i b r a t e  t r e a t m e n t  d e c r e a s e d  
t h e  p r o t e i n  c o n c e n t r a t i o n  o f  h i g h  d e n s i t y  
LP  ( H D L )  in  s u c r o s e - f e d  r a t s ,  an  o b s e r v a t i o n  
w h i c h  c o u l d  be  i n t e r p r e t e d  e i t h e r  as a m o d i f i -  
c a t i o n  o f  H D L  pa r t i c l e  c o m p o s i t i o n  o r  as a 
r e d u c t i o n  in  pa r t i c l e  n u m b e r .  T h e  o b s e r v e d  
d e c r e a s e  in  c~-LP-CH:~-LP-TG r a t i o s  a f t e r  d o f f -  
b r a t e  a n d  II t r e a t m e n t  s u g g e s t e d  t h a t  c o m p o s i -  
t i o n a l  c h a n g e s  in  t h e  l ip id  c o n t e n t  o f  ~ - L P  h a v e  
o c c u r r e d  as o p p o s e d  t o  a r e d u c t i o n  in  pa r t i c l e  
n u m b e r  (F ig .  3).  I n t e r e s t i n g l y ,  d e s p i t e  an  ab-  
s e n c e  o f  s e r u m  t o t a l  T G  l o w e r i n g  b y  t h e s e  
c o m p o u n d s ,  b o t h  c l o f i b r a t e  a n d  II l o w e r e d  pre -  
~ - L P - T G  a n d  i n c r e a s e d  ~ - L P - T G  c o n c e n t r a t i o n s .  
In  a d d i t i o n ,  it  h a s  b e e n  r e p o r t e d  ( 2 9 )  t h a t  
c l o f i b r a t e  t r e a t m e n t  i n c r e a s e d  L D L  at  t h e  ex -  
p e n s e  o f  V L D L  in  T y p e  IV p a t i e n t s .  T h i s  pa ra l -  
l e l i sm s u p p o r t s  t h e  u s e  o f  t h i s  f a s t e d  ra t  m o d e l  
as an  e v a l u a t i v e  t o o l  f o r  h y p e r t r i g l y c e r i d e m i a .  
Overa l l ,  t h e  d a t a  w i t h  c l o f i b r a t e  a n d  II a re  qua l -  
i t a t i v e l y  s imi l a r ,  a n d  t h e  r e s u l t s  w i t h  c l o f i b r a t e  
ag ree  w i t h  t h e  ea r l i e r  r e p o r t  o f  Segal  e t  al. 
(28 ) .  M o r e o v e r ,  b o t h  c l o f i b r a t e  a n d  a n a l o g  II 

a p p e a r  to  e n h a n c e  t h e  c a t a b o l i s m  o f  p re -# -LP  
in  t h e  s u c r o s e - f e d  m o d e l ,  w h e r e a s  o n l y  c l o f i b r a t e  
e x h i b i t e d  s i m i l a r  e f f e c t  in  t h e  n o r m a l  f a s t e d  
c h o w - f e d  r a t  m o d e l  ( 13 ) .  T h i s  l ike ly  r e f l e c t s  a 
f u n d a m e n t a l  d i f f e r e n c e  in  t h e  a n a b o l i c  a n d / o r  
c a t a b o l i c  l ip id  a c t i v i t i e s  b e t w e e n  t h e s e  t w o  
a n i m a l  m o d e l s .  

I n  c l o f i b r a t e - t r e a t e d  n o r m a l  f a s t e d  c h o w - f e d  
r a t s ,  we r e p o r t e d  a f a v o r a b l e  c o r r e l a t i o n  
b e t w e e n  s e r u m  a - L P - C H  l o w e r i n g  a n d  d e c r e a s e d  
s e r u m  L C A T  a c t i v i t y  ( 13 ) .  A s im i l a r  r e l a t i o n -  
sh ip  was  o b t a i n e d  f o r  c l o f i b r a t e ,  a n d  t o  a l e s se r  
deg ree  f o r  II in  t h i s  s t u d y .  I n a c t i v e  a n a l o g s  III 
a n d  IV d id  n o t  m o d i f y  s e r u m  f ree  CH c o n c e n -  
t r a t i o n s  o r  L C A T  a c t i v i t y .  T h e s e  r e s u l t s  m a y  
e i t h e r  (a)  r e f l e c t  d r u g - i n d u c e d  l iver t o x i c i t y  
w i t h  c o n c o m i t a n t  L C A T  l o w e r i n g ,  f r ee  C H  in-  
c r ea se s  a n d  e n h a n c e d  c a t a b o l i s m  o f  ava i l ab le  
f ree  CH;  o r  (b)  r e f l e c t  a d i r ec t  c o n s e q u e n c e  o f  
l o w e r e d  s e r u m  C H  o r  c~-LP-CH p r o d u c e d  b y  
t h e s e  a g e n t s .  

C h a n g e s  in l iver  p a r a m e t e r s  a f t e r  d r u g  t r e a t -  
m e n t  t o  s u c r o s e - f e d  r a t s  we re  s im i l a r  to  t h o s e  
s e e n  in  c h o w - f e d  r a t s  (13) .  S u c r o s e  f e e d i n g  
a l o n e  i n c r e a s e d  l iver  T G  (+3 7%) a n d  C H  (+5 6%).  
W h e r e a s  l iver  T G  levels  we re  n o t  a f f e c t e d  b y  
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t r e a t m e n t  wit h these  c o m p o u n d s ,  liver CH con-  
c e n t r a t i o n s  were s igni f icant ly  lowered  by  clo- 
f ibra te  and  11. This  h y p o c h o l e s t e r o l e m i a  cou ld  
no t  be re la ted  to an i n h i b i t i o n  of  liver micro-  
somal  HMG-CoA reduc tase  act iv i ty  as had been  
suggested previous ly  (13) .  The  se rum to ta l  CH 
lower ing  ac t ions  of  these  c o m p o u n d s  mos t  like- 
ly reflect  an increased liver or  serum CH ca tabo-  
lism and  the  m e c h a n i s m  for  th is  ef fec t  r emains  
to  be e luc ida ted .  

Changes  in se rum CH and LP-lipid lower ing  
p roper t i e s  of  c lof ibra te  were no t  a lways t ime-  
and dose -dependen t .  At  the  0.6 m m o l / k g / d a y  
dose,  serum to ta l  CH and  a-LP-CH levels were 
equal  to  con t ro l  values at  day +7,  bu t  were sig- 
n i f icant ly  r educed  at day +4 (Fig. 2, Panels  A 
and C). This  re f rac tor iness  to  the  hypocho le s -  
t e ro lemic  act iv i ty  o f  c lo f ib ra te  might  be  re la ted 
to a progressive r educ t i on  in serum c i rcula t ing  
levels of  c lof ibr ic  acid,  the  major  active m e t a b o -  
lite of  c lo f ib ra te  ( 3 0 - 3 2 ) .  In a r ecen t  r epor t ,  we 
(30)  showed  tha t  [C-14] -c lo f ib ra t e  t r e a t m e n t  
(0 .4  m m o l / k g / d a y  • 2) to rats  for  14 days  re- 
duced the  p lasma level o f  [C-14] -c lo f ib r ic  acid 
by 30 and 5 0 % a t  days +7 and  +14 ,  respect ively.  
The  c o n c o m i t a n t  r educ t i on  in p lasma clof ibr ic  
acid levels a f te r  ch ron ic  t r e a t m e n t  (30 ,31)  may 
be re la ted to an increased d i s t r ibu t ion  of  drug 
in to  adipose  tissue (30) .  In the  present  s tudy ,  
the l ive r /body  weight  ra t ios  also showed  a 
re f rac tor iness  to d i f fe ren t  doses of  c lo f ib ra te  
a f te r  7 days o f  t r e a t m e n t .  C lo f ih ra te - induced  
increases in these  ra t ios  were +18 ,  +59,  +39 and  
+39% at doses of  0.1,  0.2,  0.4 and  0.6 m m o l /  
kg /day ,  respect ively.  Possibly this  reversibi l i ty  
of  the  biological  responses  to  c lo f ib ra te  is relat- 
ed to a me tabo l i c  to le rance .  Such a p h e n o m e -  
non  has n o t  been  repor ted  in man  a f te r  ch ron ic  
c lof ibra te  t he rapy  (33) .  Thus ,  d i f ferences  in 
a n t i h y p e r l i p o p r o t e i n e m i c  and  m e t a b o l i c  effects  
to  c lof ibra te  and  re la ted analogs  may be depen-  
den t  upon  the  dosage reg imen  used in var ious  
species. 

These  and  previous  da ta  (13 ,14)  show tha t  
cer ta in  c h r o m a n  analogs possess s ignif icant  
p ta te le t  an t iaggregatory  and  hypo l ip idemic  
activit ies.  Within  this l imi ted series, phenyl -  
c h r o m a n  l l I  and c h l o r o c h r o m a n  II were f o u n d  
to be mos t  ef fec t ive  in these  two pharmacolog i -  
cal systems.  The  h y p o l i p i d e m i c  and  ant iaggrega-  
tory  p roper t i e s  of  II were s imilar  to  those  ob- 
served for  c lo f ib ra te .  However ,  the  sensi t iv i ty  
of  the  response  of  II in sucrose-fed fas ted rats  
was greater  than  tha t  observed  in chow-fed  
fasted rats. Al ter ing the  6 - subs t i t uen t  in the  
c h r o m a n  nuc leus  provides  a m e t h o d  of  separat -  
ing an t iaggrega tory  f rom serum and  liver lipid 
lowering act ions .  C h l o r o c h r o m a n  II, exh ib i t i ng  
b o t h  pharmacolog ica l  effects ,  remains  a promis-  

ing drug and  war ran t s  f u r t h e r  precl inical  s tudies  
in o t h e r  an imal  species (34) .  The  func t iona l  
select ivi ty of  I i l  as an an t iaggrega tory  agent  
also mer i t s  a t t e n t i o n  for  the  f u r t h e r  develop-  
m e n t  of  a n t i t h r o m b o t i c  drugs. 
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Chemical Ionization Mass Spectrometry of Wax Esters 

R.D. PLATTNER* and G.F. SPENCER, Northern Regional Research Center, Agricultural 
Research Service, U.S. Department o f  Agriculture, ~ Peoria, IL 61604 

ABSTRACT 

Chemical ionization (CI) mass spectra of long-chain saturated, monenoic and dienoic wax ester 
analogues, using isobutane and methane as reagent gases, are reported and compared. Because less 
fragmentation occurs, CI spectra are simpler than the electron impact spectra. The quasi molecular 
ion (M + 1) is the base peak in the spectra. Saturated, monenoic and dienoic wax ester mixtures have 
been analyzed by this technique. 
Lipids 18:68-73, 1983. 

INTRODUCTION 

Wax esters occur widely in nature in a 
variety of plant and marine species. They are 
usually found as mixtures of esters consisting of 
saturated or monoenoic fatty acids and alcohols, 
with the acid and alcohol groups varying in 

cha in  length from C6 to C34. The electron 
impact (EI) mass spectra of wax esters have 
been studied in considerable detail (1-5). 
These spectra exhibit considerable fragmenta- 
tion features characteristic of compounds with 
long hydrocarbon backbones. Diagnostically 
significant ions, such as molecular ions and 
cleavage ions indicative of the alcohol and acid 
moieties, are observed, b u t  are a rather small 
portion of the total ions generated. When 
analyzing complex mixtures with many alcohol 
and acid combinations of  a given chain length, 
the low abundances of these ions and the 
generation of  many intense structurally undiag- 
nostic "hydrocarbon" fragments complicate 
quantitation of the wax composition. Chemical 
ionization mass spectrometry (CI-MS) is a 
much gentler ionization process that produces 
much less fragmentation. We report here a 
systematic study of the CI-MS of wax esters 
using isobutane, ammonia and methane as the 
reagent gases. The spectra are much less complex 
than the conventional EI mass spectra, with 
structurally diagnostic ions accounting for most 
of the ions observed. 

EXPERIMENTAL PROCEDURES 

GC- and GC-MS 

The mass spectra were obtained on a Kratos 
MS30 mass spectrometer equipped with a 
combined CI/EI source. Ions in the EI mode 
were produced at 70 eV with a source pressure 

*Author to whom correspondence should be 
addressed.  

1The m e n t i o n  o f  f i rm n a m e s  or trade produc t s  
does  not  i mpl y  that  t h e y  are endorsed  or r e c o m m e n d e d  
by the U.S. Department of Agriculture over other 
f irms or similar products  n o t  mentioned. 

of ca. 10 -6 torr, whereas with CI they were 
produced at 100-200 eV with t h e  source 
pressure estimated at ca. 1 tort. Wax esters, 
individually or in mixtures, were introduced by 
direct insertion probe or by GC inlet via a single- 
stage glass jet separator. Glass GC columns 
(1 m X 2 ram) packed with 3% OV-1 were 
temperature programmed from 230-300 C at 
2 C/min. The injector, detector and jet separator 
were held at 270 C while the source of the mass 
spectrometer was 200 C. Sample sizes analyzed 
were of the order of 100 ng for pure compounds 
and as much as 5-10/2g for complex mixtures. 
Mass spectral data were acquired and analyzed 
using a DS-50-s data system (Kratos). 

Preparation of Standard Wax Esters 

Acid chlorides were prepared by adding 2 ml 
of oxalyl chloride (Aldrich Chemical Co., 
Milwaukee, WI) to 400 mg ofthe appropriate 
fatty acid at room temperature. When the 
reaction was complete (5 rain), excess oxalyl 
chloride was removed under N2. Two of the 
acid chlorides (16:0, Eastman, Rochester, NY 
and 16:1, Nu-Chek, Prep, Elysian, MN)and  4 
alcohols (16:0, 16: 1, 18:0, and 18:1, Nu-Chek 
Prep) were purchased. To prepare wax esters, 
equal molar amounts of the alcohol and acid 
chloride were mixed in benzene and pyridine 
(10 ml/0.5 ml) and allowed to stand 15 min 
with occasional swirling. The reaction mixture 
was then concentrated under N2 and the wax 
esters were purified by preparative layer chrom- 
atography (PLC) on 2-ram layers of silica gel 
with hexane/ether (70:30) and HPLC on /2- 
Bondapack C-18 (Waters Associates) or ODS-2 
(Whatman) reverse-phase semipreparative col- 
umns with acetone/acetonitrile (2:1). 

Sample Preparation and Separation 

Winterized sperm whale oil wax ester samples 
(0.5 g) were separated from triglycerides by 
column chromatography with High-Flosil (Ap- 
plied Science Labs, State College, PA). PLC on 
1-mm coated with 20% AgNO3 in silica gel 
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separated the wax esters by degree of unsatura- 
�9 tion (solvent: benzene/chloroform, 1:1). Bands 

located under ultraviolet (UV) light after spray- 
ing with a dichlorofluorescein solution were 
scraped from the plate. Wax esters were then 
recovered from the silica by ether extraction. 
Hydrogenations were carried out in toluene/ 
ethanol (1 : 10) with 10% Pd on charcoal as the 
catalyst. 

R ESU LTS 

Isobutane, the most popular reagent gas for 
CI-MS, yielded intense quasi molecular ions 
(M+I)  from protonation of the molecular 
species that are usually the base peaks. Smaller 
ions at M--l ,  M+43 and M+57 frequently 
occur due to the loss of a proton or the attach- 
ment of a propyl or butyl group "to the mole- 
cule. Relatively little other fragmentation 
occurs. Ammonia is becoming more popular as 
a reagent gas because it usually gives even less 
fragmentation than isobutane, and frequently 
none occurs. In wax esters, ammonia does not 
protonate the molecule to give M+I but, rather, 
attaches an ammonium ion (NH +) to the 

molecule to give M+ 18 as an intense and some- 
times only ion. Methane, the other common CI 
reagent gas, gives relatively more fragmentation 
than isobutane, although the spectra produced 
often appear quite similar. Because CI mass 
spectra produced often appear quite similar. 
Because CI mass spectra of homologous com- 
pounds show fragmentations that are charac- 
teristic within each group containing the same 
number of double bonds, only a few repre- 
sentative examples have been chosen for 
detailed discussion. 

Saturated Esters 

Figure 1, the isobutane CI mass spectrum of 
palmityl stearate (16: 0-18: 0), shows a proton- 
ated molecular ion m/z 509 as the base peak. 
Small ions at M+4I ,  M+43 and M+57 (m/z 
550, 552 and 566) arise by attachment of the 
reactant ions m/z 41, 43 and 57 from the 
reagent gas, isobutane. In El-MS of wax esters, 
the double hydrogen rearrangement ion depicted 
in Scheme 1 (5) is predominant decomposition 
of the odd electron parent ion with rearrange- 
ment of two hydrogen atoms. 
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FIG. 1. Isobutane CI mass spectrum of palmityl stearate. 
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/(CH2hCH3 CH--(CH2hCH3 HO 

CH.e.  / : : :  + ~--(CH2)vCH3 / , .  , c , .  //  
HC"-~H 0 '~" HO 

+[ CH2 

SCHEME 1 

This ion is the base peak in EI mass spectra 
of wax esters. In isobutane CI, saturated esters 
show much less of this fragmentation. RCO~ H + 
at m/z 285 in palmityl stearate (16:0-18:0)  is 
about 7% of the protonated molecular ion. The 
other significant fragmentations that are ob- 
served are the RCO + ion at m/z 267, the R '+ 
ion at m/z 225, the (R'--H) + ions, which are 
not observed in the EI mass spectra of wax 
esters, arise by charge transfer during the 
double hydrogen rearrangement. Very little 
additional fragmentation is observed. In con- 
trast, under EI-MS conditions, spectra show 
many nondiagnostic lower molecular weight 
fragmentations that account for most of the 
tota l ion current. Under ammonia CI conditions, 
the most prominent product ion is the adduct 

ion observed at M+I 8 arising from attachment 
of the ammonium ion (NH~--m/z 18) from the 
reagent gas to the molecule. Small ions are 
sometimes observed in the region of the molec- 
ular ion at M + or (M+H) +. Significant quanti- 
ties of fragmentation ions are not observed. 
Methane CI mass spectra of saturated wax 
esters show considerable fragmentation. Figure 
2 is the methane CI mass spectrum of palmityl 
stearate (16:0-18:0).  The base peak in the 
spectrum is the double hydrogen rearrangement 
ion at m/z 285. Both protonated molecular ion 
(m/z 509) and hydride-extracted molecular ion 
(m/z 507) are observed in about equal intensities 
(%90% of base peak). Adduct ions formed by 
attachment of reactant gas ions are observed at 
M+17, M+29 and M+41. The RCO + ion at 
m/z 267 and the R '+ ,  (R'--H) + and (R'--2H) at 
m/z 225, 224 and 223 are observed as strong 
signals ( ~  10% base peak). Considerable non- 
specific fragmentation of the type observed in 
EI is observed in methane CI spectra. 

Unsaturated Esters 

In monoenoic wax esters, the location of the 
double bond in the acyl or alkoxyl moiety of 
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FIG. 2. Methane CI mass spectrum of palmityl stearate. 
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the molecule dramatically affects fragmentation. 
When the unsaturation is in the acyl end of the 
ester, the spectra are quite similar to those of 
the saturated wax esters. The only substantial 
difference i n - t h e  isobutane species is the 
appearance of an ion from [RCO--H] + of 
about equal intensity to that for RCO + and a 
smaller ion from [RCO--2H] +. When methane 
is the reagent gas, the spectra are again similar 
to those from saturated esters except that the 
(RCO2 H2)+ ion is only about half as intense as 
the M+H ion rather than appearing as the base 
peak. The [RCO--H] + and [RCO--2H] + ions 
are still intense. When the unsaturation is in the 
alkoxyl end of the wax ester, there is consid- 
erably more fragmentation in the isobutane CI 
spectra (see Fig. 3). The fragment ions observed 
are the same, but the RCO2H + and RCO + ions 
(285 and 267) are about 5 times as intense as 
the ones for monoenes with the unsaturation in 
the acyl part of the ester. The (R'--H')  + ion 
(223) is very much larger (%10 time as intense) 
as are the (R') + and (R'--2H) + ions. Also, 
some nondiagnostic "hydrocarbon" ions are 
observed at lower mass. Because the fragmenta- 
tion of monoenes appears to depend on which 

side of the ester group the double bond is posi- 
tioned, the method of Spencer (4) for quantitat- 
ing acyl and alkoxyl group distributions using 
EI-MS fragmentation probably will not work 
in isobutane CI-MS. 

Diunsaturated wax esters with one double 
bond on each side of  the ester group give CI- 
mass spectra as would be predicted from the 
saturated and monoene ester spectra. Figure 4 
shows the isobutane CI spectrum of palmitoeoyl 
oleate (16:1-18:1) .  The same fragments ob- 
served in the saturates and monoenes are 
observed. Again, most of the ion current is 
carried by the protonated molecular ion. Some- 
what less fragmentation is observed than in the 
spectra of  monoenoic waxes with the unsatura- 
tion in the alcohol moiety. Tables 1 and 2 list 
the isobutane and methane CI spectra of the 
synthetic eight wax ester standards. 

DISCUSSION 

To quantitatively analyze mixtures of wax 
esters, Aasen et al. (2) reported that the sum of 
ion intensities for 3 significant ions from each 
acid-alcohol combination could be used to 
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est imate the propor t ions  of  the different  
combinat ions .  Spencer  et al. (3,4) ex tended 
their  technique  to GC-MS analysis of  jo joba  oil 
and sperm whale oil wax esters using the 
(RCO2H)  +,  ( R C O : H : )  + and ( R ' - - I )  + for 
each combina t ion  in the saturated fract ion and 
in the hydrogena ted  diene fract ion.  The greatly 
simplified f ragmenta t ion  pat terns  observed in 
CI mass spectra make ident i f icat ion and sum- 
mat ion  of  the selected ions for  the various ester 
combina t ions  much  easier. We found excel lent  
agreement  with the published results (4) for 
sperm whale oil saturates and hydrogena ted  
dienes. However ,  in monoenes ,  the locat ion of  
the double bond in the a lkoxyl  or  acyl end of  
the ester p ro found ly  affects the f ragmenta t ion ,  
and the proposed  procedure  did not  work  on 
monoene  standard mixtures.  Without  standards 
of  all possible combina t ions  to calculate elabor- 
ate correct ion factors,  it does not  appear 
possible to quant i ta t ively  analyze monoeno ic  
wax esters wi thou t  hydrogenat ion .  However ,  

hydrogena t ion  destroys in format ion  necessary 
to determine  which moie ty  of the wax ester 
had been unsaturated.  It appears likely that  
reduc t ion  to a mix ture  of  long chain alcohols 
with deuterohydraz ine  fo l lowed by MS (2) 
should be applicable to solving this problem,  
because correct ions for isotopic  impuri t ies  in 
the samples should be much  simpler in the CI 
mass spectra where f ragmenta t ion  is so much  
less extensive. 
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Complexities in Lipid Quantitation 
Using Thin Layer Chromatography for Separation 
and Flame Ionization for Detection 1 

R. THOMAS CRANE, STEVEN C. GOHEEN, EDWARD C. LARKIN and G. A N A N D A  
RAO*,  Hematology Research Laboratory, Veterans Administration Medical Center, 
Martinez, CA 94553 

ABSTRACT 

The use of thin layer chromatography (TLC) for separation (using silica gel coated quartz rods) and 
subsequent flame ionization for detection (FID) was examined to determine whether this method 
could be used for the quantitation of lipids. However, response factors (RF) for various lipids were 
different and depended upon several variables including the amount of material analyzed. For example, 
RF were 3-fold greater when 10 /~g of tripalmitin was analyzed as compared to 1 /zg of the same 
material. The amount of lipid detected by FID was also dependent upon the rate at which it passed 
through the flame. During analysis of methylpentadecanoate, detector response increased with scan 
speed, while at all speeds it was completely removed from the rod. On the other hand, depending upon 
the amount of cholesterol or phospholipid analyzed, the response either increased, remained un- 
changed or decreased with scan speed. During a fast scan, detector response was reduced because some 
material remained on the rod. Thus, the detector response is influenced by sample volatility. In con- 
clusion, there appears to be a complex relationship between detector response and the amount of heat 
available per microgram of sample. Since we could not find a direct correlation between detector re- 
sponse and sample quantity, it would be difficult to use TLC-FID as a tool for quantitating the com- 
ponents of a lipid mixture. 
Lipids 18:74-80, 1983. 

INTRODUCTION 

The Iatroscan (TH-10 TLC Analyser  MK 
III, Iatron Laboratories ,  Tokyo ,  Japan) was 
designed to detect  compounds  using a flame 
ionizat ion de tec tor  (FID)  after  being separated 
on silica gel coated quar tz  rods (chromarods)  
by thin layer ch romatography  (TLC). Al though  
this technique  had been used for quali tat ive 
analyses of  plasma lipid compos i t ion  (1,2),  it 
has also been used for the quant i ta t ion  of  tissue 
lipids (3-6) .  Appl icat ions  of  TLC-FID have 
recent ly  been reviewed by Ackman  (7). In 
previous studies, response factors ( R F ) h a v e  
been determined for several different  lipids 
(3,4).  However ,  the repor ted  values are incon-  
sistent. For  example,  in one s tudy,  the RF  for 
cholesteryl  esters was twice that  of  fa t ty  acids 
(4), while in another  s tudy,  they  were nearly 
the same (3). Fur the rmore ,  the values for  the 
RF of  fa t ty  acids differed by 50% in the two  
studies. These differences in RF indicate  that  
some of  the problems in using TLC-FID for 
sample quant i ta t ion  remain unresolved.  The 
present studies were designed to ident i fy  these 
problems and determine  if  this m e t h o d  can be 
used for the quant i ta t ive  analyses of  lipids. 

*Author to whom correspondence should be ad- 
dressed. 

1 Presented at the 73rd Annual AOCS Meeting, 
Toronto, May 1982. 

Several parameters  are discussed that  affect  
de tec tor  response in TLC-FID.  

MATERIALS AND METHODS 

Materials 

Authen t i c  lipid standards were obtained 
f rom Applied Science Laborator ies  (State Col- 
lege, PA) and Supelco Inc. (Bel lefonte ,  PA). 
Their  puri ty was checked by TLC or gas l iquid 
chromatography  (GLC).  Solvents were of  GLC 
grade, obta ined f rom J.T. Baker (Phillipsburg, 
NJ).  Chromarods  (Type S-II) and the Iatroscan 
were obta ined f rom Iatron Laboratories ,  Inc. 
(Tokyo ,  Japan).  

Methods 

Prior to  chromatographic  procedures,  rods 
were s tored in deionized and distilled w a t e r ,  
act ivated by heat ing at 100 C for  15 min,  and 
then  scanned through the hydrogen  f lame of 
the FID. The f low rates of  hydrogen  and air 
were 160 ml /min  and 2000 ml /min ,  respective- 
ly. Lipids were dissolved in ch lo ro fo rm/me th -  
anol (2:1)  at a concen t ra t ion  of  1-10 mg/ml .  
Generally,  I ul of  the lipid solut ion was spot ted  
on the chromarod  using a micropipe t te .  Un- 
developed rods conta in ing samples were 
scanned (4.2 mm/sec )  in an Iatroscan equipped 
with a FID. Peak areas were measured by a 
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Hewlet t -Packard  3390 A In tegra to r  (Palo Alto ,  
CA). Response  factors  were calculated as (peak 
a rea ) / ( amoun t  analyzed)  and were normal ized  
to  tha t  o f  5 ug of  m e t h y l p e n t a d e c a n o a t e .  

Response  fac tors  of  fa t ty  acid me thy l  esters 
were de te rmined  using a Varian Aerograph  
(Model  2740, Walnut  Creek, CA) equ ipped  wi th  
a FID and a 6 ft  x 1/8 in. stainless steel co lumn 
packed wi th  5% DEGS on HP Chromoso rb  G. 
Fa t ty  acid m e thy l  esters (ca. 5 ~g) were inject-  
ed in to  the  co lumn  at 180 C and areas were 
c o m p u t e d  using a Varian Chroma tog raphy  Data 
Sys tem (CDS-111).  

RESULTS 

Comparison of GLC-FID with TLC-F ID 

Flame ioniza t ion  de tec t ion  as used in GLC 
gives accurate  and reproduc ib le  results  such 
tha t  volatile organic c o m p o u n d s  can be quant i -  
ta ted.  When fa t ty  acid me thy l  esters o f  various 
chain lengths or degree of  unsa tura t ion  were 
analyzed by GLC, RF  deviated only slightly 
(<10%) f rom uni ty  (8). We compared  the  RF 
of  m e t h y l p e n t a d e c a n o a t e  (C15), methy lpa l -  
m i t a t e  (C1~) and m e t h y l b e h e n a t e  (C~2) b o t h  
using GLC and TLC-FID (Table 1). Values ob- 
ta ined using GLC did no t  deviate more  than  3% 
f rom uni ty .  In contras t ,  RF ob ta ined  f rom the 
TLC-FID m e t h o d  deviated more  than  70% from 
one. Also f rom Table 1, response  factors  appear  
to increase wi th  h y d r o c a r b o n  chain length  
when  the TLC-FID techn ique  is used. This is 
surprising, since bo th  GLC and TLC-FID use 
FID f o r  de tec t ion  and quant i ta t ion .  Reasons 
for  this d iscrepancy will be discussed. 

75 

Response Factors of Lipids 

When free fa t ty  acids were analyzed by TLC- 
FID,  a l though RF deviated f rom u n i t y  ( 1 . 8 4 -  
2.35), the  values were similar (Table 2). This 
was also true of  tr iglycerides (TG) with RF 
ranging f rom 1.15 to  1.31. General ly,  choles- 
teryl  pa lmi ta te  and choles terol  had higher RF 
than  o the r  lipids tha t  were examined  (Table 2). 
These results conf i rm those  of  others  in which 
the RF of  choles terol  was high compared  to 
that  of  glycerolipids (4,6). The RF for  choles- 
terol  was about  the same as tha t  of  choles teryl  
pa lmi ta te  bu t  ca. 3 t imes tha t  of  TG (Table 2). 
Also, the RF of  phosphol ip ids  (phospha t idy l -  
serine and phospha t idy lcho l ine )  were similar to  
those  of  fa t ty  acids (Table 2), as observed 
previously (4). 

There  are several di f ferences  be tween  RF 
ob ta ined  in this s tudy  and those  r epor ted  
earlier (Table 3). While the  absolute  RF may  
differ be tween  studies depending  upon  the  
s tandard  chosen  (we used m e t h y l p e n t a d e c a n o -  
ate) and the  cond i t ions  of  analysis, the  ratio of  
any two of  these factors  should  be the  same in 
all studies.  However,  these ratios are no t  con- 
s tant  and somet imes  vary as m u c h  as 4-fold 
(Table 3). These large di f ferences  in RF ratios 
canno t  be due to the  presence  of  TG or fa t ty  
acids wi th  varying acyl chain lengths  wi th  each 
s tudy since the chain length  of  TG or fa t ty  
acids does no t  inf luence  RF appreciably  (Table 
2). 

TABLE 2 

Response Factors of Lipids Using TLC-FID 

TABLE 1 

Response Factors of Fatty Acid Methyl Esters 
Using GLC and TLC-FID 

Methyl esters GLC TLC-FID 

C15 1.00 (7) 1.00 +- 0.18 (10) 

c ~  1.02 -+ 0.02 (7) 1.32 -+ 0.12 (10) 

c22 1.03 +- 0.06 (7) 1.73 -+ 0.26 (39) 

Lipids Response factor a 

Cholesterol b 3.35 -+ 0.59 (4) 
Cholesteryl palmitate 3.76 -+ 0.31 (16) 
Tripalmitin 1.31 -+ 0.15 (5) 
Tristearin 1.15 -+ 0.36 (16) 
Triarachidin 1.20 -+ 0.10 (10) 
Palmitic acid 1.94 -+ 0.30 (45) 
Stearic acid 2.35 -+ 0.19 (30) 
Ar~ichidonic acid 1.84 -+ 0.14 (10) 
Phosphatidylcholine b 2.44 -+ 0.23 (5) 
Phosphatidylserine 2.09 -+ 0.27 (15) 

Response factors (RF) of methylpentadecanoate 
(Cls), methylpalmitate (Ca6) and methylbehenate 
(C22) were determined using GLC or TLC-FID. A mix- 
ture containing 5 #g of each of the methyl esters of 
Cls , Ct6 and C2z was analyzed by GLC using C1s as 
the internal standard. With TLC-FID, methyl esters 
were separately analyzed. Values represent the mean 
of separate analyses + SD and are normalized to C~s. 
The number of analyses are given in parenthesis. 

avalues given are mean +- SD. The number of deter- 
minations is given in parenthesis. Analysis was carried 
out with 8 #g of cholesterol and 10 #g of cholesteryl 
palmitate. Other compounds were analyzed using 5 
#g. 

bChromarods spotted with phosphatidylcholine 
were developed using chloroform/methanol/water 
(80:35:3.5, V/V). Those spotted with cholesterol were 
developed using petroleum ether/diethylether/acetic 
acid (97:3:1, V/V). Rods were scanned (4.2 mm/sec) 
after drying at 100 C for 5 min. 
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TABLE 3 

Inconsistency in Relative Response Factors Using TLC-FID 

Lipid class a Ratios of response factors b 

Reference CE CI-I TG FFA CE/CH CE/TG CE/FFA CH/TG 

(3)  1.19 0.69 1.03 1.17 1.73 1.16 1.02 0 .67  
(4) 1.57 1.21 0.66 0.84 1.30 2.38 1.87 1.83 

c 3.76 3.35 1.31 1.94 1.12 2.87 1.94 2.56 

aCE = cholesteryl esters, CH = cholesterol, TG = triglycerides, FFA = free fatty acids. 
bValues were calculated from corresponding response factors. 
CData was obtained from Table 2 of the present study. 

In this  compar i son  of  response  f ac to r  ra t ios  
(Tab le  3),  in each case, the  n u m e r a t o r  is the  RF 
for  e i the r  choles te ro l  or cho les te ro l  esters. 
There  is no  s ignif icance to these  ra t ios  excep t  
t ha t  they d e m o n s t r a t e  large var ia t ions  and 
devia t ions  f rom one  s tudy  to the  nex t .  More 
cons i s ten t  ra t ios  could  be calcula ted f rom,  e.g., 
T G / F F A .  However ,  even these  values vary f rom 
0.68 (Tab le  3) to  0.88 (3). More work  in this  
area would  help clarify why  some ra t ios  vary 
more  t h a n  o thers .  

Var ia t ions  in RF were seen in f a t ty  acid 
m e t h y l  esters  of  d i f fe ren t  cha in  length  (Tab le  
1), bu t  no t  of  TG wi th  d i f fe ren t  acyl groups  
(Tab le  2). This  may  be because  the  m e t h y l  
esters  are more  volat i le  t han  TG.  The  ef fec t  of  
vola t i l i ty  on RF in TLC-FID will be discussed. 

Increase in Response Factor with Sample Quantity 

During  d e t e r m i n a t i o n s  of  FID response  using 
d i f fe ren t  a m o u n t s  of  lipids, we observed  a more  
l ikely cause for  the  var ia t ions  in RF ratios.  We 
observed tha t ,  ins tead  of  be ing  c o n s t a n t ,  RF 
increased wi th  the  q u a n t i t y  of  lipid ana lyzed  
(Fig. l ) .  I t  is due to this  p h e n o m e n o n  t h a t  
Mar t i n -Pon th i eu  et  al. were unab le  to  ob ta in  a 
d i rec t  re la t ion  be twe en  weight  of  phos pho l i p i d  
spo t t ed  on  c h r o m a r o d s  and  the  co r r e spond ing  
peak area (5) .  

It has  been  r e c o m m e n d e d  t h a t  1 -10  tag is a 
reasonable  work ing  range for  sample  analysis  
using the  Ia t roscan  (3)  However ,  w i th in  this  
range,  RF  for  choles tero l ,  TG,  f a t ty  acid 
m e t h y l  esters  and  phospho l ip ids  increased 2- to  
3-fold as the  a m o u n t  of  sample  was increased 
(Fig. 1). Similar  cor re la t ions  be t w een  response  
and  sample  q u a n t i t y  have been  r epo r t ed  for  
neu t ra l  l ipids (9) .  Hence,  the  RF of  a l ipid is 
no t  c o n s t a n t  over  a small  range o f  subs t r a t e  
concen t r a t i ons .  U n f o r t u n a t e l y ,  l imi t ing  the  
sample  size would  no t  help improve  the  useful-  
ness of  TLC-FID for  q u a n t i t a t i o n  since the  

~o 
/ S p h i n g o m y e l i n  . . . . . . . . . .  . ~  

................ . . . .  
: ...... - ....... r r lpalmi t in  

_~.... �9 ....... ~ -  Methylpentadecanoate 

0 2 4 6 8 10 

Amount  Ana lyzed i/,g; 

FIG. 1. The influence of sample quantity on re- 
sponse factor. Samples were spotted on chromarods 
and analyzed using the latroscan TH-10. Tripalmitin 
was spotted and analyzed undeveloped. Rods spotted 
with cholesterol or methylpentadecanoate were devel- 
oped using petroleum either/diethyl ether/acetic acid 
(97:3:1, V/V). Chromarods spotted with sphingo- 
myelin were developed with chloroform/methanol/ 
water (80:35:3.5, V/V). 

work ing  range is a l ready very na r row ( 1 - 1 0  

tag). 
The RF values for  m e t h y l p e n t a d e c a n o a t e  

are less t han  1.0 in this  figure since they  were 
based on  the  results  given in Table  1. RF values 
for  all c o m p o u n d s  varied s ignif icant ly  b e t w e e n  
exper imen t s .  This  could  have been  due to  dif- 
f e ren t  charac te r i s t ics  of  the  c h r o m a r o d s  t ha t  
were used. Fo r  these  reasons,  da ta  for  each 
tab le  or  figure were co l lec ted  t o g e t h e r  as an 
i n d e p e n d e n t  e x p e r i m e n t .  There fore ,  values may  
be  more  easily r e p r o d u c e d  w h e n  all cond i t i ons  
inc lud ing  rod and  rod h i s to ry  are similar.  
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Rod Uniformity 

Although RF are not constant in TLC-F!D 
as opposed to RF from GLC, another concern 
is whether this method generates reproducible 
data. Previously, a standard lipid mixture con- 
taining cholesterol, tristearin, stearic acid and 
cholesteryl palmitate was developed on chroma- 
rods and analyzed 30 times to determine the 
reproducibility of the TLC-FID technique (3). 
While the percentage of cholesteryl palmitate 
remained similar between selected rods, that of 
tristearate varied as much as 2-fold (12.5 vs 
22.4). In addition, the proportion of cholesterol 
was found to be similar in some rods (26.8 vs 
26.0), while that of cholesteryl palmitate varied 
as much as 50% (14.6 vs 20.8)(3).  We suspected 
that these discrepancies could be due to the 
nonuniformity of chromarods. If the rods were 
not isotropic along their length, response would 
be a function of the position of the sample. 
Therefore, we examined the uniformity in the 
RF of tripalmitin at various positions on 
chromarods. For this purpose, 5 ug of  tripal- 
mitin was spotted every 1.5 cm along several 
chromarods and analyzed by FID. Along some 
rods, peak areas differed by as much as 35%. 
This nonuniformity of chromarods could par- 
tially explain some of the previously reported 
variations in the areas detected using the TLC- 
FID system. While not all rods demonstrated 
this variability, every position on a rod cannot 
be analyzed. Instead, this represents the presence 
of heterogenieties which influence FID response 
in the commerically available chromarods. 

Optical g/ass chambers are recommended to 
visualize the solvent front during sample devel- 
opment (10). However, we as well as others 
have observed that it is often difficult to visual- 
ize the solvent front even through these cham- 
bers. Therefore, some investigators recommend 
that rods be developed for constant time 
periods rather than relying on the height of the 
solvent front (3,4). We have also observed that 
the rate of mobility of solvents on one chrom- 
arod is often different from that on another. As 
a result of these variables, lipid samples may 
not chromatograph in an identical manner 
when analyzed consecutively. Therefore, the 
response of the FID to a sample may not be 
consistent since: (a) the distance traveled by a 
particular lipid could vary after repeated rod 
development, and (b) RF are influenced by 
sample position. 

Variation'in Response Factors with Scan Speed 

We have demonstrated that RF are influenced 
by the quantity, composition, and position of 
the lipid on the rod. In addition to these vari- 

ables, others have also reported large variations 
in response with scan speed (4, 11). Bradley et 
al. demonstrated variations in RF of phospha- 
tidylcholine, free fatty acids, TG, cholesterol 
and cholesteryl esters with scan speed (4). How- 
ever, their study showed that only the RF for 
phosphatidylcholine varied greatly. They found 
the RF for phosphatidylcholine decreased with 
scan speed (4). In contrast, other investigators 
have reported that the detector response from 
octadecanoic acid increased with scan speed 
(11). Thus, the manner in which RF is influ- 
enced by scan speed appears to be dependent 
upon the material. 

To understand in more detail how scan  
speed influences RF of other lipids, we mea- 
sured these effects using methylpentadecanoate,  
cholesterol and phosphatidylcholine (Fig. 2). 
The RF of methylpentadecanoate increased 
with scan speed when analyzing two quantities 
within the normal working range of the instru- 
ment (Fig. 2). The increase in RF was less when 
larger amounts were analyzed (0.75 vs 1.20). 
The RF increased with scan speed when either 
5 or 10 tag of cholesterol was analyzed. How- 
ever, the increase was much greater with 5 tag 
(1.1) than with 10 tag (0.2). In contrast, the RF 
of phosphatidylcholine decreased with scan 
speed for 10 and 5 tag but was unchanged for 1 
tag. In these cases, the RF decreased 0.8, 0.8 
and increased 0.02, respectively (Fig. 2). Differ- 

o # 
O 3 4 5 

Scan Speed (mm/sec) 

FIG. 2. The combined influence of sample quan- 
tity and scan speed on response factors. Either 1 tag 
(-), 5 tag (e) or 10 tag (e) of methylpentadecanoate 
( . . . .  ), cholesterol ( - - )  or phosphatidylcholine 
( .... -) were spotted on a chromaxod and analyzed un- 
developed. Each data point represents the mean of 
4-7 analyses. Scan speeds were 3.1 and 5.1 mm/sec. 
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ences be tween the effect  of  scan speed on RF 
of phosphat idylchol ine  repor ted  by Bradley et 
al. (4) and those reported in Figure 2 could,  
therefore ,  be due to the differences in the 
amount  of  material  analyzed.  

I neomplete Pyrolysis 

After  10 ug of  phosphat idylchol ine  was 
passed through the hydrogen flame at a scan 
rate of  5.1 ram/see,  ca. 10% of  the sample re- 
mained. But, when the same amoun t  of  phos- 
phat idylchol ine  was analyzed at a scan rate of  
3.1 mm/sec ,  all material  was removed.  Further-  
more,  when 5 tag o f  phosphat idylchol ine  was 
analyzed at the 5.1 mm/sec  rate, ca. 10% of the 
sample remained while all material  was removed 
at the slower (3.1 ram/see) scan rate. Af te r  1 tag 
of  phosphat idylchol ine  was analyzed,  no resid- 
ual material was detected at e i ther  scan rate. 
For  all 4 condi t ions  in Figure 2, all methyl-  
pentadecanoate  was l iberated f rom the rod 
after  analysis. However,  a small amount  (ca. 
1%) of material remained af ter  analyzing 10 tag 
of  cholesterol  at a scan rate of  5.1 mm/sec.  No 
residual material  was detected when slower scan 
rates or less cholesterol  were analyzed.  From 
these results, it appears that  when the RF for 
phosphat idylchol ine  decreased in Figure 2 for 
10 tag and 5 tag this was at least partially due to 
incomple te  removal of  the sample at fast scan 
rates. Fur thermore ,  the smaller increase in RF 
with scan speed for 10 tag as opposed to 5 ug 
of cholesterol  (Fig. 2) may be at least partially 
due to this phenomenon .  

The slowest scan speed should,  therefore ,  be 
ideal for lipid quant i ta t ion  to  insure comple te  
pyrolysis of  a lipid mix ture  containing phos- 
pholipids. However,  when slow scan speeds are 
used, rod life is reduced (3-5 ,7 ,10,11) ,  the 
coeff ic ient  of  variat ion in RF is elevated (4,11), 
and sensitivity is reduced for several lipid 
classes (Fig. 2) (11). The effect ive life o f  a 
chromarod  is only 10-25 scans (3,7) a l though 
some a t t empts  have been made to increase rod 
life for special applicat ion to more than 50 
analyses (12). Since slow scan speeds reduce 
rod life, the use of  such speeds would  diminish 
the uti l i ty of  TI .C-FID.  

Premature Loss of Sample 

One explanat ion for the increase in RF with 
the quant i ty  of some materials on a rod is it 
evaporates before reaching the FID (7). This 
hypothesis ,  for example,  could explain the in- 
crease in the RF of me thy lpen tadecanoa te  (Fig. 
2) or oc tadecanoic  acid (11) with scan speed. 
To test this, we scanned some rods, each con- 
taining several spots of  methy lpen tadecanoa te .  

Each of  these had been burned for 15 sec 
adjacent  to the first sample (arrow, Fig. 3). 
Al though only 1 tag was spot ted  in each posi- 
t ion,  no significant loss of  material  was ob- 
served. Therefore ,  it is unlikely that  samples are 
lost by vaporizat ion immedia te ly  before  detec- 
tion in the FID. 

FIG. 3. Absence of premature loss of lipid before 
detection. Methylpentadecanoate (1 tag) was spotted 
at 4 positions 1.5 cm apart on a chromarod. The rod 
was burned for 15 sec at one position near the first of 
the spots as indicated by an arrow. The figure shows a 
chart recording from the subsequent scan of the rod 
without interruption. No premature loss of material 
was observed. 

An Alternate Explanation 

Since materi',d is not  lost premature ly  as the 
rod scans through the FID, the dependence  of  
RF on sample quant i ty  is probably  due to some 
variability in products  formed by reactions 
which take place between the sample and the 
top of the collector.  When the scan rate and gas 
f low rates are fixed, there is a fixed amount  of 
heat  available to each point  on a chromarod.  
However ,  different  types of  quant i t ies  of  sub- 
stances may require different  amounts  of  heat 
for opt imal  ionizat ion (and opt imal  response).  

T o  determine whe ther  the amount  of  heat  in- 
fluences FID response, we disaligned several 
rods, each containing a series of  identical  
samples at one end relative to the flame. Each 
rod was spot ted in 7 equally spaced posit ions 
with methy lpen tadecanoa te  (1 ug) and one end 
was displaced a few mil l imeters  (< 2) from the 
normal  scanning posit ion.  While the pyrolysis 
product  from all the samples were easily within 
the range of  the FID (de tec tor  id = 13 mm),  the 
samples furthest  f rom the normal  scanning posi- 
t ion gave the lowest  response (Fig. 4). No 
material was detected in a subsequent  scan of  
the same rod using normal al ignment (Fig. 4). 
Therefore ,  when less heat is available to methyl-  
pentadecanoate ,  the RF is reduced even though 
all the material is removed from the rod. This 
shows that the response of  the FID is, in some 
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FIG. 4. The influence of  rod alignment on re- 
sponse factor. A chromarod was spotted in 7 equally 
spaced positions with 1 gg of methylpentadecanoate 
at each location. One end of the rod (left) was dis- 
placed a few millimeters so that it was just outside the 
groove in which it normally rests. The rod was scanned 
and the response was recorded (top). On a subsequent 
scan, the rod was returned to its normal position and 
no residual material was detected (bottom). 

cases, strongly dependent upon the amount of 
heat available to the sample. Such variations in 
response may be due, e.g., to alterations in the 
ratio of vaporized to pyrolized material. 

DISCUSSION 

TLC-FID is a rapid and simple method for 
separation and analysis of lipid samples. Small 
quantities of l ipid mixtures (1-10 ug) are ade- 
quate for analysis. Each sample can be analyzed 
in less than 30 min and the components of up 
to 10 lipid mixtures can be analyzed at one 
time. This method has also been adapted to 
analysis of isomeric or unsaturated lipids by 
impregnating chromarods with boric acid (13, 
14) or silver nitrate (14-16), respectively. These 
advantages make the TLC-FID a good t0ol for 
screening samples to determine qualitative 
differences (1,17). However, in the present 
study; we have demonstrated that TLC-FID 
cannot be easily adapted to quantitating the 
components of many complex lipid mixtures. 

In the present study, we have demonstrated 
that there is a strong dependence of RF on sev- 
eral variables in TLC-FID. These include the 
type and amount of a compound and its posi- 
tion on a chromarod during detection. The RF 
varies with the position of a compound due to 
the nonuniformity of rods. This could be over- 
come by using rods which are better designed 
for sample quantitation. Furthermore, the 
strong dependence of RF on the type as well as 
the amount of material prevents the use of  this 

method for sample quantitation Without devel- 
oping complex mathematical relationships be- 
tween RF and these variables. 

When FID is used in GLC, many of the com- 
pounds that have been analyzed have response 
factors which remain constant over a wide 
range of sample quantities ( t8) .  However, we 
have demonstrated that this simple relationship 
does not hold for the TLC-FID method. There 
are several differences between GLC and TLC- 
FID. In a lipid mixture, each component has a 
different melting and boiling temperature. 
Some compounds (such as phospholipids) have 
several phase transition temperatures in the 
range between room temperature (25 C) and the 
temperature of the hydrogen flame (ca. 3000 
C). Before a sample is pyrolized, it goes through 
each of the phase transitions that exist between 
the starting temperature and the flame temper- 
ature. In GLC, these transitions are minimized 
or eliminated by starting at a high enough tem- 
perature for the sample to be in the gas phase. 
In TLC-FID, the samples are pyrolized from 
room temperature, leaving a number of phase 
transitions in some samples to be surpassed 
before pyrolysis. The complexity of the kinetics 
of the ionization of each of these lipid com- 
pounds in a hydrogen flame using TLC-FID can 
be significantly different from one another. 
Since samples have a relatively short time to be 
pyrolized at standard scan rates (3-5 mm/sec), 
it is not surprising that some compounds may 
have RF which vary with sample quantity, scan 
speed, etc. Therefore, each compound should 
have a unique relationship between RF and the 
relative amount of heat available to each sample. 

If the response of the FID is dependent 
upon sample quantity, then it also depends on 
sample distribution. Generally, samples that are 
developed along most of the rod length will 
have a broader sample distribution than those 
which remain near the origin. The magnitude of 
the influence of sample distribution on RF is 
unknown. However, since the maximum dis- 
tance that a sample can chromatograph along a 
rod is small (< 10 cm), variations in RF could 
be much smaller from sample distribution after 
rod development than from sample quantity. 

In this study, some samples were developed 
before analysis while others were analyzed un- 
developed. These are clearly identified in the 
figure and table legends. Development is likely 
to influence RF values due to the dependence 
of RF on sample distribution. However, rod 
development is not likely to influence the 
manner in which RF varies with sample concen- 
trationl scan speed or rod alignment since both 
developed and undeveloped samples behave 
similarly (Fig. 1). Therefore, our conclusions 
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about  the usefulness of  TLC-FID for  sample 
quan t i t a t ion  is valid bo th  for developed or un- 
developed samples.  

One aspect  that  has recent ly  been empha-  
sized with regards to the TLC-FID and lipid 
quan t i t a t ion  is that  the relative accuracy of  this 
t echnique  is much greater  than tha t  of  o the r  
me thods  (7). Our exper ience  has been that  
TLC-FID is no t  nearly as quant i ta t ive  as we 
expec ted .  Instead,  the RF of  each lipid appears  
to behave d i f ferent ly  with many of  the variables 
that  we tested.  Therefore ,  we need a much  
be t te r  unders tand ing  of  the manner  in which all 
tested c o m p o u n d s  behave under  analysis con-  
di t ions before  quan t i t a t ion  can become feas ib le .  
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Electron Spin Resonance Spectra 
of the Chromanoxyl Radicals Derived from Tocopherols 
(Vitamin E) and Their Related Compounds 1 
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ABSTRACT 

The well resolved electron spin resonance (ESR) of the tocopheroxyl and chromanoxyl radicals 
derived from a-, #-, 3'- and 6-tocopherols (vitamin E), 5,7-dimethyltocol, tocol and their model com- 
pounds in degassed toluene by treatment with 2,2-diphenyl-l-picrylhydrazyl were recorded. Their 
hyperfine coupling constants were determined and assigned using spectrum simulation. Their g-factors 
were also measured. On the basis of these parameters, the ~-tocopheroxyl radical is similar to the 
2,2,5,7,8-pentamethylchroman-6-oxyl, 5,7-dimethyltocoxyl and 2,2,5,7-tetramethylchroman-6-oxyl 
radicals. This suggests that the presence of methyl groups at C-5 and C-7 in tocopherols and chroman- 
6-ols is of great importance to their antioxidant action. The ESR parameters obtained here are very 
useful for the identification and quantification of a variety of tocopheroxyl radicals. 
Lipids 18:81-86, 1983. 

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

Vitamin E (mainly ce-tocopheroI)has been 
used as one of the safest antioxidants for the 
prevention of lipid deterioration in foodstuffs 
(1) and further, suggested to play an important  
role in the inhibition of lipid peroxidation in 
vivo (2,3). It is known that the effectiveness of 
various tocopherols in vitro depends on the 
reactivity of their phenolic groups (4), and that 
the first step in the tocopherol-induced chain- 
breaking process of autoxidation is the forma- 
tion of tocopheroxyt radicals by abstraction 
of the phenolic hydrogens (5). So it requires 
the knowledge of the properties of tocoph- 
eroxyt radicals to understand the action of 
vitamin E. 

Although the ESR spectra of tocopheroxyl 
radicals have been studied (6,7), their resolu- 
tion was rather poor. Previously we recorded 
the considerably resolved ESR spectra of the 
radicals derived from a-tocopherol and its 
model compound with superoxide ion (8). 
However, we had difficulty in analyzing them 
completely because of their insufficient resolu- 
tion. Recently, Mukai and the others observed 
the well resolved ESR spectrum of the a- 
tocopheroxyl radical generated by lead dioxide 
oxidation of a-tocopherol and determined its 
hyperfine coupling constants (9). 

Now we wish to report the ESR spectra of 
the tocopheroxyl and chromanoxyl radicals 

1TMIG-I No. 43 
*Author to whom correspondence should be 

addressed. 
A b b r e v i a t i o n s :  ESR = electron spin r e s o n a n c e ;  

D P P H  = 2,2-diphenyl-l-picrylhydrazyl. 

formed by hydrogren abstraction of a-, ~-, qc- 
and 5-tocopherols, 5,7-dimethyltocol, tocol and 
their model compounds with DPPH, and their 
hyperfine coupling constants and g-factors. 

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

Materials 

d-a-, d-7- and d-~-Tocopherols were obtained 
from Eisai Research Laboratories, Tsukuba, 
Japan. dl-/3-Tocopherol, dl-5,7-dimethyltocol, 
dl-tocol, and 2,2,5,7,8-pentamethyl-, 2,2,5,7- 
tetramethyl-, 2,2,5,8-tetramethyl-, 2,2,7,8-tetra- 
methyl- and 2,2-dimethylchroman-6-ols were 
synthesized in our laboratory as described pre- 
viously (10). Potassium nitrosodisulfonate, 
so-called Fremy's salt, was prepared by a 
known method (11). Toluene (Dotite Spec- 
trosol) was purchased from Dojin Chemical 
Laboratory, Kumamoto,  Japan, and DPPH 
from Wako Pure Chemical Industries, Osaka, 
Japan. 

Procedure 

Under nitrogen, 1 ml of a 2 mM tocopherol 
or chromanol solution in toluene was placed in 
a 5-mm quartz sample tube equipped with both 
an adjustable Teflon plunge and a side arm con- 
raining 1 gmo ! DPPH; for 5-tocopherol, tocol 
and 2,2-dimethylchroman-6-ol, however, their 
12 mM solutions were used. The toluene 
solution was degassed under 10 -~ torr by a 
freezing-thawing procedure. Immediately after 
mixing the DPPH in the degassed solution 
under the reduced pressure, we set the sample 
tube in an ESR cavity. 
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Spectroscopic Measurements 

ESR spectra were recorded on a Varian 
E-109 spectrometer (X-band) with an E-233 
large access cylindrical cavity. All spectra were 
taken at room temperature under the following 
settings: modulation frequency 100 kHz, 
microwave power 10 mW, modulation ampli- 
tude 0.0125 or 0.025 mT, time constant 0.128 
sec, scan time 8 min. Magnet fields were cali- 
brated by the use of a Fremy's salt standard 
(a N = 1.3091 -+ 0.0004 mT, g = 2.0054) (12, 
13). 

Calcu lations 

Spectrum simulations were carried out 
employing a Varian E-900 data aquisition 
system. For computer-simulated spectra, line 
shape is Lorentzian and line widths are 0.025 
(the 7-tocopheroxyl and model radicals), 0.028 

(the a-tocopheroxyl and model radicals), 0.030 
(the 6-tocopheroxyl radical) and 0.035 mT (the 
other radicals). 

RESULTS AND DISCUSSION 

We observed the well resolved ESR spectra 
of the radicals derived from tocopherols and 
their related compounds in degassed toluene by 
treatment with DPPH. The structures of tocoph- 
erols, their related compounds and the tocoph- 
eroxyl and chromanoxyl radicals together with 
the numbering of their atoms are given in 
Figure 1. 

Figure 2 shows the ESR spectra of the 
a-tocopheroxyl (a) and model (b) radicals and 
the computer-simulated spectrum (c). The 
~-tocopheroxyl and model radicals gave the 
same spectrum, having four different hyperfine 
coupling constants: ali's = 0.607 (5a-CH3) , 

5a 5a 

Rl R1 4 

HO "0 3 

DPPH DPPH'H 

R3 R3 
8b 8b 

Parent compounds Radicals R 1 R 2 R 3 R 4 

d-Tocopherol 

~-Toc. model, 2,2,5,7,8- 
pentamethylchroman-6-ol 

5,7-Dimethyltocol 

2,2,5,7-Tetramethylchroman-6-ol; 

8-Tocopherol 

8-Toc. model, 2,2,5,8- 
tetramethylchroman-6-ol 

u 

u model, 2,2,7,8- 
tetramethylchroman-6-ol 

6-Tocopherol 

Tocol 

2,2-Dimethylchroman-6-ol 

d-Tocopheroxyl 

2,2,5,7,8-Pentamethylchroman- 
6-oxyl 

5,7-Dimethyltocoxyl 

2,2,5,7-Tetramethylchroman-6-oxyl 

B-Tocopheroxyl 

2,2,5,8-Tetramethylchroman-6-oxyl 

?-Tocopheroxyl 

2,2,7,8-Tetramethylchroman-6-oxyl 

6-Tocopheroxyl 

Tocoxyl 

2,2-Dimethylchroman-6-oxyl 

CH 3 CH 3 CH 3 C16H33 

CH 3 CH 3 CH 3 CH 3 

CH 3 CH 3 H C16H33 

CH 3 CH 3 H CH 3 

CH 3 H CH 3 C16H33 

CH 3 H CH 3 CH 3 

H CH 3 CH 3 C16H33 

H CH 3 CH 3 CH 3 

H H CH 3 C16H33 

H H H C16H33 

H H H CH3 

FIG. 1. The structures of tocopherols, the related compounds and the tocopheroxyl and related radicals 
together with the numbering of their atoms 
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tron interacted with the four groups of inequiv- 
alent protons, each of which had one, two, 
three or three equivalent protons. The hyper- 
fine coupling constants of the 5,7-dimethyl- 
tocoxyl  and model radicals are ar ts  = 0.591 
(5a-CH3) , 0.464 (7a-CH3), 0.090 (8b-H) and 
0.140 mT (4-CH2), of  the fl-tocopheroxyl and 
model radicals aH s = 0.640 (5a-CH3), 0.460 
(7a-H), 0.091 (8b-CH3) and 0.174 mT (4-CH2), 
and of  the 7- tocopheroxyl  and model radicals 
ali 's  = 0.603 (5a-H), 0.482 (7a-CH3), 0.112 
(8b-CH3) and 0.130 mT (4-CH2); they were 
assigned on the basis of the hyperfine coupling 
constants of the ot-tocopheroxyl radical. The 
spectra of the tocoxyl  and model radicals were 
also simulated by the use of the following 
hyperfine coupling constants: ali 's = 0.592 
(5a-H), 0.513 (7a-H), 0.079 (8b-H) and 0.138 
mT (4-CH2). 

C 

t 
FIG. 2. The ESR spectra of the a-tocopheroxyl (a) 

and 2,2,5,7,8-pentamethylchroman-6-oxyl (b) radicals 
and the computer-simulated spectrum (c). 

0.455 (7a-CH3), 0.098 (8b-CH3) and 0.152 mT 
(4-CH2). The assignment of the hyperfine 
coupling constants has been confirmed by the 
analysis of spectra of the 5a-, 7a- and 8b-CD3- 
isotopomers of the model radical (14). The 
values of  the hyperfine coupling constants were 
very close to those reported by Mukai and the 
others (9). 

Figures 3, 4, 5 and 6 show the ESR spectra 
(a) of the 5,7-dimethyltocoxyl,  ~- and "),-tocoph- 
eroxyl and tocoxyl  radicals, respectively, with 
the spectra (b) of their model radicals and the 
computer-simulated spectra (c). There is no 
difference between the spectra of each of the 
5,7-dimethyltocoxyl,  ~- and ~,-tocopheroxyl 
and tocoxyl  radicals and the corresponding 
model radical. The spectra of  the 5,7-dimethyl- 
tocoxyl,  ~ and "~-tocopheroxyl radicals were 
reconstructed provided that an unpaired elec- 

a 

g 

FIG. 3. The ESR spectra of the 5,7-dimethyl- 
tocoxyl (a) and 2,2,5,7-tetramethylchroman-6-oxyl 
(b) radicals and the computer-simulated spectrum (c). 
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a a 

b 

C 

FIG. 4. The ESR spectra of the B-tocopheroxyl (a) 
and 2,2,5,8-tetramethylchroman-6-oxyl (b) radicals 
and the computer-simulated spectrum (c). 

The ESR and computer-simulated spectra of 
the ~i-tocopheroxyl radical are shown in Figure 
7. The hyperfine coupling constants of the 
5-tocopheroxyl radical were estimated to be 
a H s = 0.619 (5a-H), 0.482 (7a-H), 0.103 
(8b-CH3) and 0.145 mT (4-CH2). 

All the hyperf'me coupling constants of the 
tocopheroxyl and chromanoxyl radicals are 
listed in Table 1. The magnitude of hyperfine 
coupling constants due to aromatic protons in 
the radicals is similar to that due to the protons 
of a methyl group substituted for the aromatic 
proton. The magnitude o f t h e  hyperfine coup- 
ling constants due to the aromatic and methyl 
protons at the a- and /3-positions of C-5, C-7 
and C-8 in the radicals decreases in that order 
of the aromatic carbon atoms; theoretically, it 
is proportional to the spin density at the aro- 
matic carbon atoms (15). The values of the 
hyperfine coupling constants due to the meth- 
ylene protons at C-4 in the radicals drop charac- 

b 

C 

FIG. 5. The ESR spectra of the ~-tocopheroxyl (a) 
and 2,2,7,8-tetramethylchroman-6-oxyl (b) radicals 
and the computer-simulated spectrum (c). 

teristically into the narrow range from 0.130 to 
0.174 mT. For the 7-tocopheroxyl and model 
radicals, the hyperfine coupling constants 
(both, 0.112 mT) due to the protons of a 
methyl group at C-8 may be somewhat over- 
estimated and those (both, 0.130 roT) due to 
the methylene protons at C-4 somewhat under- 
estimated, because their values appear to be 
deviated from the values of the corresponding 
hyperfine coupling constants of the other 
radicals. 

As given in Table 1, the g-factors of the 
radicals were measured on the basis of the 
g-factor of Fremy's salt. The g-factors of the 
tocopheroxyl radicals agree closely with those 
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b 
a 

FIG. 6. The ESR spectra of  the tocoxyl  (a) and 
2,2-dimethylchroman-6-oxyl  (b) radicals and the 
computer-simulated spectrum (c). 

b 

FIG. 7. Tile ESR spectrum of the ~- tocopheroxyl  
radical (a) and the computcr-s imulated spectrum (b). 

TAI!LE 1 

ESR Parameters of the Radicals I)erivcd from Tocopherols  and their Related Compounds 

Hyperfine coupling constants 
(mT) 

Radicals i~,1 a R2 a R3 a 4-CH 2 g-Factors 

ct-Tocopheroxyl and 
2,2,5,7,8-pentamethylchrom an-6-ox yl 0.607 0.455 0.098 0.152 2.0046 

5,7-Dimethyl tocoxyl  and 
2,2,5,7-tet rameth ylch roman- 6-ox yl 0.591 0.464 0.090 0.140 2.0046 

fl-Tocopheroxyl and 
2,2,5,8-tetramethylch roman-6-ox yl 0.640 0.460 0.091 0.174 2.0047 

"/-Tocopherox yl and 
2,2,7,8-tetramethylchroman-6-ox yl 0.603 0.482 0.112 0.130 2.0047 

6 -'l-ocopherox yl 0.619 0.482 0.103 0.145 2.0049 
Tocoxyl and 

2,2-dimet hylch rom an-6-oxyl 0.592 0.513 0.079 0.138 2.0049 

aR t , R 2 and R 3 = H or CH 3. See I:igure 1. 
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of  the  c o r r e s p o n d i n g  mode l  radicals.  The  mag- 
n i t u d e  o f  the  g-factors  is in the  fo l lowing  o rde r :  
the  t~- tocopheroxyl  and  2 , 2 , 5 , 7 , 8 - p e n t a m e t h y l -  
c h r o m a n - 6 - o x y l  radicals  = the  5 ,7 -d imethy l -  
t ocoxy l  and  2 , 2 , 5 , 7 - t e t r a m e t h y l c h r o m a n - 6 - o x y l  
radicals  > the  ~ - t ocophe r oxy i  and  2 ,2 ,5 ,8- te t ra -  
m e t h y l c h r o m a n - 6 - o x y l  radicals  = the  3,- tocoph- 
e roxy l  and  2 , 2 , 7 , 8 - t e t r a m e t h y l c h r o m a n - 6 - o x y l  
radicals  > the  5 - t o c o p h e r o x y l  radical  = the  to-  
coxyl  and  2 , 2 - d i m e t h y l c h r o m a n - 6 - o x y l  radicals.  

In regard to the  m a g n i t u d e  of  h y p e r f i n e  
coup l ing  c o n s t a n t s  and  g-factors,  t he  ct- tocoph-  
e roxy l  radical is very s imilar  to  the  2 ,2 ,5 ,7 ,8-  
p e n t a m e t h y l c h r o m a n - 6 - o x y l ,  5 ,7 -d ime thy l -  
t o c o x y l  and  2 , 2 , 5 , 7 - t e t r a m e t h y l c h r o m a n - 6 - o x y l  
radicals.  We have  a l ready f o u n d  t h a t  the  radical  
scavenging abi l i ty  of t~- tocopherol  and  5,7- 
d i m e t h y l t o c o l  is m u c h  h igher  t han  t h a t  o f  t he  
o t h e r  t ocophe ro l s  (16) .  These  f indings  make  us 
a t t ach  i m p o r t a n c e  to the  presence  of  m e t h y l  
groups  at C-5 and C-7 in t ocophe ro l s  and  
ch roman-6-o l s  f u n c t i o n i n g  as an t iox idan t s .  

On the  basis of  the  ESR pa rame te r s  o b t a i n e d  
here ,  a var ie ty  o f  t o c o p h e r o x y l  radicals  can be 
iden t i f i ed  and  quan t i f i ed  easily. This  is very 
useful  for  the  analysis  of  the  a n t i o x i d a n t  ac t ion  
o f  t ocophe ro l s  in var ious  sys tems.  
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Reversed-Phase Thin Layer Chromatography 
of Some Common Sterols 

ARISTOTLE J. DOMNAS*,  STEVEN A. WARNER I and SUSAN L. JOHNSON, Biochem- 
istry Laboratory, Department of  Botany, University of  North Carolina, Chapel Hill, NC 
27514 

ABSTRACT 

The chromatographic mobilities of 17 sterols and squalene on reversed-phase thin layer plates with 
four nonaqueous solvent systems is described. A degree of separation adequate to identify several of 
the sterols was obtained, it was possible to separate the pairs: cholestanol, epieholestanol; coprostanol, 
epicoprostanol; 513-cholestan-3~ and 313-ol and lanosterol, dihydrolanosterol. 
Lipids 18:87-89, 1983. 

Investigations of sterol metabolism in the 
oomycetes necessitated a rapid screening method 
to confirm the metabolism of sterols' and to 
indicate whether a homogeneous product exist- 
ed prior to analysis by gas liquid chromatog- 
raphy (GLC). A simple method was also needed 
that would demonstrate successful enzymatic 
conversion of radiolabeled precursors. Although 
many excellent liquid chromatographic pro- 
cedures, recently reviewed (1), are available for 
the separation of sterols, they do not offer the 
option of simultaneous analysis of multiple 
samples inherent in thin layer chromatography 
(TLC). No satisfactory thin layer procedure was 
available for this purpose, because norma] phase 
systems poorly separate individual sterols and 
reverse-phase systems. At least those previous- 
ly described (2), require impregnation of various 
supports with stationary phases obviously un- 
suitable for contact with the films used for 
autoradiography. The latter systems, although 
yielding reasonable separations, were thus con- 
sidered unsatisfactory by us for routine, large- 
scale screening studies. This suggested the 
examination of the chromatographic mobility 
of a number of sterols on octadecyl bonded- 
phase thin layer plates. The results of this inves- 
tigation are reported in this communication. 

EXPERIMENTAL 

Bonded-phase thin layer plates (KC18F, 
50 X 200 ram, 0.2 mm thickness) were pur- 
chased from Whatman, Inc., Clifton, NJ. The 

*Author to whom correspondence should be 
addressed. 

t Current address: Department of Biochemistry, 
North Carolina State University, Raleigh, NC 27650. 

plates were prewashed in CtlCI 3 followed by 
hexane/ethyl acetate (9:1) which removed an 
objectionable iodine-intensified yellow color 
that interfered with visualization of the sterols. 
Reagent grade alcohols were purchased from 
Fisher Scientific Co., Raleigh, NC. Other sol- 
vents were purchased from Burdick and Jackson 
Laboratories, Inc., Muskegon, Ml-al]  were used 
without further purification. Brassicasterol, 
campesterol, lophenol, 513-cholestan-313-ol, 513- 
cholestan-3a-ol, 5-cholesten-3a-ol, 5a-cholestan- 
3~-ol, 5c~-cholestan-313-ol, 7-cholesten-313-ol, 7- 
ketocholesterol, and fucosterol were pur- 
chased from Steraloids, Inc., Wilton, NH. Des- 
mosterol and lanosterol were obtained from 
Applied Science Division, State College, PA. 
Ergosterol and squalene were obtained from 
Sigma Chemical Co., St. Louis, MO. Sitosterol, 
stigmasterol and 5-cholestan-3t3-ol were obtained 
from Aldrich Chemical Co., Milwaukee, Wl. 
Cycloartenol was prepared from jack-fruit by 
the method of Nath (3). GLC on 3% SE-30 and 
1% QF-I (4) indicated that all compounds were 
>99.9% pure except for lanosterol, which con- 
tained 35% dihydrolanosterol, and sitosterol, 
which contained 40% campesterol. 

All compounds were dissolved in hexane (1 
mg/ml) and 20 ul of each solution were applied 
to the plates 2 cm from the edge. Absolute and 
95% aqueous methanol, ethanol, n-propanol 
and n-butanol, and 4 different mixed solvent 
systems (Table 1) were tested. Development 
was typically for 17 cm, which required about 
90 rain. All runs were perfoi-med in glass tanks 
lined with Whatman No. 3 filter paper at room 
temperature. Three different agents were used 
to visualize the sterols: (1) 10% phospho- 
molybdic acid in 95% ethanol followed by heat- 
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TABLE 1 

Reversed-Phase Thin Layer Chromatography of Some Sterols 

RCH Value a 
Compound I II III IV 

5c~-Cholestan-3~-ol 1.00 1.00 0.83 0.81 
5or 1.34 1.27 1.11 1.12 
5/3-Cholestan-3~-ol 1.30 1.13 1.07 1.06 
5~3-Cholestan-3~-ol 1.28 1.12 1.27 1.25 
5-Cholesten-3B-ol 1.00 1.00 1.00 b (1.1"/) 1.00 b (1.09) 
5-Cholesten-3~-ol - 1.25 1.11 1.12 
7-Cholesten-3/3-ol 0.91 1.05 0.83 0.93 
7-Ketocholesterol -- 0.64 - -- 
Lophenol 1.27 1.03 1.00 1.08 
Campesterol 1.06 1.03 0.90 0.94 
Brassicasterol 1.02 1.00 0.95 1.02 
Sitosterol 1.07 1.04 0.90 0.94 
Fucosterol 1.00 b (0.30,0.90) 1.00 0.96 1.25 
Stigmasterol 1.02 1.00 0.88 0.96 
Lanosterol 1.50 1.20 1.11 1.12 
Dihydrolanosterol 1.42 1.20 1.11 1.12 
Cycioartenol (1.16) 1.55 b 1.20 (1.09) 1.25 b (1.25) 1.43 b 
Squalene 0.96 1.04 (0.80) 1.38b, c 6.88, 1.35 c 

I: Hexane/ethyl acetate (9:1, v/v). 
II: Petroleum ether/diethyl ether/acetic acid (90:10:I, v/v/v). 
III: Acetonitrile/chloroform (40:35, v/v) (4). 
IV: Acetonitrile/chloroform/ethyl acetate (55:23:15) (4). 

a_+ 1%. 
bMajor spot. 
CConsiderable trailing. 

ii! !ili i iiiii ii iiiiiiiiiiiiiii 
.... :::::<: 

i@;!I 

FIG. 1. Chromatogram of sterols run in solvent I 
(Table 1). From left to right: (1) 7-cholesten-3/3-ol, 
(2) fucosterol, (3) lophenol, (4) 5a-cholestan-3a-ol, 
(5) lanosterol, (6) mixture of 1,3,4,5, (7) cholesterol. 

ing at 100 C (5), (2) iodine vapor,  and (3) 10% 
sulphuric  acid in 50% MeOH fo l lowed by heat-  
ing at 100 C (6). 

RESULTS A N D  DISCUSSION 

All c o m p o n e n t s  remained  at the origin wi th  
the  alcoholic solvent  systems.  The nonaqueous  
solvent sys tems given in Table 1 yie lded ade- 
quate  separat ions and demons t r a t e  the  ut i l i ty  
of  reversed-phase TLC for  sterol  separat ions.  

Solvent  I was quite  effect ive in separat ing 
the  C30 sterols cyc loar tenol  and lanosterol  
f rom the C27 sterols such as cho les te ro l .  The 
b r eakdown  produc t s  of  ergosterol  were clearly 
shown with  this sys tem and, surprisingly, fucos- 
terol  was also shown  to  be impure.  The impuri-  
ties of  the  lat ter ,  possibly epimer ic  sterols,  were 
no t  de tec table  by GLC. This sys tem may thus  
represent  a valuable clean-up step pr ior  to  GLC 
which somet imes  separates sterol  epimers  wi th  
diff icul ty  (7) or no t  a t  all (4). 

Solvent  II was effect ive in separat ing 7-keto- 
cholesterol ,  a very c o m m o n  ox ida t ion  p roduc t  
of  choles terol  (8). This sys tem may prove 
valuable for  the  rapid ver i f icat ion of  the  pur i ty  
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of  commercia l  radiolabcled cholesterol  prepara- 
t ions prior to  their  use. 

Solvent  III was prefer red  for separat ing the 
pairs choles tanol ,  ep icholes tanol ;  copros tanol ,  
ep icopros tanol ;  5/3-cholestan-3a-ol and 3/3-ol. 
This solvent also separated lanos tero l -d ihydro-  
lanosterol  and revealed a small, un ident i f ied  
impur i ty  present  in cholesterol .  Squalenc 
showed up as two dist inct  spots  with a series 
of faint spots  of  greater mobi l i ty .  Solvent  IV 
exhibi ted  a slightly altered selectivity f rom 
solvent III. 

We have preferred to use solvents  I and III 
for demons t r a t i ng  conversion of ( '30 com- 
pounds  to C27. It is our  opin ion  that  visualiza- 
t ion agent 3, which does no t  char the back- 
ground,  is by far the most  effect ive as it will 
react  equally with nearly all substances ,  whereas 
1 and 2 were less effect ive for  visualizing the 
saturated sterols.  Agent  3 pe rmi t t ed  us to 
de tec t  0.1 ug sterol  per spot .  
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Analysis of Conjugated Bile Acids 
by High Performance Liquid Chromatography and Mass 
Spectrometry 

G. MINGRONE* ,a ,  A.V. GRECO a, L. BONIFORTI  b and S. PASSl c alstitutodi Patologia Medica, 
Catholic University, Rome, Italy; b Istituto Superiore di SanitY, Department of Chemistry, Rome, 
Italy; and Istituto S. Gallicano, Rome, Italy 

ABSTRACT 

Because of the known advantages of coupling high performance liquid chromatography with mass 
spectrometry (HPLC-MS) in biological fluids, studies on the reversed-phase HPLC-MS system for 
direct analysis of conjugated bile acids in human bile samples are described. Ten samples of gallbladder 
bile of apparently healthy subjects were examined. The amounts of each tauro- and glycoconjugated 
bile acid as trifluoracetate were determined by mass fragmentography. Quantitation of at least 1 ng 
of each bile acid was possible. 
Lipids 18:90-95, 1983. 

INTRODUCTION 

Bile acids are usually available in biological 
fluids in conjugation with glycine or taurine. The 
classical technique for the analysis of these con- 
jugates involves vigorous alkaline or acidic hy- 
drolysis, or enzymatic hydrolysis with clostri- 
dial cholylglycine hydrolase and derivatization 
for analysis by gas liquid chromatography 
(GLC). 

However, each method fails to identify the 
nature of  the conjugate. In recent years, a great 
deal of attention has been focused on high per- 
formance liquid chromatography (HPLC) 
methods for the separation and detection of 
conjugated and free bile acids (1-8). 

Recently, we have proposed (8) a sensitive 
and accurate method for separation and quanti- 
fication of bile acids by using an RP-18 column. 
Carboxylic acids (free and glycine-conjugated 
bile acids) as parabromophenacyl esters were 
determined by absorbance measurement at 254 
nm; simultaneous quantitation of less than 20 
ng of  each bile acid was possible. Taurine- and 
glycine-conjugated bile acids were separated 
and quantified by ultraviolet (UV) absorbance 
at 200 nm. Simultaneous quantitation of  at least 
100 ng of  each conjugated bile acid was possible. 
In the last case, acidification of  the mobile 
phase (methanol /H20,  70:30, v/v) to pH 3.1 
with phosphoric acid produced deleterious 
effects on the life and performance of the bond- 

*Author to whom correspondence should be ad- 
dressed. 

Abbreviations: TUDCA = tauroursodeoxycholic 
acid; TCA = taurocholic acid; TCDCA = taurocheno- 
deoxyeholic acid; TDCA = taurodeoxycholie acid; 
TLCA = taurolithocholic acid; GCA = glyeocholic acid; 
GCDCA = glycochenodeoxycholic acid ; GDCA = glyco- 
deoxycholic acid ; GLCA = glycolithoch olic acid; T BA = 
total bile acids. 

ed reversed-phase column used. Because the ad- 
vantages of coupling HPLC with mass spectro- 
metry (MS) in biological fluid analysis, a sys- 
tematic examination of  the mass spectra of con- 
jugated bile acid is desirable. 

This paper describes the detection and quan- 
tification of  conjugated bile acids in gallbladder 
bile samples of 10 healthy subjects by a double 
system HPLC-MS. 

Each conjugated bile acid was separated by 
reversed-phase (RP) HPLC, collected during the 
chromatographic run and derivatized for mass 
fragmentography (MF). 

MATERIALS AND METHODS 

Reagents and Chemicals 

Acetonitrile lichrosolv, ethanol lichrosolv, 
diethyl ether, phosphoric acid, acetic acid and 
trifluoracetic anhydride were all from Merck 
(Darmstadt, W. Germany) and were used as 
received. The diazomethane was prepared by 
KOH saponification of N-nitrosomethylurea in 
ether according to Arndt (9). 

Taurocholic acid, taurochenodeoxycholic 
acid, taurodeoxycholic acid, taurolithocholic 
acid, glycholic acid, glycochenodeoxycholic 
acid, glycodeoxycholic acid and glycolithocholic 
acid were obtained, all as the sodium salt, from 
Calbiochem (Lucerne, Switzerland). Their purity 
was checked by thin layer chromatography 
(TLC) prior to use as described by Cass et al. 
(10). All were found to be 96-98% pure. t4C- 
Taurocholic acid and 14C-glycholic acid were 
from Amersham Radiochemical Centre (Amer- 
sham, England). 

Samples 

Ten subjects without any gallbladder damage 
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or dyslipidemia were included in this study. 
They were all males and ranged in age from 30 
to 44 years. Moreover, liver function tests in all 
were normal. 

The bile samples were aspirated, directly, 
from the gallbladder by needle puncture during 
gastrectomy performed in 10 patients with un- 
complicated duodenal peptic ulcer. No compli- 
cation from this procedure was encountered 
postoperatively. This procedure is absolutely 
safe. However, the patients were previously 
informed about the aim of our research and 
were consenting. 

Conjugated bile acids were extracted from 
bile according to Mingrone et al. (8) and the 
samples directly injected into the HPLC column. 

High Performance Liquid Chromatography 

Analyses were conducted using the Hewlett- 
Packard 1084 B liquid chromatograph equipped 
with a scanning spectrophotometer with a wave- 
length range from 190 to 540 nm. The liquid 
chromatograph includes an integrator giving 
areas and times for each peak in the chromato- 
gram. A reversed-phase (RP-18) Spheri 5,5/~m, 
25 cm x 4 mm, column Brownlee Labs (Santa 
Clara, CA) was used for analyzing all bile acids. 

Chromatographic column and solvents were 
operated at 40 + 1 C. The conditions were as 
follows: mobile phase starting with an isocratic 
elution for 20 min, 30% CH3CN in water at pH 
3.10 with HaPO4, then gradient elution to 80% 
CH3CN in 120 min; detector: (UV) 200 nm; 
flow rate: 1 ml/min;  sensitivity: au from 64.0 
to 128.0 • 10"~/cm (depending on the amount  
of injected substance); chart speed: 0.25 cm/ 
min. 

Radioactivity Count by Liquid 
Scintillation Spectrometer 

Quantities of 0.01, 0.05, 0.1, 1 and 2 pCi 
of 14C-GCA and 14C-TCA, respectively, were 
added to 10 pl of gallbladder bile sample diluted 
to a volume of 1 ml with NaC1 0.9%. The re- 
covery was evaluated through the various steps 
of extraction and derivatization of bile acids 
which were present in HPLC eluates before the 
introduction in MS via direct probe. Each deter- 
mination was made twice. The radioactivity was 
counted with a liquid sciritillation spectrometer 
(Packard-Tricarb model 3385). Quench correc- 
tion was made utilizing the external standard 
method (ca. 96% efficiency). 

Preparation of Samples for Mass Spectrometry 

Methyl esters of standard glycoconjugated 
bile acids were prepared by adding diazomethane 
in ether to the solution of bile acids in ether/ 

ethanol (5 : 1, v/v). 
Trifluoracetate derivatives (11) of standard 

tauroconjugated and methylated glycoconju- 
gated bile acids were prepared by suspending 1 
mg of each bile acid in 0.2 ml of methylene di- 
chloride, adding 0.2 ml of trifluoracetic anhy- 
dride, heating for 20-30 min at 30 C and evap- 
orating under vacuum the excess of reagents. 

In bile samples, each glyco- and taurocon- 
jugated bile acid eluted during the chromato- 
graphic run was dried under vacuum and deriv- 
atized as described above. Bile acid quantifi- 
cation was performed by MF. 

Mass Spectrometry 

Instrument. Mass spectrometric analyses 
were performed by a low resolution mass spec- 
trometer and mass spectral data system LKB 
Model 209 t/2130. Ionization was obtained by 
electron impact. 

Qualitative analysis. The mass spectra of 
each derivatized conjufated bile acid standard 
was recorded at 20 eV and at a source temper- 
ature of 250 C by direct inlet probe. The probe 
temperature was raised from 25 C to 250 C i n  
ca. 30 min. A repetitive scan, from mass 1 to 
800, with a scan time of 2 sec was used. 

Quantitative analysis. For quantitative deter- 
mination of each conjufated bile acid, a calibra- 
t ion curve was carried out using ethanolic solu- 
tions containing 1, 5, 10, 20, 50 and 100 ng/~l, 
respectively. For each solution, 1/~1 was pipetted 
directly in the sample holder, vacuum evapora- 
ted, injected into the source and recorded by 
the computer. 

R ESU LTS 

Linearity, sensitivity and reproducibility of 
HPLC methodology strongly resembled those 
previously reported, utilizing a different mobile 
~4hase (8). The total recovery of 14C-GCA and 

C-TCA was Ca. 90%. 
Figure 1 shows the separation of a synthetic 

mixture oftauro- and glycoconjugated bile acids. 
Figure 2 demonstrates the chromatogram of 

conjugated bile acids of one gallbladder bile 
sample. 

Figures 3A and 3B show, respectively, the 
mass spectrum of trifluoracetate taurocholic 
acid and the mass spectrum of methyl ester- 
trifluoracetate glycocholic acid. 

Table 1 shows the difference in abundance 
of fragment ions derived from individual tri- 
fluoracetate (TFA) derivatized tauroconjugated 
bile acids. 

Table 2 provides similar data for methyl 
esters of TFA glyco-conjugates. 
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FIG. 1. Separation of a synthetic mixture of conjugated bile acids. Conditions are deseribed under Methods. 
Peak identification: 1, TUDCA; 2, TCA; 3, TCDCA; 4, TDCA; 5, TLCA; 6, GCA; 7, GCDCA; 8, GOCA; 9, 
GLCA. The peak corresponding to RT of TUDCA was not further investigated by MS. 

5 7 

L 
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FIG, 2. Separation of conjugated bile acids from one sample of human gallbladder bile. 
For further details and peak identification, see Figure 1 and the text. 

Table 3 shows for each derivatized conjugated 
bile acid the ions moni to red  for mass fragmen- 
tography.  The calibration curve for each deriva- 
t ized conjugate  standard,  moni to red  by dif ferent  
ions (see Table 3), showed a linear plot in the 

range of  amounts  examined.  
In Table 4 are repor ted  the  amoun t  (/ag/ml) 

of  individual bile acids found in 10 gallbladder 
bile samples of  heal thy subjects. Statistical anal- 
ysis was evaluated by Student ' s  t-test. 
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FIG. 3. Mass spectrum of (A) trifluoracetate-TCA and (B) methyl ester-trifluoracetate-GCA. 

D I S C U S S I O N  

The use of a slow gradient elution with an 
acidic mobile phase did not appear to reduce 
the performance of the RP-18 column during 
the investigation, which took place over a period 
of  about 6 months. Although HPLC analysis 
is highly sensitive and allows very good separa- 
tion, statements concerning the quantitation of 
bile acids, which had similar retention time (RT) 
as standards, must be more conservative. 

In fact, due to the presence of a large num- 
ber of interfering substances in samples, many 
of  the peaks assigned to known conjugated bile 
acids might contain more than one component.  
Therefore, definitive identification and quanti- 
tation of substances eluted in HPLC awaited 
completion of MS studies. In the gallbladder 
bile, no significant differences (t<0.05) were 
found between the values obtained by HPLC 
and MF (see Table 4). 
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T A B L E  1 

F r a g m e n t  Ions  and Relat ive In tens i t ies  o f  Indiv idual  
T r i f l uo race t a t e  Der iva t ive  T a u r o c o n j u g a t e d  Bile Acids  

T C A  T C D C A  T D C A  T L C A  

m / z  ri m / z  ri ri m / z  ri 

55 100 55 
57 62.6  57 
64 1.6 64 

S O a H  81 57.9 81 
CH 2 -SQ3 H 95 50.9 95 
CH 2-CH 2-SO 3 H 109 32.3 109 
NH-CHa-CH2-SO3 H 124 11.1 123 
HCO-NH-CH 2-CH 2-SO 3 H 153 50.1 153 
CH 2 
J 

C O H -N H -C H  2 -CH 2 -SO a H 167o 8.1 167 
CH a 
I 

CH 2 
I 
CO-NH-CH2-CH2-SOa H 181e  10.8 181 
"h 

CO-NH-CH2-CH 2-SO 3 H 208 3.9 208  
M-(208+( I  14 X 3)+42 211 10.7 - 
208  + 42 250  1.2 250  
M - (208+ (114  X 3)) 253 19.4 - 
M-(208+(114  X 2)+42)  325 3.1 214  
M- (208+(114  X 2))  367 56.8 255 
M-(208 + 114 + 42)  439  1.5 535 
M-(208 + 114)  481 12.9 369 
M-(208)  595 0.6 483  
Molecular  ion 803 - 691 

83.5 100 55 
100 28.7 57 

3.8 3.7 64 
50.4 80.6 81 
42 61 .6  95 
21.2 38 109 

8.1 10.6 124 
37.7 60 153 

14.8 
12 

100 
5.8 

25 .9  
3 
1.5 
1.3 

4.2 3.6 167 0.9 

5.4 7.2 181 l 

5.8 3.2 208  0.8 

3 3.6 250 - 

24.6 22.6 -- -- 
36.1 18.5 -- - 

1 . 7  - -  2 1 5  0.7 
51.9 99.3 257 56 

3.4 32.5 371 0.8 
-- -- 579 -- 

F r agm en t s  der ived f rom M c L a f f e r t y  r e a r r a n g e m e n t  o f  the  s idechain  are m a r k e d  by e. 
m / z  114 co r r e sponds  to CFB-COOH g roup  and m / z  42 to ring D. 

T A B L E  2 

F r a g m e n t  Ions  and Relat ive Intensi t ies  o f  G l y c o c o n j u g a t e d  
Bile Acids  as Methyl  Es te r -Tr i f luo race ta t e  Der ivat ives  

GCA G C D C A  G D C A  

m / z  ri m / z  ri ri 

G L C A  

m / z  ri 

CH 2 
I 

COH-NH-CH2-CO-O-CH 3 131o !00  131 100 100 131 i 0 0  
CH 2 
I 

CH z 
I 

CO-N H-CH 2 .CO-O-CH 3 144 100 144 1 O0 83.5 144 51.3 
'oh 

CO-NH-CH2-CO-O-CH 3 172 32.3  172 5.4 18.6 172 4.1 
M- (172+(114  X 3)+42)  211 23.3  . . . . .  
172 + 4 2  214 3.7 214 4.3 3.2 214 1.8 
M-(172 + ( 1 1 4  X 3)) 253 15.7 . . . . .  
M-(172+( i  14 X 2)+42)  325 0.6 213 2.9 7.8 - - 
M- (172+(114  X 2))  367 22.8 255 5 15.7 - - 
M-(114 X 3) 425 1.4 . . . . .  
M-(114 + 172) 481 1 369 2.3 17 257 2.9 
M-(114 X 2) 539 1 42 7  3 4 . 8  - -  - 
M-(172 + 42)  553 0.2 441 0.2 0.1 329 0.3 
M-172 595 0.5 483  0.2 0.6 371 l . I  
M-114 653 1.2 541 l 10 429  3.8 
Molecular  ion 767 - 655 0.4 0.9 543 2.1 

For  s ignif icance o f  e, m / z  114 and m / z  42 ,  see Table  I.  
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TABLE 3 

ions Monitored for mass f ragmentography 

TCA 81 253 367 481 
TCDCA 81 255 369 483 
TDCA 81 255 369 483 
TLCA 64 95 257 371 
GCA 131 144 211 253 
GCDCA 131 144 - 255 
GDCA 131 144 - 255 
GLCA 131 144 - 257 

367 
369 
369 
429 

TABLE 4 

HPLC and MF Determination of  Conjugated 
Bile Acids in 10 Human Gallbladder Bile Samples 

HPLC MF" 

f r a g m e n t a t i o n  b y  e l e c t r o n  i m p a c t  we re  r e p o r t e d  
by  S h a w  a n d  El l io t  fo r  a se r ies  o f  n a t u r a l l y  
o c c u r r i n g  c o n j u g a t e d  bi le  ac ids ,  t h e i r  5 -a lpha -  
a n a l o g u e s  a n d  m e t h y l  e s t e r s  o f  g i y c o c o n j u g a t e s  
( 1 2 - 1 4 ) .  

Mass  s p e c t r o m e t r y  o f  n o n d e r i v a t i z e d  s t an -  
d a r d s  o f  c o n j u g a t e d  b i le  a c i d s  d e t e r m i n e d  d i r ec t -  
ly b y  i n j e c t i o n  i n t o  t h e  i on  s o u r c e  ( o u r  u n p u b -  
l i shed  d a t a )  d id  n o t  p r o v i d e  s a t i s f a c t o r y  r e s u l t s ,  
e spec i a l l y  as r e g a r d s  q u a n t i t a t i v e  a n a l y s i s  o f  b i le  
a c id s  in b io log i ca l  s a m p l e s ,  b e c a u s e  o f  e i t h e r  l ow  
s e n s i t i v i t y  o f  t o t a l  i on  c u r r e n t ,  o r  t h e  r e p r o d u c -  
ib i l i ty  o f  re la t ive  i n t e n s i t i e s  o f  f r a g m e n t  ions .  
B o t h  t h e  o c c u r r e n c e s  c an  be  a s c r i b e d  to  a de-  
c o m p o s i t i o n  p h e n o m e n o n  d u r i n g  p r o b e  h e a t i n g .  

T h e  p r o b l e m  was  o v e r c o m e  by  t h e  use  o f  
T F A  d e r i v a t i v e s  o f  c o n j u g a t e d  bi le  ac ids .  In t h i s  
w a y ,  in fac t ,  d e t e c t a b i l i t y  l im i t  was  a t  l eas t  1 
ng  fo r  e a c h  e x a m i n e d  b i le  ac id .  

TCA 2760 + 1620 2457-+ 1295 
TCDCA 3480 -+ 2940 2874 + 2119 
TDCA 1380 + 720 1268 + 645 
TLCA 55 + 65 53 + 60 
GCA 2400 + 1860 2328-+ 1793 
GCDCA 2880+  1500 2815 + 1436 
GDCA 1 6 2 0 -  + 840 1541 -+ 738 
GLCA 30 -+ 31 27 -+ 30 
TBA 14700 +- 5160 13370-+ 3974 

Mean + SD is reported for each bile acid. 

T h e  r e l e v a n t  a m o u n t s  o f  c o n j u g a t e d  bi le  
a c id s  m a k e  i n e f f e c t i v e  t h e  i n t e r f e r e n c e  o f  pos -  
s ib le  s u b s t a n c e s  p r e s e n t  in bi le  e x t r a c t  a n d  U V  
a b s o r b a n c e  a t  a w a v e l e n g t h  o f  2 0 0  n m .  In  t h i s  
c o n n e c t i o n ,  t h e  H P L C  m e t h o d  w o u l d  a p p e a r  
a s u i t a b l e  m e t h o d  fo r  a s s a y i n g  c o n j u g a t e d  b i le  
a c id s  in bi le.  O n  t h e  c o n t r a r y ,  t h e  u s e  o f  M F  
b e c o m e s  i m p e r a t i v e  in t h e  case  o f  s o m e  b io-  
log ica l  f l u id s  l ike  s e r u m ,  b e c a u s e  o f  t h e  c o m -  
p l e x i t y  in c o m p o s i t i o n  a n d  t h e  l ow  q u a n t i t y  o f  
bi le  a c id s  b e l o w  t h e  s e n s i t i v i t y  l i m i t s  ( 1 0 0  ng )  
o f  t h e  H P L C  m e t h o d  (8) .  S p e c t r a  de r i ved  f r o m  
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COMMUNICATIONS 

Alteration in Membrane Permeability by Diacylglycerol 
and Phosphatidylcholine Containing Arachidonic Acid 

THOMAS Y O R I O * ,  SUSANA TORRES and NIMMAN TARAPOOM, Department of 
Pharmacology, Texas College of Osteopathic Medicine, Fort Worth, TX 76107 

ABSTRACT 

The phospholipid metabolites, stearoylarachidonylglycerol and diarachidonylglyccrol, stimulate 
transepithelial sodium transport in frog skin epithelium. The increase in Na transport is due to an in- 
crease in the unidirectional influx of sodium, is amiloride sensitive and is prevented with pretreatment 
with indomethacin, mefanamic acid and phospholipase inhibitor, mepacrine. 'l'he data suggest a possible 
role of phospholipid metabolism and prostaglandin biosynthesis in the regulation of transepithelial ion 
transport. 
Lipids 18:96-99, 1983. 

INTRODUCTION 

The pr imary  func t i on  of  cel lular  m e m b r a n e s  
is the  selective con t ro l  of  the  m o v e m e n t s  of 
ions and o the r  solutes  and  to serve as messengers  
for  the t rans fe r  of  i n f o r m a t i o n  f rom ext race l lu-  
lar to  in t race l lu la r  c o m p a r t m e n t s  (1) .  Phos- 
phol ip ids  have been  suggested as being involved 
in the  t r a n s p o r t  o f  ions  across m e m b r a n e  lipid 
barr iers  (2)  and c o n t r i b u t i n g  to the  cell pe rme-  
abil i ty p roper t i e s  (3) .  Previously,  we have 
s h o w n  tha t  phospho l ipase  C s t imula tes  sod ium 
t r anspo r t  across frog skin in v i t ro  (4)  and  across 
the  crysta l l ine  lens of  the  toad  (5).  The  increase 
in sod ium t r a n s p o r t  was associated wi th  an in- 
crease in the  un id i rec t iona l  sod ium inf lux 
which  was inh ib i t ed  by ami lor ide  (4) ,  a d iure t ic  
which  specif ical ly b locks  Na t r a n s p o r t  in 
epi thel ia l  m e m b r a n e s  (6) .  It was suggested tha t  
such an e n z y m e  may f u n c t i o n  in con t ro l l i ng  
m e m b r a n e  permeab i l i ty  and  provide  a ' m o d e l '  
for  h o r m o n a l  effects .  Recen t ly ,  specif ic  in- 
creases in the  me tabo l i sm of  phospho l ip id s  by 
phosphol ipases  have been  suggested as be ing  the  
result  of  a widespread cel lular  response  to 
ac t iva t ion  of  cer ta in  types  of  cell-surface recep- 
tors  for h o r m o n e s  and  n e u r o t r a n s m i t t e r s  (7) .  
F u r t h e r m o r e ,  phospho l i p i d  me tabo l i t e s ,  such as 
phospha t i d i c  acid,  have been  suggested as being 
in t race l lu lar  i o n o p h o r e s  (8)  and may play a 
s ignif icant  role in the  regu la t ion  of  cel lular  cal- 
c ium concen t r a t i ons .  A l t e ra t ions  in m e m b r a n e  
pe rmeab i l i ty  to  ions  may be the  c o n s e q u e n c e  of  
m e m b r a n e  phospho l i p i d  b r e a k d o w n .  

*Author to whom correspondence should be ad- 
dressed. 

Present ly ,  we repor t  on  a series of  p h o s p h o -  
l ipids and the i r  me tabo l i t e s  on t ransep i the l ia l  
sod ium t r anspor t  in frog skin ep i the l ium,  a 
tissue o f t en  used as a model  for  the  m a m m a l i a n  
col lec t ing duct .  

MATERIALS AND METHODS 

Frogs, Rana pipiens, were ob t a ined  f rom a 
commerc i a l  supply  house  (Lake  Champla in  
Frog Farm,  V e r m o n t )  and kep t  in the  labora-  
tory w i t h o u t  feeding at 23 C. 

ELECTRICAL MEASUREMENTS 

Ventra l  a b d o m i n a l  skins of  frogs were 
m o u n t e d  as d iaphragms  in Ussing-type divided 
chamber s  (surface area, n cm 2) for record ing  
PI) (po ten t i a l  d i f fe rence) ,  Isc ( shor t -c i rcu i t )  and 
un id i rec t iona l  f luxes of  sod ium as has been 
previously  descr ibed (9).  Transep i the l i a l  p o t e n -  
tial d i f fe rence  was measured  and  cu r r en t  was 
sent  across the  m e m b r a n e s  t h rough  Ringer-agar 
bridges. The PD bridges were c o n n e c t e d  
t h rough  ca lomel  cells to  a p o t e n t i o m e t r i c  re- 
corder  and the  Isc ( the  a m o u n t  of  cu r r en t  
necessary to br ing the  PD to zero)  was ob t a ined  
and  recorded  wi th  an a u t o m a t i c  vol tage-c lamp 
appa ra tus  c o n n e c t e d  to a p o t e n t i o m e t r i c  record-  
er. Unid i rec t iona l  f luxes of  sod ium were mea- 
sured using ~2Na as the  r ad io i so tope  (New 
England Nuclear,  Boston,  MA). The  25 Na was 
added to one  c h a m b e r  c o m p a r t m e n t  and peri- 
odic samples  were t aken  f rom the  oppos i tc  
c o m p a r t m e n t .  To es tabl ish  the  s tabi l i ty  of  
sod ium fluxes across the  skin,  four  30-rain 
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periods were measured before  the addi t ion of  
the exper imenta l  agent. The agent was then  
added and fluxes were measured for four  more 
30-min periods. The results presented represent  
the mean flux values of  two 30-min periods 
immedia te ly  prior  to adding the  agent and the 
mean  of the nex t  two periods after  agent ad- 
ministrat ions.  A stable f low of  i sotope was an 
indicat ion o f  i sotope equil ibrat ion.  

Fluxes were calculated f rom the specific 
activity of  the " h o t "  solutions and samples 
were counted  in a liquid scinti l lat ion counte r  
(Beckman).  

Phospholipids and diglycerides were obta ined 
f rom Sedary Research Laboratories ,  Inc. (Lon-  
don, Ontario).  All phosphol ipids  were dissolved 
in c h l o r o f o r m / m e t h a n o l  (2:1)  and added at the 
appropr ia te  concent ra t ions  to tribes, dried 
under  n i t rogen and resuspended in Ringer 's  
solut ion by sonicat ion.  

The statistical analysis was per formed  using 
Student ' s  t-test. 

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

When the phosphol ipid  metabol i te  diacyl- 
glycerol,  e i ther  diarachidonyl  (DAG) or steroyl- 
arachidonyl  (SAG),  was placed in the solut ion 
bathing the cor ium side of  the frog skin, it 
p roduced a sustained increase in the  short- 
circuit  current  Isc) and potent ia l  difference 

(Fig. 1 and Table 1). There was no apparent  
change in transepithelial  resistance. The effect  
was prolonged and the Isc re turned to the initial 
baseline values when the lipid was removed 
f rom the bathing solut ion.  When DAG or SAG 
was added to the epidermal  surface, only min- 
imal effects  on Isc were observed. The Isc in 
these epithelia is normal ly  an indicat ion of  active 
t ransmural  sodium transport .  The diuretic 
amilor ide blocked the increment  in lsc induced 
by DAG (Fig. 1); a similar response was also 
observed with SAG. This observat ion is consis- 
tent  with an effect  of  these diacylglycerols in 
s t imulat ing t ransmural  sodium transport ,  similar 
to that  observed previously wi th  phosphol ipase  
C (4). 

Transepithel ial  sodium transport  can be 
s t imulated by ant idiuret ic  ho rmone  and aldo- 
s terone,  and this increase is ref lected in an in- 
crease in the inf lux o f  sodium with no change 
in the efflux.  The increase in Isc produced  by 
DAG could  be accounted  for by an increase in 
the unidirect ional  inf lux of  sodium (f rom pond 
to b lood side) with no appreciable effect  on the 
backflux (b lood side to pond) .  The sodium 
influx was 1.2 -+ .05 , eq /cm ~/hr  before  the 
addi t ion o f  DAG and increased to 2.1 -+ .09 

e q / c m  2/hr  30 min after  DAG (mean +- SE of  
9 exper iments ;  p < .05 using a paired Student ' s  
t-test). The sodium backflux was 0.68 -+ .05 

eq / cm 2/hr  before  and 0.89 +- . 1 0 ,  eq /cm ~/hr  

70 
PD (mY) 

or 
Iss (~'A/Trcm2) 60 

50- 

40 

30 

20- 

10- 

4, 
DAG 

Amiloride 

io io 9'0 1~o 
time (min) 

FIG. 1. The effects of diarachidonylglycerol (DAG) (50 ug/ml on the corium side) on the PD (mV) and lsc 
(t~Afir cm 2) across the frog skin in vitro. The skins were mounted as described in the text. Amiloride (10 -s M) 
was added to the epidermal side of the frog skin. The lsc is represented as the continuous line and PD as the 
filled circles. 
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TABLE 1 

Effects of Phospholipid and Phospholipid 
Metabolites on Potential Differences (PD) 

and Short-Circuit Current (lsc) across 
Isolated Frog Skin 

Initial + Drug 

A. Stearoylarachidonyl- 
glycerol (SAG) (7) 

PD(mV) 51 • 5 77 +- 7 a 
Isc(~A/cm 2) 21 • 2 30 + 3 a 

B. Diarachidonylglycerol 
(DAG) (7) 

PD(mV) 28 • 5 43-+ 7 a 
Isc (#A/cm 2) 12 +- 2 22 • 4 a 

C. l)iarachidonyl phosphatidyl- 
choline (7) 

PD(mV) 20-+ 6 41 • 10 a 
Isc0zA/cm 2) 10 t 2 21 + 3 a 

D. Phosphatidic acid (8) 
PD (mV) 63 • 19 46 -+ 13 
Isc(~tA/cm 2) 28 + 6 20 • 8 

E. Cardiolipin (8) 
PD (mV) 29 -+- 3 29 • 3 
Isc (/aA/cm 2) 16 -+ 2 14 + 2 

F. 1,2, Diolein (8) 
PD(mV) 43-+ 8 40 • 8 
Isc(/zA/cm 2) 27 • 4 24 • 3 

G. Dipalmitoyl-glycerol (6) 
PD(mV) 36 + 3 35 • 3 
Isc(/zA/cm ~) 23 +- 3 24-+ 2 

H. Dipalmitoyl phosphatidyl 
choline (8) 

PD(mV) 22 + 8 23 • 8 
Isc~uA/cm 2) 22 + 2 22 • 1 

I. Dioleoyl phosphatidyl- 
choline (8) 

PD(mV) 23 + 2 22 +- 2 
Isc (~A/cm 2) 12 -+ 3 14 + 3 

J. St earoyl-ct-lysophospha- 
tidylcholine (8) 

PD (mV) 46 +- 9 39 +- 13 
Isc (/zA/cm 2) 33 -+ 7 29 + 8 

Drugs were added to the serosal (blood side) solu- 
tion at concentrat ions  of 50/zg/ml (A-C) or 100 lzg/ml 
(D-J). The values presented represent the mean • SE 
of 20 rain readings before and after administrat ion of 
the drug. The number of experiments ate indicated 
within the parenthesis. The composition of the 
bathing solutions was: l 11 mM NaCl, 4 mM NaHCO a , 
2.54 mM CaCl2, 3.35 and 5 mM glucose, final pH, 
8.0. 

ap < .05 for difference from initial period, using a 
paired Student 's  t-test. 

30 rain af ter  the  addi t ion  of  DAG (mean -+ SE 
of  9 exper iments ;  not  .qtatistically significant,  
p < .05 using a paired S tuden t ' s  t-test). It is 
apparen t  that  DAG specifically s t imulates  the 
active t ransmural  t ransfer  o f  sodium through  
amiloride-sensit ive channels  mimicking that  
p roduced  by the endogenous  h o r m o n e s  and to 
what  was previously repor ted  for phosphol ipase  
C. 

Diacylglycerol is a p roduc t  o f  phosphol ipase  
C act ion on phosphol ip ids ,  specifically phos-  
phat idyl inos i to l  (PI). The fa t ty  acid compos i -  
tion of  PI is relatively impor t an t  as the pre- 
dominan t  form appears  to be steroyl-arachi-  
donyl  phospha t idy l inos i to l  (10).  It is apparent  
that  DAG or SAG could al ter  m e m b r a n e  per- 
meabil i ty  in frog skin prepara t ions  and that  the 
c o m m o n  fat ty acid is arachidonic.  We the re fore  
investigated several subs t i tu ted  phosphol ip id  
c o m p o u n d s  on their  abili ty to  alter the Isc in 
frog skin. Dioleoylglycerol  was wi thout  an 
effect  as was d ipalmi toylglycerol  (Table 1). 
Phosphat id ic  acid and cardiol ipin,  which have 
been suggested as being a calcium ionophores  
(8), had no effect  on the electrical p roper t ies  of  
the frog skin (Table 1). Diarachidonyl  phospha-  
t idylchol ine ,  similarly to  the  arachidonic  sub- 
s t i tu ted  diglycerides,  also s t imula ted  t ransmural  
PD and Isc (Table 1), whereas  dioleoyl  phos-  
pha t idy lchol ine ,  d ipalmi toyl  phosopha t idy l -  
chol ine  and s t ea roy l lyso-phospha t idy lcho l ine  
had no effect .  

It has been suggested that  phosphol ipase  
activation and the release of  arachidonic  acid 
is essential for  the synthesis  of  pros taglandins  
(1 1). The role of  pros taglandins  in modula t ing  
memb ran e  permeabi l i ty  has been under  inves- 
t igation for  several years (12).  The administra-  
t ion of  arachidonic  acid or pros taglandins  
(PGE 2) increases transepithel ial  sodium trans- 
por t  in these epi thel ia  (13,14) .  P re t r ea tmen t  of  
frog skins with i ndomethac in ,  a cyc looxygenase  
inhibi tor ,  p revented  the increase in Isc produced  
by DAG. The Isc in the presence of  indometha -  
cin (10 -s M) was t0  -+ 2 u A / c m  ~ before  the 
addi t ion  of  DAG and 11 • 3 u A / c m  2 20 rain 
after the addi t ion of  DAG (mean  -+ SE of  6 
exper iments ) .  Similar results were ob ta ined  
using SAG. Mefanamic acid, an o t h e r  prostaglan- 
din synthesis  inhibi tor ,  also prevented  the 
increase in t ransepithel ial  sodium t ranspor t .  

The results suggest that  the changes in mem-  
brane permeabi l i ty  p roduced  by these digly- 
cerides may be media ted  th rough  the produc-  
t ion of  prostaglandins.  This fu r ther  implies tha t  
arachidonic  acid (AA) is being released f rom 
these diglycerides by the act ion of  endogenous  
phosphol ipases .  Mepacrine,  a phosphol ipase  
inhib i tor  (15), prevented  the increase in sodium 
t ranspor t  p roduced  by SAG, suggesting tha t  
phosphol ipase  activity is essential  to the act ions  
of  these diglycerides.  

We have previously ident i f ied phosphol ipase  
in frog skin epi the l ium and that  this enzymes  
activity was enhanced  in the presence  of  the 
minera locor t icoid  h o r m o n e  a ldos te rone  (15). 
It was also r epor ted  that  the increase in sodium 
t ranspor t  incuded  by a ldos terone  could be pre- 
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vented by the prostaglandin syn the tase  inhibi- 
tors i ndomethac in  and mefanamic  acid. 

The role of  phosphol ipase  in prostaglandin 
synthesis  is generally related to the availability 
and regulat ion of  the prostaglandin precursor  
arachidonic  acid (12). There  is some cont rover-  
sy concern ing  the release of  arachidonic  acid by 
phosphol ipases .  In platelets,  it has been suggest- 
ed that  AA is released f rom diacylglycerol  by a 
diglyceride lipase fol lowing a phospha t idy l ino-  
sitol specific phospohol ipase  C effect  (16). 
Others  have suggested that ,  fol lowing a stimuli,  
a s tepwise release of arachidonic  acid occurs 
with first the act ions of  phosphol ipasc  C on 
phospha t idy l inos i to l  to form diacylglycerol ,  
which is quickly phospho ry l a t ed  by diglycerol 
kinase to phospha t id ic  acid (PA) with a subse- 
quent  release of  AA (17). Recent ly ,  a phos-  
pholipase A, specific for phospha t id ic  acid has 
been repor ted  in platelets  and that  phospha t id ic  
acid precedes  the release of  AA (18). The 
present  data suggests that  a phosphol ipase  C 
metabol i te ,  diacylglycerol ,  conta in ing  an arachi- 
donic  acid in posi t ion 2, can alter the perme-  
ability of  an epithelial  membrane  to sodium 
and that  this response is media ted  through the 
p roduc t ion  of  prostaglandins.  This also suggests 
that  an endogenous  phosphol ipase  mobil izes 
arachidonic  acid from diacylglycerol;  perhaps  
a diglyceride lipase as has been previously de- 
scribed for platelets  (16). Alternat ively,  a phos- 
pholipase A2 acting on diacylglyccrol or a 
phosphory la t ed  metabol i te  could be cont r ibu t -  
ing the free-arachidonic  acid. The la t ter  sugges- 
t ion appears more  likely in light of  our observa- 
t ions with mepacr ine .  These findings are con- 
sistent with our previous repor t  on the mechan-  
ism of  act ion of  a ldos te rone  ( 1 5). 

] 'he  contro l  of  e lec t ro ly te  t ranspor t  by hor- 
mones  and second messengers is complex  and 
incomple te ly  unders tood .  The present  data 
suggest that  phosphol ip id  metabol i tes  can alter 
membrane  permeabi l i ty  and that  the increase in 
sodium t ranspor t  observed is media ted  through 
the release of  arachidonic  acid and the synthesis  
of  prostaglandins.  Increases in phosphol ip id  

b reakdown  have been impl icated in a variety 
of  cellular responses  media ted  through h o r m o n e  
recep tor  act ivat ion and it is possible that  such 
effects  may be occurr ing in the regulat ion of  
t ransepithel ial  ion t ranspor t .  
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Sterol Composition of Two Freshwater Molluscs 
of Genus Diplodom 

R I C A R D O  J. P O L L E R O * ,  1 , E D U A R D O  G. GROS 2 and R O D O L F O  R. B R E N N E R  2, 
Instituto de Investigaciones Bioqufrnicas de la Plata, CONICET-UNLP, Facultad 
de Ciencias M~dicas, calles 60 y 120, 1900-La Plata, Argentina, and Dep. Qulmica Org~nica, 
Fac. C. Exactas, Buenos Aires, Argentina 

A B S T R A C T  

The sterol composition of two taxonomically related freshwater species, Diplodom patagonic~s 
and Diplodom variabilis, respectively, from Lake Nahuel Huapi and the Rib de la Plata river were 
studied by gas liquid chromatography and mass spectrometry. Cholesterol was the main sterol in both 
species and it was followed by 24-methylcholesta-5,22-dien-3t3-ol, 24-methylcholest-5-en-3/3-ol, 24- 
cthylcholesta-5,22-dien-3/3-ol and 24-ethylcholest-5-en-3B-ol. The river species collected within the 
proximity of marine influence showed less cholesterol and more 24-methylcholesta-5,22-dienol, 
24-methylcholest-5-enol and 24-ethylcholesta-5,22-dicnol than the lake species. 
Lipids 18:100-102, 1983. 

The sterol composition of bivalve molluscs 
has been studied in depth only in marine 
molluscs (1) and very limited information exists 
about freshwater species (2-4). The composi- 
tions are complex and, although A5 sterols are 
considered typical of molluscs, cholesterol is 
the predominant sterol in both types of mol- 
luscs. The presence of sterols of  the 28 and 29 
carbons (24-alkyl substituted) usually found in 
molluscs is generally related to the diet, since 
these sterols are considered to be of vegetable 
origin. However, it has been shown (4,5) that 
the assignment of 24-alkyl and 24-dealkyl 
structures to vegetable and animal origins is 
not reliable. 

In a previous study (6), free and esterified 
sterols were detected in the freshwater bivalve 
mollusc, Diplodom patagonicus, from Lake 
Nahuel Huapi, but they were not studied in 
detail. In this report, the sterol compositions 
of the lake species, D. patagonicus, and of a 
taxonomically related estuarine river species, 
D. variabilis, were determined by gas liquid 
chromatography (GLC) and mass spectrometry 
(ms). 

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

Specimens of D. patagonicus and D. varia- 
bilis from Lake Nahuel Huapi and the Rib de la 
Plata river, Argentina, were collected during the 

*Author to whom correspondence should be 
addressed. 

1 Member of the Carrera del lnvestigador Cientffico, 
CIC, Province of Buenos Aires, Argentina. 

2Members of the Carrera del Investigador Cien- 
tffico, CONICET, Argentina. 

same season (December) and under the condi- 
tions already described (7). 

Lipids were extracted from total soft tissues 
with chloroform/methanol  (2:1, v/v) (8). Total 
lipid extracts were saponified at 80 C for 1 hr 
with 10% KOH in ethanol and the unsaponi- 
fiables were recovered by extraction with petro- 
leum ether. These were separated by thin layer 
chromatography (TLC) using Absorbosil-5 
plates (Applied Science Labs.) and hexane/ethyl 
ether (80:20, v/v). Sterols were localized on the 
plates by spraying either with H2SO4/AcH 
(50:50, v/v) or phosphomolibdic acid (9). Areas 
corresponding to the sterols, but not sprayed, 
were separated from the plates and eluted with 
chloroform/ethyl ether (I :1, v/v). 

GLC separation of free sterols was per- 
formed in a Hewlett-Packard apparatus model 
5840, equipped with a dual-flame ionization 
detector, using a flexible silica capillary column 
(methyl silicone fluid, 12 m x 0.2 mm id). The 
column temperature was programmed from 240 
to 280 C at a rate of 10 C/min. GLC-MS anal- 
ysis was performed with a Hewlett-Packard 
apparatus model 5995 GC-MS coupled to a 
Hewlett-Packard model 9885 computer. Gas 
chromatography (GC) was conducted with the 
same capillary column but under isothermal 
conditions (244 C). The conditions were: 
source temperature 215 C, ionization potential 
70 eV, and scan speed 380 amu/sec. Helium 
was used as the carrier gas at a flow rate of  1 
ml/min. The sterols separated by GLC and the 
mass spectra were identified by comparison 
with authentic standards provided by Sigma 
Chemical Co., and Makor Chem. Co., processed 
in the same way. 
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C O M M U N I C A T I O N S  

T A B L E  1 

S te ro l  C o m p o s i t i o n  (%) o f  Diplodom patagonicus a n d  Diplodom variabilis 

101 

D. patagonicus 
Stero l  R R T  ( lake)  

D. variabilis 
(river) 

I C h o l e s t e r o l  1 .00 80 .9  4 8 . 3  
II 2 4 - M e t h y l c h o t e s t a - 5 , 2 2 - d i e n o l  1.05 3.0 2 3 . 7  
III 2 4 - M e t h y l c h o l e s t - 5 - e n o l  1 .10 6.1 10.5 
IV 2 4 - E t h y l c h o l e s t a - 5 , 2 2 - d i e n o l  1 .17 4 .3  11.3  
V 2 4 - E t h y l c h o l e s t - 5 - e n o l  1.25 5.7 6.2 

RESULTS AND DISCUSSION 

Table 1 shows the sterols isolated from the 
unsaponifiable materials of D. patagonicus and 
D. variabilis, and identified by GLC-MS. The 
total ion current chromatogram presented the 
same five signals detected in the GLC analysis. 
All sterols were identified on the basis of GLC 
retention times and mass spectral data com- 
pared with known standards. Cholesterol was 
the main sterol in both cases. The ,remaining 
four sterols were assigned the structures: 24- 
methylcholesta-5,22-dien-3/3-ol, 24-methylcho- 
lest-5-en-33-ol, 24-ethylcholesta-5,22-dien-33-ol 
and 24-ethylcholest-5-en-33-ol, respectively. 

Table 1 shows that the sterol composition of 
the two species of freshwater molluscs is consis- 
tent with the composition found in other fresh- 
water species (4) and simpler than that of 
marine bivalves (1). ttowever, Gordon and 
Collins (10) have recently found only 8 sterols 
in Crassostrea gigas. 

It has been recognized, but not definitely 
stated, that cholesterol is higher in marine 
bivalve molluscs than in freshwater bivalves 
(4). Table 1 shows that cholesterol is 80% of 
the sterols found in D. patagonicus (lake) and 
less than 50% of sterols of D. variabilis (river). 
In a previous work (7) which was performed 
with the same animals, it was shown that the 
river specimens were strongly influenced by the 
proximity of the ocean and occasional intru- 
sions evoked by the wind. In the D. patagonicus 
from the lake, the fatty acid composition was 
of the "land" type with the predominance of 
w6 unsaturated acids. The same species, accli- 
matized after transplanting into the Rib de la 
Plata fiver, as well as the native D. variabilis 
from the river, showed a marine influence in 
the form of predominance of w3 unsaturated 
fatty acids. Therefore, it was assumed that the 
specific food composition provided by the 
environment was the main factor responsible 
for this composition modification. The same 
may be presumed with the sterol composition. 

Table 1 also shows that, in addition to cho- 
lesterol percentage, the main difference be- 
tween D. patagonicus and D. variabilis was a 
high ratio of 24-methylcholesta-5,22-dienol 
(sterol II) found in D. variabilis. Although it 
was not possible to determine the 24-C config- 
uration by the analytical methods employed, 
the structure of sterol II (Table 1) may be 
assigned to brassicasterol or to the isomer, 
crinosterol. Both, but especially the brassi- 
casterol, are found in large quantities in diatoms 
(1). Therefore, it may be speculated that the 
significantly higher ratio of this sterol in river 
molluscs than in Lake Nahuel tluapi specimens 
is due to the phytoplankton composition of the 
Rib de la Plata fiver. There is an abundance of 
diatoms in the river in contrast with the very 
poor planktonic population of Lake Nahuel 
Huapi (S. Guarrera, personal communication). 

The relation between sterol composition 
and diet is necessarily limited by the possible 
capacity of the mollusc to synthesize sterols. 
Indications of sterol biosynthesis in D. pata- 
gonicus have been found since specimens incu- 
bated with [I-14C] fatty acid incorporated 
radioactivity in free sterols (7). This labeling 
may be attributed to de novo synthesis of sterol 
from the labeled acetate produced by 3-oxida- 
tion of [ I-X4c] acids or to the incorporation of 
labeled acetate during alkylation of sterols (3). 

Two reactions, the dealkylation of 24-substi- 
tuted sterols to produce 27-C sterols or the 
alkylation of cholesterol, have been recognized 
in bivalve molluscs (11). Both would involve 
demosterol formation as an intermediate. 
Demosterol has been found in marine molluscs 
(1) but not in the animals studied here, or in 
freshwater molluscs in general. Therefore, the 
absence of this metabolite in D. patagonicus 
and D. variabilis suggests for sterols the origin 
may be mainly trophic. However, de novo bio- 
synthesis or the conversion of cholesterol to 
24-substituted sterols, leaving aside the demo- 
sterol route (4), cannot as yet be discarded as a 
possibility. 
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Fatty Acid Composition 
of Ixiolaena brevicompta F. Muell. Seed Oil 
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Division o'f Food Research, PO Box 52, North Ryde. NSYV, 2113. Australia. and 
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ABSTRACT 

The seeds of Ixiolaena brevicompta F. Muell. (family Compositae) contained an oil (12%) in which 
the major fatty acids present are palmitic (7%), stearic (5%), oleic (8%), linoleic (51%) and crepenynic 
(octadec-cis-9-en-12-ynoic) acid (25%). The structure of the acetylenie acid was established by chem- 
ical and physical methods. The bioactivity of crepenynic acid is discussed with respect to extensive 
mortalities of sheep grazing on mature seeded L brevicompta. 
Lipids 18:103-105, 1983. 

lxiolaena brevicompta F. Muell. (Composi- 
tae) is a native annual or biennial herb, 15-50 
cm high, which is distributed widely on the 
riverine flood plains of western New South 
Wales and Queensland. The mature seeded plant 
is considered responsible for causing muscular 
degeneration in sheep in these areas, where it 
can form the predominant vegetation, and 
extensive mortalities have been recorded (1). 
During our investigation of the possible toxic 
components of I. brevicompta, we examined 
the fatty acid composition of the seed oil. This 
communication presents evidence for the pres- 
ence of crepenynic (octadec-cis-9-en-12-ynoic) 
acid as a major component of the oil. This 
acetylenic acid was first isolated in 1964 from 
the seed oil of Crepis foetida L. (2) and more 
recently from several other plant species (3,4). 
The bioactivity of this unusual fatty acid is 
discussed. 

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

The mature seeds of L brevicompta were 
crushed and repeatedly extracted with hexane 
using a Soxhlet extraction apparatus. After the 
removal of solvent, a sample of the extracted 
oil was transmethylated (5) and the crude fatty 
acid methyl esters were fractionated by column 
chromatography on F/orisil (6). The purified 
ester fraction was examined by gas liquid chro- 
matography (GLC) using a glass column (4 m, 
2 mm id) packed with 10% Silar 10C on Gas- 
Chrom Q. The column was heated at 200 C 
and the flow rate of the carrier gas (nitrogen) 

*Author to whom correspondence should be 
addressed. 

1Current address: Department of Veterinary 
Pathology, Sydney University, NSW, 2006, Australia. 

was 40 ml/min. The methyl esters, with the 
exception of methyl crepenynate, were identi- 
fied by the comparison of their GLC retention 
times with those of a standard ester mixture. 
Methyl crepenynate was observed at a retention 
time of 2.6 relative to methyl stearate 1.0. A 
Hewlett Packard 3390A Integrator was used to 
measure peak areas. 

Methyl crepenynate was isolated from the 
total ester fraction by low temperature argenta- 
t ion thin layer chromatography (TLC) using 
Kieselgel GF254, type 60 (layer thickness 0.5 
mm) containing 30% silver nitrate (7). Develop- 
ment of the ester mixture was carried out twice 
in the same direction at -20 C using toluene/ 
hexane (90:10, v/v) as solvent. Visualization of 
the components was achieved by spraying with 

r t . 

a 0.2% w/v solution of 2 ,7  -dlchlorofluorescem 
in methanol followed by examination under 
ultraviolet (UV) light. The acetylenic ester was 
recovered by diethyl ether (2x 10 cm 3) extrac- 
t ion of the band which ran midway between 
methyl linoleate and methyl oleate on the TLC 
plate. The UV spectrum of the ester (in hexane) 
was recorded on a Gilford 2600 spectrophoto- 
meter, the infrared (IR) spectrum (as a thin 
film) on a Perkin Elmer 521 spectrometer, and 
the 1H-nuclear magnetic resonance (1H-NMR) 
spectra (as C6D 6 solutions) on a Bruker 
CXPI00 spectrometer. The low-resolution and 
high-resolution mass spectra were recorded 
using a Varian MAT-311A mass spectrometer. 
The products obtained from the hydrazine 
reduction (8) of methyl crepenynate were iden- 
tified by GLC and mass spectrometry. Products 
obtained from the oxidative cleavage ( 9 ) o f  
methyl crepenynate and of the unsaturated 
esters derived from the partial reduction of the 
acetylenic ester were identified by GLC using 
the column and conditions described above. 
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RESULTS AND DISCUSSION 

The mature seeds of I. brevicompta con- 
tained an oil (12%) in which the main fatty 
acids were: palmitic, stearic, oleic, linoleic and 
the acetylenic acid, crepenynic, present at 7%, 
5%, 8%, 51% and 25%, respectively. 

The structure of the methyl ester of the 
acetylenic acid was established by the combina- 
tion of a number of chemical and physical tech- 
niques. The GLC-pure methyl ester gave a low- 
resolution mass spectrum with prominent and 
diagnostic ions as follows: M/Z 292 M + (5), 
94(57), 93(92), 91(55), 81(65), 80(79), 79 
(100), 67(75), 55(89), 43(53), 41(94). The 
high-resolution mass spectral examination gave 
a molecular weight of 292.2406 which was 
consistent only with the molecular formula 
C19H3202 (calc., 292.2402). Partial hydrogena- 
tion using hydrazine (8) gave a complex mix- 
ture consisting of methyl stearate (7%), oleate 
(5%), octadec-cis-12-enoate (12%), linoleate 
(8%), the Ci91t3202 ester (27%) and the major 
product, a new unsaturated ester of  molecular 
formula C19H3402 (39%). Oxidative cleavage 
(9) of the latter esters indicated that the orig- 
inal compound had two sites of unsaturation 
at C9 and C12 and the major hydrogenation 
product only one at C12. The UV and IR 
spectra of the original ester showed the absence 
of conjugated unsaturation and trans-olefinic 
groups. The 1H-NMR spectrum showed a com- 
plex multiplet at 65.51 (2H), assigned to the 
two olefinic protons at C9 and C10, and two 
multiplets at 62.11 (4It) and 62.95 (21D 
assigned to the methylene groups at C8 and 
C14, and CI 1, respectively (10). Independent 
irradiation of  the compound at 6 2.11 and 2.95 
led to the collapse of the multiplet at 65.51 to 
two doublets at 65.37 (J 11 H z) and 5.63 (J 11 
Hz) indicative of a cis-configuration. This evi- 
dence indicated that the original ester was 
methyl octadec-cis-9-en-12-ynoate and that the 
major partial hydrogenation product was 
methyl octadec-12-ynoate (11). Subsequently, 
an authentic sample of methyl crepenynate, 
prepared from the seed oil of Afzelia bella (3), 
was shown to be identical with our acetylenic 
ester. 

Several long-chain acetylenic fatty acids have 
been shown to inhibit enzymes involved in 
some important biological pathways (12,13). 
For example, acetylenic fatty acids are known 
to inhibit soybean lipoxidase and prostaglandin 
synthetase but only when the acetylenic acid 
has a structure analogous to the polyunsatu- 
rated fatty acid substrate for these enzymes 
(14). Of the four isomeric octadecenynoic acids 
having one acetylenic bond and either a cis- or 

trans-ethylenic bond in the C9 or C12 posi- 
tions, all except octadec-cis-9-en-12-ynoic 
(crepenynic) acid, strongly inhibited prostag- 
landin synthetase in vitro (14). None of these 
acids, however, significantly inhibited soybean 
lipoxidase (14). Acetylenic fatty acids have 
also been the subject of toxicity tests in various 
animal feeding trials. However, when rats were 
fed a ration containing crepenynic acid in the 
form of the natural triglyceride extracted from 
Crepis rubra seed, no ill effects were observed 
(15). 

The components in mature seeds of I. brevi- 
compta which cause muscular degeneration and 
extensive mortalities in sheep have yet to be 
determined. While crepenynic acid is an unusual 
seed oil component,  the evidence above sug- 
gests that additional factors may be responsible 
for the syndrome. Some species of  Compositae 
contain highly toxic sesquiterpene lactones 
which have been implicated in stock poisoning 
(16). The mature seeds of  I. brevicompta are 
currently being investigated for the presence of 
such a toxin. 
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17Z-Tetracosenyl 1-Glycerol Ether from the Sponges 
Cinachyra alloclada and Ulosa ruetzleri 1 

J O H N  H. C A R D E L L I N A  I1,* C L I N T O N  J. G R A D E N ,  B R A D L E Y  J. GREER,  2 
and J O H N  R. KERN, Department of Chemistry, Montana State University, Bozeman, MT 59717 

ABSTRACT 

The 1-glycerol ether of ]TZ-tetracosenol has been identified as a major constituent of the dichloromethane- 
soluble extracts of two marine sponges, Cinachyra alloclada and Ulosa ruetzleri. Spectral analysis and 
chemical degradations led to the assigned structure. Batyl alcohol was also found, in lesser quantities, in U. 
ruetzleri, but not in C. alloclada. 
Lipids, 18: 107-110,. 1983. 

INTRODUCTION 

In our continuing study of the chemistry of 
sponges from Bermuda waters (1) we undertook an 
investigation of Cinachyra alloclada, because it 
exhibited antimicrobial activity (against Staphylo- 
coccus aureus, Bacillus subtilis, and Pseudomonas 
aeruginosa) in qualitative field screens, and Ulosa 
ruetzleri (formerly Dysidea crawshayii (2)) because 
it has been reported to be a nickel concentrator  (2). 

In the course of resolving the components of the 
dichloromethane-soluble extracts of these sponges, 
we found that both organisms produced an unu- 
sually long-chain monoalkenyl glycerol ether as a 
major constituent. In this report, we describe t h e  
isolation and characterization of that g lycero l  
ether, as well as the identification of some com- 
panion metabolites. 

EXPERIMENTAL 

Nuclear magnetic resonance (NMR)  spectra 
were recorded on a Bruker 250 MHz multinuclear 
Fourier  transform spectrometer, using CDC13 as 
solvent and internal standard; chemical shifts are 
reported in ppm relative to tetramethylsilane 
(6=0) .  Mass spectra (MS) were obtained with 
either a Kratos MS-50 or Varian M A T  CH-5 mass 
spectrometer, operating at 70 eV in the electron 
ionization mode. Melting points were determined 
on a Mel-Temp apparatus and are uncorrected. 

Collection and Extraction of Sponges 

Specimens of U. ruetzleri and C. alloclada were 
collected from Church Bay and Shark's Cove in 
Harrington Sound, Bermuda, in October, 1979 at 
depths of 2-5 m. The sponges were stored in 
acetone at - 5 C  prior to extraction. In both cases, 
the acetone was decanted and filtered. The sponges 
were ground in a Waring blender with fresh 
acetone; the acetone was removed by suction 

~Contribution no. 869 from the Bermuda Biological Station. 
2Summer intern, American Cancer Society High School 

Scholarship, 1981. 
*Author to whom correspondence should be addressed. 

filtration and the sponge residues were steeped 
twice in dichloromethane for 24 hr. The combined 
acetone extracts were reduced in vacuo to an 
aqueous suspension. The dichloromethane extracts 
were then equilibrated with the aqueous suspen- 
sion; subsequent evaporation of the dichloro- 
methane phases gave the crude extracts: 36.0 g 
from U. ruetzleri (213 g dry wt), and 20.06 g from 
C. alloclada (327.2 g dry wt). 

Isolation of Glycerol Ethers 

From C. alloclada. A portion (9.20 g) of the 
dichloromethane-soluble extract was chromato-  
graphed on Florisil (283 g) using, as eluent, com- 
binations of hexane, ethyl acetate and methanol  of 
gradually increasing polarity; 13 fractions were 
collected. Fractions 9 and 10 were combined (640 
mg) and permeated through Sephadex LH-20 with 
CH2C12-MeOH (1: 1). Six fractions were collected; 
a port ion of Fraction 3 (323 of 366 mg) was 
dissolved in hot ethanol and stirred with activated 
charcoal. Filtration and evaporation of the filtrate 
gave 197 mg white solid. Crystallization from 
acetone-hexane gave 1 as amorphous crystals, mp 
52-53.5 C; IR Um,x(CS2) 3600, 3400, 2940, 2860, 
1115, 1055, 720 cm 1; 1H_NM R (CDC13): 6 5.33 
(2H, m), 3.85 (1H, m), 3.70 1H, dd, J = 12,4), 3.64 
1H, dd, J =  12,6), 3.45 (4H, overlapping m), 2.60 
(OH, br), 2.25 (OH, br), 2.03 (4H, m) 1.58 (2H, m), 
1.25 (34H, br), 0.88 (3H, br t, J ~ 6.5); 13C-NMR 
(CDC13): 6 129.74 (d, 2C), 72.25 (t), 71.70 (t), 70.50 
(d), 64.08 (t), 31.76 (t), 31.64 (t), 29.53 (t, 8C), 29.17 
(t, 3C), 28.82 (t), 27.06 (t, 3C), 25.94 (t, 2C), 22.50 
(t), 13.91 (q); MS: m / z  426.4085 (calculated for 
C27H5403--426.4073; 25%), 377 (33), 351.3608 (cal- 
culated for C24HavO--351.3627; 10%), 334.3599 
(calculated for C24 H46--334.3599; 100%), 283.2985 
(calculated for C19H390--283.3001; 18%), 253 (18), 
250 (12), 97 (14), 96 (13), 95 (12), 83 (50), 71 (9), 69 
(40). 

From U. ruetzleri. A portion of the dichloro- 
methane-soluble extracts (26.4 g) was chromato-  
graphed on Florisil (150 g); elution commenced 
with hexane and proceeded through a series of 
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combinations of hexane, ethyl acetate and meth- 
anol of gradually increasing polarity. Fifteen frac- 
tions were collected. Fraction 8, 656 mg, was 
permeated through Sephadex LH-20 with CHIC12/ 
MeOH ( l : l ) ;  eight fractions were collected. Frac- 
tion 3, 213 mg, was subjected to low pressure 
chromatography on reverse phase gel (Baker Cls). 
Gradient elution [CH3CN/H20 (3:2) to CH3CN] 
eluted 15 mg of impurities; continued elution with 
MeOH/CH3CN/THF (3: l: l) gave 182 mg of an 
off-white solid. Crystallization from hexane-EtOH 
gave the glycerol ether 1, mp 50-51.5 C; MS: m/z 
426.4138 (calculated for C27H5403--426.4073; 0.2%), 
391 (0.2),  377 (0.5), 351.3595 (calculated for 
C24H470--351.3627; 0.3%), 334.3612 (calculated 
for C24H46--334.3599; 3%), 180 (2), 166 (3), 165 (3), 
153 (2), 152 (4), 151 (5), 139 (5), 138 (8), 137 ( l l ) ,  
135 (5), 131 (3), 125.1328 calculated for C9H17-- 
125.1330 14), 124 (14), 123 (22), I II  (34), l l0 (26), 
109 (39), 97 (75), 96 (69), 95 (63), 85 (24), 83 (100), 
82 (74), 81 (59), 75 (32), 71.0862 (calculated for 
C5H1~--71.0861; 31%), 69 (86), 68 (30), 67 (47). 

Isolat ion of  5 f rom U. ruetzleri 

Fraction 4, 285 rag, from the Sephadex LH-20 
chromatography was permeated th rough  Bio- 
Beads SX-8 with CH2C12/cyclohexane (3:2); 4 
fractions were collected. Fraction 3, 98 mg, was 
subjected to low pressure chromatography on 
reverse-phase gel (Baker C]s); elution with MeOH- 
THF (h i )  gave 66 mg of batyl alcohol, 5, mp 67.5- 
68 C (Lit (3), mp 70.5-1 C); MS: m/z 344 (M § 2), 
326 (1), 313 (8), 283, (24), 253 (25), 252, (16), 127 
(11), 125 (11), 113 (13), 111 (17), 97 (29), 93 (33), 85 
(50), 83 (33), 71 (67), 57 (100), ~H-NMR (CDCI3): t5 
3.82 (IH, m), 3.67 (IH, dd, J =  12,4), 3.59 (IH,  dd, 
J =  12,6), 3.45 (4H, overlapping m), 1.95 (2 OH, 
br), 1.53 (2H, m), 1.23 (30 H, br), 0.86 (3H, br t, 
J ~ 6.5). 

Isolat ion o f  3 f rom U. ruetzleri 

Fraction 7 from the Sephadex LH-20 chroma- 
tography was permeated through Bio-Beads SX-8 
with CHEC1E/Cyclohexane (3:2). The fifth, and 
largest, fraction obtained yielded 3, E-l-(4-hydrox- 

�9 CHCI~ yphenyl)-buten-3-one, 6 mg tan sohd, Vmax 3600 
(sh), 3300 (br), 2930, 2860, 1670, 1590, 1500, 1420, 
1360, 1325, 1165, ll00, 970, 845 cm-~; IH-NMR 
(CDCI3): 6 7.47 (l H, d, J = 16), 7.43 (2H, d, J = 8.2), 
6.87 (2H, d, J = 8.2), 6.58 (1H, d, J =  16), 2.36 (3H, 
s). 

Acetylation of 1 

A solution of 36 mg of I in 1 ml dry pyridine and 
0.5 ml acetic anhydride was sealed under nitrogen 
for 2.5 hr. Solvent and excess reagent were evap- 
orated in vacuo and the residue was permeated 

through Sephadex LH-20 with CH2CI2/MeOH 
(1: 1) to yield 36 mg of the diacetate 2; ~H-NMR 
(CDC13): 6 5.32 (2H, br t), 4.87 (1H, m), 4.32 (1H, 
dd, J=12.5,4), 4.16 (1H, dd, J=12.5,6.2), 3.52 
(2H, br d, J=6) ,  3.40 (2H, m), 2.07 (3H, s), 2.05 
(3H, s), 2.00 (4H, m), 1.52 (2H, m), 1.25 (34H, br), 
0.88 (3H, br t). 

Oxidation of 1 

The glycerol ether I (69 mg) was suspended in 15 
ml of an H20 solution of 2 mmol NalO4 and 0.2 
mmol KMnO4 (4). The mixture was stirred at room 
temperature for 4.5 hr. The aqueous suspension 
was extracted with CH2C12 (3 • 10 ml). The com- 
bined CH2C12 extracts were reduced to a thick oil 
which was dissolved in 5 ml acetone. This solution 
was then treated with Jones reagent (5). Reaction 
was complete in 20 rain, whereupon the excess 
oxidants were destroyed by addition of isopro- 
panol. The solvents were evaporated in vacuo and 
the residue was suspended in H20 and extracted 
with Et20 (5 • 10 ml). The combined Et20 phase 
was dried over Na2SO4 and evaPorated to give an 
oily white solid, which was permeated through 
Sephadex LH-20 with CHEC12/MeOH ( l : l )  to 
give, in separate fractions, heptadecanedioic acid 
[1H-NMR (CDC13): 6 2.33 (4H, t, J=7) ,  1.59 (4H, 
m), 1.25 (22H, br); MS: m/z 300 (M +, 2%), 299 (4), 
265, ( M - H 2 0 ,  OH, 5) 224 ( M - O H ,  CH2CO2H, 
6), 140 (1 l), 126 (15), 125 (20), 112 (44), I l 1 (40), 98 
(100), 97 (53), 83 (30), 82 (58), 81 (57)i 73 (36), 71 
(48), 69 (70), 43(72)], and heptanoic acid [MS: m/z 
130(M § 1.5%), 129(7), l l5(10), 101 (15), 98 (9), 87 
(30), 83 (10),.74 (15), 73 (50), 69 (20), 61 (28), 60 
(100), 57 (50), 55 (67), 45 (45), 43 (84). 

RESULTS 

Florisil chromatography of the dichloromethane 
soluble extracts of both C. alloclada and U. 
ruetzleri gave large, moderately polar fractions 
whose ~H-NMR spectra indicated the presence of 
multiply oxygenated aliphatic compounds. A se- 
quence of gel permeation chromatography, reverse- 
phase low pressure chromatography and decolor- 
ization with charcoal yielded 1, an amorphous 
white solid. The 13C-NMR spectrum of 1 indicated 
the presence of four carbons bearing heteroatoms, 
three methylenes and one methine, and the infrared 
(I R) spectrum revealed the existence of a hydroxyl 
group or groups (3600, 3400 cm-l). 1H-NMR 
decoupling experiments failed to disclose con- 
clusively the disposition of the functional groups, 
because of the close proximity of the signals for 
seven hydrogens between 6 3.45 and 3.85. Acetyla- 
tion of the natural product gave the diacetate 2, 
which established the presence of two hydroxyls in 
1 and dispersed the proton signals sufficiently for 
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definitive structural assignment by means of de- 
coupling experiments. Irradiation of the one pro- 
ton multiplet at 6 4.87 resolved the doublets of 
doublets at 6 4.32 and 4.16 to a pair of mutually 
coupled doublets, assigned to a methylene bearing 
an acetate. This irradiation also reduced the broad 
two proton doublet at 6 3.52 to a singlet. Irradia- 
tion of the signal at 6 3.45 simplified the multiplet 
at 6 1.52, which was, in turn, shown to be coupled 
to protons in the large signal at 6 4.25. Since the 
multiplets at 6 3.45 and 3.52 were virtually un- 
changed from the corresponding signals in I , those 
methylenes were assigned to an ether linkage. 
These data, then, established a glycerol unit with an 
ether linkage at a primary carbon. 
The presence of two olefinic protons in the ~H- 
N M R  spectrum, the absence of IR absorptions 
near 970 cm '~ and the t~C-NMR chemical shift of 
the olefinic carbons (6) indicated that a cis-mono- 
alkenyl group comprised the remainder of the 
molecule. High resolution mass spectroscopy pro- 
vided the molecular formula, CzTHs~O3, and the 
fragmentation pattern suggested that the olcfinic 
linkage resided between C-17 and C-18 (m/z  125, 
C,~Ht7, and m/z  71, CsHih: allylic cleavages). 

To determine unequivocably the position of the 
double bond, the glycerol ether ! was submitted to 
consecutive Lemieux (4) and Jones (5) oxidations. 
Not only was the olefinic bond cleaved, but the 
glycerol moiety was degraded as well, resulting in 
formation of heptadecancdioic acid and heptanoic 
acid. These products confirmed the structure as- 
signment of 1 as 17Z-tetracosenyl glycerol-l-yl 
ether. 

Batyl alcohol, the 1-glycerol ether of octadecanol, 
5, was isolated in a similar manner from the U. 
ruetzleri extracts; its identity was established by 
examination of the *H-NMR and MS data. The 
quantity obtained was roughly 36% that of !. No 
batyl alcohol was detected in the C. alloclada 
extracts. 

The minor constituent 3 was obtained during the 
purification of 1 and 5 from U. reutzleri and was 
readily identified from the ~H-NMR and IR spec- 
tra. The para-disubstituted benzene ring was indi- 
cated by the pair of doublets (J ~ 8 Hz) at 6 7.43 
and 6.87. The IR absorptions at 3600 and 3300 cm -~ 
and the shielding of two aromatic protons sug- 
gested the presence of a phenol. A trans-disubsti- 
tuted olefin was required by the band at 970 cm-* in 
the IR and the 16 Hz coupling constant for the 

olefinic protons. The highly conjugated ketone 
carbonyl (1670 cm t) and the deshielded methyl 
group completed the proposed structure. We sus- 
pect that 3 may be an artifact derived from the 
aldol condensation of the acetone used for extrac- 
tion with p-hydroxybenzaldehyde,  a common 
naturally occurring compound; we recently found 
the related compound 4 in the tunicate Fudistorna 
olivaceum (7). 

DISCUSSION 

While batyl, chimyl (the glycerol ether of hexa- 
decanol) and related unsaturated alcohols are 
widely distributed in nature, having been found in 
elasmobranch fish oils (8), human milk and bone 
marrow (9), atherosclerotic human aortas (10), pig 
spleens (I 1), the fat of neonatal calves (12), and, 
most recently, in the colostrum and milk of cows, 
goats, pigs and sheep (13), the isolation of ! as the 
principal glycerol ether from two quite different 
sponges represents an intriguing departure from 
the ethers found in vertebrates. These results 
provide corroborat ion of the concept set forth by 
l.itchfield (14) that at least some sponges display 
unusual lipid metabolism. Morales and l,itchfield 
(15) have found, for example, that 48% of the fatty 
acids in Microciona prolifera consist of C24 to C2~ 
chain lengths, including 2.2 weight percent of 17- 
tetracosenoic acid. They suggested that these long- 
chain fatty acids would generate unusual physical 
parameters in the lipid bilayer. It seems likely, then, 
that 1 would also contribute to the unique character 
of sponge membranes. 

Hallgren and Larsson (9) have suggested that the 
discoveries of glycerol ethers in milk, fetal and 
neonatal tissues, and rapidly reproducing bone 
marrow indicate probable growth stimulant ac- 
tivity in these compounds.  This premise has been 
buttressed by the isolation of glycerol ethers in 
colostrum, which is values for its beneficial effects 
on the newborn. Selachyl alcohol has been shown 
to stimulate the growth of Lactobacillus lactis (16). 
Noteworthy as well are the observations that the 
effectiveness of radiation treatments in cancer 
therapy was enhanced (17,18) and that some 
amelioration of radiation sickness was achieved 
(19) by administration of glycerol ethers. It is 
possible that these compounds serve a similar 
function as growth factors in sponge tissue; addi- 
tional investigation of these compounds and their 
function in sponges is clearly warranted. Glycerol 

1 R : H  

2 R : COCH3 

o o 
II II 

3 4 
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e thers  m a y  be wide ly  d i s t r i b u t e d  in sponges ;  

Spongia sp. was  recen t ly  r e p o r t e d  to c o n t a i n  
u n c h a r a c t e r i z e d  g lycero l  e the r s  as 0.4-3.7b,~ of  to ta l  

l ip ids  (20). 
The  a l c o h o l  p o r t i o n  of 1, 17Z- t e t r acoseno l ,  whi le  

r e l a t ive ly  u n c o m m o n ,  has  been f o u n d  in such 

d ive r se  sou rces  as the H a r d e r i a n  g l a n d s  of  ra t s  (21), 
as w a x  esters ,  and  as a m a j o r  vo l a t i l e  in the  scent  

m a r k  of  the M a r m o s e t  m o n k e y ,  Saguinus fus- 
cicollis (22), as the  b u t y r a t e  ester .  

The  a n t i m i c r o b i a l  a c t i v i t y  e x h i b i t e d  by  C. allo- 
clada is not  due  to I. S ince  there  a r e  n u m e r o u s  
repor t s  in the  l i t e r a tu re  on the f o r m a t i o n  of  
g lycero l  c o m p l e x e s  wi th  meta l s ,  i n c l u d i n g  n icke l  
(23-25), the  poss ib le  role  of  g lyce ro l  e thers  in the 
che la t ion  and  c o n c e n t r a t i o n  of  n ickel  in U. ruetzleri 
is now u n d e r  i n v e s t i g a t i o n  in th is  l a b o r a t o r y .  
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Complex Formation in Sonicated Mixtures 
of/3-Lactoglobulin and Phosphatidylcholine ~ 
ELEANOR M. B R O W N * ,  ROBERT J. CARROLL,  PHILIP E. PFEFFER and J O S E P H  S A M P U G N A  2, 
Eastern Regional Research Center, Agricultural Research Service, 
U.S. Department of Agriculture, Philadelphia, PA 19118 

ABSTRACT 

,8-Lactoglobulin, the major whey protein of bovine milk, is secreted via the endomembrane system of the 
mammary gland. The primary structure of/3-1actoglobulin shares certain characteristics with membrane 
proteins, although the soluble protein assumes a globular conformation. We have prepared complexes ol"/3- 
lactoglobulin and phosphatidylcholines by dissolving both in a helix-forming solvent (chloroform 
methanol). The complex is stable when transferred to aqueous solutions and sonicated to form vesicles. Both 
ionic and hydrophobic interactions appear to be involved in complex formation. We have used spectroscopy 
(circular dichroism, fluorescence, and nuclear magnetic resonance) and electron microscopy to study these 
complexes. At pH 3.7, the small, single bilayer vesicles produced by sonication are protected against 
aggregation by the presence of the protein. As determined by circular dichroism, the proportion of a-helix in 
/3-1actoglobulin is increased by complcxation with phosphatidylcholine. Circular dichroism and l]uorescence 
spectra show the involvement of at least I tryptophan residue in the conformational change. At pH 7.2,/3- 
lactoglobulin-phosphatidylcholine vesicles form aggregates as observed by electron microscopy and '~P 
nuclear magnetic resonance spectroscopy. These aggregatcd vesicles could be rcsuspended by raising the pH. 
The ability of the partially unfolded/3-1actoglobulin to interact with lipids is believed to be important to its 
transport through the endomembrane system. 
l,ipids 18: 111-118, 1983 

The secretion of proteins involves their transport 
across membranes. The milk system, involving 
several classes of proteins and membrane com- 
plexes, is particularly difficult to study (1). The use 
of a model system allows us to focus on the inter- 
actions of one protein with a specific lipid mem- 
brane component.  Our model consists of/3-1acto- 
globulin, a secreted protein for ~hich detailed 
primary (2) and secondary (3-5) structural in- 
formation is available, and phosphatidylcholine, a 
typical membrane lipid./3-Lactoglobulin, the major 
whey protein of bovine milk, has been studied 
extensively because of its ability to form complexes 
with itself (6) and other proteins (7-9). As a 
secretory protein,/3-1actoglobulin is known to pass 
through the membranes of the endoplasmic retic- 
ulum. Mercier and Gaye (10) have shown that a 
conformational change is associated with the trans- 
port of /3-1actoglobulin across this membrane. 
These authors also found that, when/3-1actoglobulin 
is synthesized in vitro in the presence of micro- 
somes, its signal peptide is cleaved while the protein 
is passing through the membrane, and the protein 
then assumes its native conformation. In a micro- 
some-free system, the signal peptide is not cleaved 
and is not accessible to enzymatic attack after the 

~A preliminary report of this work was presented at the 3rd 
Biophysical Discussion on Protein-l.ipid Interactions in Mem- 
branes, Oct. 1981. 

rDairy Research Inc., sabbatical fellov,; permanent address: 
Department of Chemistry, University of Maryland, College Park, 
M D. 

*Author to whom correspondence should be addressed. 

protein folds (10). Although its physiological func- 
tion has not yet been determined,/3-1actoglobulin 
does share certain structural characteristics with 
membrane proteins. The average hydrophobicity 
of/3-1actoglobulin is 1230 on the Bigelow scale (11), 
higher than most soluble proteins. The ratio of 
charged to nonpolar residues as calculated by the 
method of Barrantes (12) is 1.13, placing /3- 
lactoglobulin between the integral (average value 
0.59) and the peripheral membrane proteins (average 
value 1.37) in this characteristic. Segrest and 
Feldman (13) have suggested that residues 130-143 
of/3-1actoglobulin (2) may form an amphipathic 
helix, similar to those found in lipoproteins and 
some membrane proteins. 

Protein-detergent models have been used to 
study membrane-like behavior. The interactions of 
/3-1actoglobulin with sodium dodecyl sulfate (SDS) 
have been extensively studied (4,14-16). The choice 
of dipalmitoyl phosphatidylcholine (DPPC) as the 
major lipid of interest here is based on the occur- 
rence of 16:0 as one of the major acyl chains in 
bovine milk phospholipids (17). Additionally, 
studies of free fatty acid binding (18) and polymer 
bound alkane binding (19) showed/3-1actoglobulin 
to have a strong preference for palmitate. Inter- 
actions of/3-1actoglobulin with phosphatidylcho- 
lines were first reported by ourselves (20), more 
recently others have demonstrated similar inter- 
actions for another whey protein, a-lactalbumin 
(21,22). The results reported herein describe the 
properties of the sonicated complex formed between 
solvent-treated /3-1actoglobulin and phosphatidyl- 
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cholines as studied by optical spectroscopy (ultra- 
violet (UV) absorption, circular dichroism (CD), 
fluorescence), ~P nuclear magnetic resonance 
(NMR), and electron microscopy. 

MATERIALS AND METHODS 

fl-Lactoglobulin was isolated from bovine milk 
and purified by the method of Aschaffenburg and 
Drewry (23); homogeneity was established by 
SDS-polyacrylamide gel electrophoresis. DPPC 
and dimyristoyl phosphatidylcholine (DM PC) were 
purchased from Sigma~ and used without further 
purification. Each lipid gave a single spot when 
chromatographcd on silica gel plates using CHCI3/- 
CH~OH/H20 (65:25:4). All other chemicals were 
of reagent grade. 

Sample Preparation 

Homogeneous lipid-protein solutions were pre- 
pared by diluting 1 vol of fl-lactoglobulin (~<10 
mg/ml) in 0.14 M KCI with 5 vol of CHCI3/CH~OH 
(2: I). The precipitated protein was then redissolved 
by dropwise addition of 3% HCI in CH~OH. Dry 
lipid was added and the mixture vortexed to give a 
clear solution. Solvent was removed under a 
stream of dry N2, leaving a lipid-protein film. Final 
traces of solvent were removed by storing the 
sample overnight under high vacuum. The films 
were dispersed in 0.02 M Tris in 0.14 M KCI, pH 
7.2, or 0.02 M acetate in 0.14 M KCI, pH 3.7, and 
adjusted to the buffer pH with0.1 M KOH. Values 
for pH were chosen to be above and below pH 5.2, 
the isoionic point of B-lactoglobulin. Small uni- 
lamellar vesicles were formed by sonicating the 
aqueous mixtures at 50 C under N2 for 30-60 min 
with a Heat Systems WI85 sonifier equipped with a 
microtip (24). Centrifugation at 100,000 g for 1 hr 
removed titanium particles and multilamellar or 
aggregated vesicles. Both DPPC and DMPC, gave 
similar results in these experiments when the 
sonication temperature was above the lipid trans- 
ition temperature. All illustrations used here were 
obtained with DPPC. 

Analytical 

The concentration of fl-lactoglobulin in suspen- 
sions at pH 3.7 was determined from the absorbance 
at 278 nm (El ~,'ml = 0.96) (3) after correction for 
light scattering by the extrapolation of log A vs log 
hbetween 400 and 320 nm, where the protein does 
not absorb; such corrections were typically ca. 0.01 
A. At pH 7.2, the protein-lipid complexes aggregat- 
ed, and Peterson's modification (25) of the l,owry 
method (26) was used to determine protein content. 

i 
*Reference t o  b r a n d  o r  f i r m  n a m e  d o e s  n o t  c o n s t i t u t e  e n d o r s e -  

m e n t  by  the  U S  D e p a r t m e n t  o f  A g r i c u l t u r e  o v e r  o t h e r s  o f  a 
similar nature not mentioned. 
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Lipid concentrations were determined by the method 
of Ames and Dubin (27) for total phosphate. 
Sucrose density gradient (10-25%) centrifugation 
(16 hr at 200,000 g) was used to estimate the ratio of 
lipid to protein in the vesicle complex. 

O p t i c a l  Spectra 

A Cary (Model 14) spectrophotometer was used 
to record absorption spectra. A Jasco 41 -C spect ro- 
polarimeter calibrated by the 2-point method of 
Chen and Yang (28) was used for CD measure- 
ments. The solutions used were visually clear, and 
the extrapolated baseline (log A vs log A) was not 
greater than 0.01 A at 200 nm in the 0.05-cm cell 
used for far-UV CD spectra. Fluorescence measure- 
ments were made with an Aminco Bowman spectro- 
photofluorimeter operated in the ratio mode. Inner 
filter effects were minimized by using a 2.9-mm 

�9 l cm pathlength cell and diluting samples having A2s0 nm 
>0. 15. All reported spectra are the average results 
of at least 5 determinations for which the vari- 
ability was not greater than 10% at 210 nm. 

Nuclear Magnetic Resonance 

The 31p resonance decoupled spectra were ob- 
tained at 24.15 MHz with ca. 15W decoupling 
power and a 0.5 KHz bandwidth. The proton 
decoupler was centered at 47.80 kHz, correspond- 
ing to a 6 of 5.0 ppm on the proton resonance scale 
relative to external TMS, A JEOL FX 60Q spectro- 
meter equipped with temperature control and field 
stabilization via a deuterium lock was operated in 
the Fourier transform mode. Free induction decays 
were obtained from 10,000 to 100,000 transients 
with a delay time of 0.48 sec and a pulse angle of 
9 0  ~ . 

E l e c t r o n  Microscopy 

Vesicles were deposited on 200 mesh copper 
grids, negatively stained with phosphotungstic 
acid, at the appropriate pH, and viewed in a Zeiss 
10-B electron microscope operating at 60 kV. 

RESULTS 

Sonicated vesicles provide a well characterized 
system (29) suitable for optical and magnetic 
resonance spectroscopy. These techniques allow us 
to observe both the effect of the lipid on the protein 
and of the protein on the lipid�9 Measurements were 
made at pH 3.7 and 7.2 to allow variation in the 
charge distribution on fl-lactoglobulin while main- 
taining the pH-dependent monomer-dimer equilib- 
rium of the protein (30). 

Centrifugation of mixtures of native fl-lacto- 
globulin and phosphatidylcholine resulted in sepa- 
ration ofa multilamellar lipid pellet and a lipid-free 
protein solution. The behavior of sonicated mix- 
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tures of DPPC with native /3-1actoglobulin was 
pH-dependent, but did not appear to involve lipid- 
protein interactions. At pH 7.2, the supernatant  
resulting from sonication and centrifugation of a 
mixture containing 4 mg/ml  D P P C  and 1 mg/ml  
/3-1actoglobulin contained all of the protein, and 
90-95% of the lipid. The supernatant was clear and 
the UV and CD spectra were identical with those of 
/3-1actoglobulin in the absence of lipid. At pH 3.7, 
the initial supernatant contained all of the protein 
and 55-60% of the lipid. The turbidity of this 
supernatant increased with time so that when the 
sample was recentrifuged 16 hr later, only 20% of 
the lipid remained suspended. Essentially all of the 
protein remained in the supernatant and had the 
spectral properties of native/3-1actoglobulin. These 
data show that native lactoglobulin did not interact 
with DPPC.  On the other hand, when the lipid was 
added to /3-1actoglobulin dissolved in the H20/ 
CHC13/CH3OH/HC1 system, interactions did oc- 
cur. The physical behavior of such complexes 
after removal of the solvent, resuspension in buffer, 
sonication, and centrifugation depended on whether 
the pH was above or below the isoionic point (pH 
5.2) of the protein. Immediately after centrifuga- 
tion, all samples were essentially clear, indicating 
that the lipid was present primarily as a suspension 
of single bilayer vesicles. Except in the case of the 
lipid-protein mixture at pH 7.2, most of the lipid 
was suspended and only very small pellets, consist- 
ing primarily of t i tanium from the sonication 
probe, were formed. At pH 3.7, the turbidity of a 
DPPC vesicle suspension without protein increased 
more rapidly than did that of an equal concentra- 
tion of D P P C  sonicated with the solvent-treated 
protein (Fig. 1). At pH 7.2, the D P P C  vesicle 
suspension without protein was stable, but the 
inclusion of solvent-treated/3-1actoglobulin led to 
pelleting of both lipid and protein. From sucrose 
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FIG. 1. Time-dependence of the turbidity of the 
supernatant from sonicated, centrifuged lipid, and lipid- 
protein samples; (a) 4 mg/ml DPPC, 1 mg/ml/3-1acto- 
globulin, pH 3.7; (b) 4 mg/ml DPPC, pH 7.2; and (c) 4 
mg/ml DPPC, pH 3.7. Sonication and centrifugation of 4 
mg/ml DPPC with 1 mg/ml/3-1actoglobulin at pH 7.2 left 
little protein or lipid in the supernatant. 
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density gradient centrifugation, the lipid-protein 
ratio for sedimenting complexes was determined to 
be 20 + 5, in good agreement with the binding 
capacity of fl-lactoglobulin for SDS (15). Signifi- 
cant changes in salt concentration interfered with 
formation of these complexes, in that at low ionic 
strength, stable vesicles were not formed, while at 
higher ionic strength the protein did not bind the 
lipid. 

Absorption and CD Spectra 

Sonication did not significantly affect the spectral 
properties of native/3-1actoglobulin. The shape of 
the UV-absorption band (Fig. 2) and the correla- 
tion between absorptivity and protein concentra- 
tion were maintained. Solvent-treated /3-1acto- 
globulin is relatively insoluble; it tends to adhere to 
the glass and is not easily resuspended in aqueous 
buffer at pH 3.7 or 7.2. That  portion which does 
dissolve tends to renature, as can be seen in the 
absorption spectrum (Fig. 2) and the near-UV CD 
spectrum (Fig. 3). When sonicated and centrifuged 
in the presence of DPPC (2:l ,w/w) at pH 3.7, 
virtually all of the solvent-treated protein was in 
the supernatant, along with most of the lipid and 
the suspension formed was reasonably clear (Fig. 
2). 
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FIG 2. Absorption spectra of sonicated, centrifuged 
samples of/3-1actoglobulin in 0.02 M acetate, 0.14 M KCI, 
pH 3.7; ( ) native protein 1 mg/ml, ( - -  ) an 
equivalent aliquot denatured as in the text, and (----) with 
2.5 mg/ml DPPC included. 
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The CD spectrum of native fl-lactoglobulin was 
in agreement with published spectra (3,4,14). The 
far-UV CD spectrum of native fl-lactoglobulin 
(Fig. 3a) shows a negative dichroic peak in the 215- 
218 nm region typical of fl-structures (3,4). The 
conformation of native /3-1actoglobulin as deter- 
mined by CD (3,4,14) and infrared (5) consists of 
about 10% o~-helix with the remainder equally 
divided between aperiodic and /3-structures. The 
shoulder at 230 nm in the spectrum of the re- 
suspended solvent-treated protein indicates an 
increase in aperiodic structure and a decrease in/~- 
structure (31). Evidence for ca. 10% a-helix (32) 
can be found in spectra of both native and solvent- 
treated/~-lactoglobulin when dissolved in aqueous 
buffer. The double minimum at 222 and 208 nm in 
the spectrum is characteristic of a-helical structures 
and is seen only for proteins with at least 25% helix 
(32). The far-UV CD spectrum of/3-1actoglobulin 
in the lipid-protein complex thus clearly indicates 
an increase in a-helical structures to at least 25- 
30%. If, despite our precautions, there are minor 
light-scattering effects, they would tend to reduce 
the apparent intensity of the CD signal (33) so that 
this estimate of helical structure may be considered 
as a minimum value. 

The near-UV CD spectrum (Fig. 3b) of native B- 
lactoglobulin exhibits negative peaks at 293 and 
285 nm, and a shoulder at 266 nm. Both the 293 and 
285 nm peaks have been attributed to tryptophan 

(3,4). The near-UV CD spectrum offl-lactoglobulin 
in the lipid-protein complex consists of a broad, 
negative peak centered at 285 nm with a shoulder at 
266 nm. The disappearance or at least diminution 
and nonresolvability of the 293 nm peak combined 
with the 285 nm minimum suggest that l of the 2 
tryptophan residues per monomer  is affected by the 
formation of the lipid-protein complex. 

Fluorescence 

The intrinsic fluorescence of fl-lactoglobulin in 
the D P P C  vesicle complex at pH 3.7 is 10% greater 
than that of the native protein. The emission 
maximum occurs at 333 nm tor the native protein, 
as it does for the complex (Fig. 4). 

N M R  

Nonsonicated D P P C  liposomes exhibit an axially 
symmetric proton decoupled ~P  N M R  spectrum 
characterized by a broad peak with a shoulder ca. 
40 ppm downfield, due to the chemical shift 
anisotropy of phosphate phosphorus in an environ- 
ment with restrictive motion (34). Sonicated D P P C  
vesicles (Fig. 5a) exhibit only a narrow line 14 ppm 
downfield from the high-field maximum of the 
liposome pattern. The spectra of  liposomes and 
vesicles are not appreciably affected by changes in 
pH nor by the presence of native/3-1actoglobulin. 
The ~tp NMR spectrum of sonicated fl-lacto- 

..-. 
i 

0 
E 

-5,000 

5,000 r- 

Ill/ ~ o b 

r',,J 
0 

- 10 ,000  

1 ~ - I 5 , 0 0 0  

190 210 250 250 270 290 510 330 
X, nm 

5,000 

-5,000 

- 1 0 , 0 0 0  

FIG. 3. The far-UV (a) and near-UV (b) CD spectra of ( ) native fl-lactoblobulin, ( - -  
) denatured, redissolved ,8-1actoglobulin, and (----) complex of denatured fl-lactoglobulin 

with DPPC vesicles. All samples in 0.02 M acetate, 0.14 M KCI, pH 3.7. 0M based on molecular 
weight of 18,000, 0MRW based on a mean residue weight of 113. All spectra shown are averages of 
at least 3 separate determinations. Pat hlengths of 1.0 cm in the near-UV and 0.05 cm in the far-UV 
were chosen to assure A < 2.0 at the ,k recorded. 
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FIG. 4. Fluorescence emission spectra of sonicated, 
centrifuged samples of fl-lactoglobulin in 0.02 M acetate, 
0.14 M KCI, pH 3.7; ( . ) native protein, (---) denatured 
protein, and ( ) protein-DPPC vesicle complex. 
Protein concentration 0.15 mg/ml. 

g lobul in-DPPC complex at pH 3.7 closely re- 
sembled that of D P P C  vesicles without protein; at 
pH 7.2 the 3~p N M R  spectrum of the sonicated 
complex (Fig. 5b) contained elements of  both 
vesicle and liposome spectra, but was not simply 
the sum of these. The restricted motion of the 
phosphorous seen here could be attributed to either 

. fusion or aggregation of vesicles. When titrated to 
pH 11 where the solvent-treated protein becomes 
more soluble, the sample became less turbid and 
the 31p N M R  spectrum (Fig. 5c) of sonicated 
vesicles appeared, indicating that the earlier spec- 
t rum was due to the aggregation of vesicles, not 
fusion. 

2 
Q 

100 ppm 

FIG. 5. 24 MHz proton decoupled 3~p NMR spectra 
obtained from sonicated samples of(a) DPPC at pH 7.2; 
(b) 1:25 (w/w) mixture of/3-1actoglobulin with DPPC at 
pH 7.2; and (c) after titration of (b) to pH 11. 

globulin which has been solvent-treated and soni- 
cated at pH 3.7 appears as 42 A particles, suggesting 
that little aggregation occurs. This dimension is in 
close agreement with the reported size of the /3- 
lactoglobulin monomer  (30) 

E l e c t r o n  Microscopy 

Electron microscopy of the sonicated lipid- 
protein comolex at pH 3.7 (Fig. 6) shows vesicles in 
the 200-600 A range; while a few clusters are seen, 
they are generally not aggregated. Vesicles of 
D P P C  at this pH appear to fuse so that only a few, 
much larger (1000-1500 A) vesicles are seen in the 
micrographs (Fig. 6b). At pH 7.2, all of the vesicles 
were in the 200-600 ,~ range. Those containing 
lipid-protein complexes are flattened and aggregate 
to form stacks (Fig. 6c). D P P C  vesicles at this pH 
appear as a uniform dispersion (Fig. 6d). fl-Lacto- 

DISCUSSION 

The results presented here show that sonicated 
vesicles containing a complex of/~-lactoglobulin 
and D P P C  can be formed. Treatment  of the 
protein with a helix-forming solvent is necessary as 
the native protein does not complex with the lipid. 
While this may appear to be drastic treatment for a 
water-soluble protein, it is similar to the conditions 
used in the isolation of some membrane proteins 
(35). Additionally, the lipid must be mixed with the 
protein while it is in the helical conformat ion 
because of fl-lactoglobulin's tendency to renature 
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FIG. 6. Electron micrographs ofphosphotungstic acid- 
stained vesicles: (A) DPPC with/3-1actoglobulin, pH 3.7; 
(B) DPPC, pH 3.7; (C) DPPC with/3-1actoglobulin, pH 
7.2; (d) DPPC, pH 7.2. The lipid concentration is 0.1 
mg/mL 

when transferred to an aqueous medium. This 
ability of the protein to renature when returned to a 
more native environment suggests that other pro- 
teins treated similarly may also be studied in their 
native conformations. Sonication must be done at 
a temperature above the lipid transition point, but 
the resulting complex can then be studied at room 
temperature. 

Cosonication of native protein with phospho- 
lipid, a less drastic procedure than that used here, 
was found to bind immunoglobulin G to phosphati- 
dylcholines (36). However, we have shown that 
sonication does not alter the conformation of fl- 
lactoglobulin and that D P P C  vesicles formed in 
the presence of native fl-lactoglobulin behave as 
though there was no protein present. Additionally, 
cosonication of native fl-lactoglobulin with D P P C  
does not lead to any significant encapsulation. 
However, the small capture volume of phosphati- 
dylcholine vesicles (0.1 ~I /#M) (37), and the low 
concentration of fl-lactoglobulin (<0.06 mM) used 
here may account for this. 

Increases in a-helix are a common indication of 
lipid complexation by serum lipoproteins (38) or 
lipid-binding polypeptides (33). The helical content 
of/3-1act oglobulin increases from 10% to ca. 45% in 
0.02 M SDS (14) and to nearly 60% in acidic 
CH3OH (3). Our H20/CHCI3/CH3OH/HCI  sol- 
vent system should induce at least 50% helix; 
unfortunately, the high concentration of CHC13 
prevents the measurement of the far-UV CD 
spectrum in this solvent system. The 25-30% helical 
content observed for a fl-lactoglobulin-phosphati- 
dylcholine complex is less than the solvent-induced 
helix, but is more than twice that of the native 

protein. Application of the Chou-Fasman (39) 
procedure to the amino acid sequence of fl-lacto- 
globulin (2) results in an overestimation of helical 
content, that is, the potential for forming more 
helix than can be seen in the CD spectrum of the 
native protein. Some of these potentially helical 
regions are buried in the interior of the native 
protein so that the addition of lipid does not by 
itself cause their exposure and subsequent binding. 
However, once these regions are exposed by the 
organic solvent, they can participate in lipid bind- 
ing which then stabilizes their helical conformation. 
The CD spectrum of/3-1actoglobulin-DPPC vesicle 
complex shows a helical content consistent with the 
predictions of Chou and Fasman (39). 

The emission maximum for either native /3- 
lactoglobulin, or the/3-1actoglobulin-DPPC vesicle 
complex occurs at 333 nm; however, the latter 
occurs with a 10% increase in intensity. In systems 
where the protein-phospholipid interaction in- 
creases the hydrophobicity of the environment  of 1 
or more tryptophan residues, a blue shift in the 
intrinsic fluorescence is likely to be seen; for 
mellitin, the shift is from 352 to 333 nm (40), for 
glucagon it is from 350 to 338 nm (35), and for very 
low-density lipoprotein it is from 350 to 345 nm 
(38). Precedent does exist in hydrophobic myelin 
protein where the maximum is at 329 nm with or 
without lipid (41). The binding of long-chain fatty 
acids to fl-lactoglobulin increases the fluorescence 
intensity by 8% but does not shift the emission 
maximum (18). The formation of a/3-1act oglobulin- 
DPPC vesicle complex apparently does not in- 
crease the hydrophobicity of the environments of 
tryptophans 19 and 61. However, an emission 
maximum of 333 nm suggests relatively hydro- 
phobic environments for these residues in the 
native protein. The increased fluorescence yield is 
believed to be an effect of the conformational  
change seen in the CD data. While this conforma- 
tional change does not affect the average hydro- 
phobicity of the tryptophan environment,  it may 
increase the distance between them and a carboxyl 
or other charged residue, thus decreasing fluo- 
rescence quenching. 

At pH 3.7, observations obtained by both electron 
microscopy and 31p NMR confirmed the presence 
of small, uniform vesicles in sonicated mixtures of 
denatured fl-lactoglobulin and DPPC. The protein 
conformation as determined by CD in this system 
shows that fl-lactoglobulin is bound to the lipid 
vesicles. At pH 7.2, evidence for aggregated protein- 
lipid vesicles is seen in both electron microscopy 
and 31p NMR data. Titration to a higher pH 
disaggregates the vesicles possibly with the dis- 
solution of denatured fl-lactoglobulin f r o m  the 
outer surface, similar to the observations of Koter 
et al. (42) on the removal of calcium from calcium- 
aggregated vesicles. 
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In view of the CD data,  the amph ipa th i c  helix 
model (13) of protein-lipid interaction seems reason- 
able. According to this model, the initial inter- 
act ion is between charged amino acid residues in 
the protein and  the polar  head group of the lipid, 
after which the hydrophob ic  side of the helix is 
buried in the hyd roca rbon  chains of the lipid. 
A m o n g  the charged amino  acid residues, g lutamic 
acid is an excellent helix ini t ia tor  (39), and the helix 
forming potent ial  of positively charged lysine and 
arginine is enhanced by part ial  submers ion in the 
lipid (13). Ionizable amino acids comprise 29% of 
the residues in /3-1actoglobulin. Al though  the net 
charge per dimer of /3-1actoglobulin can vary 
between +20 at pH 3.7 and - I 0  at pH 7.2 (43), the 
degree of lipid (19) and detergent  (15) b inding is 
similar at these pH values, indicat ing tha t  hydro-  
phobic  interact ions are the more  impor tan t .  The 
l ipid-protein ratio of 20 _+ 5 would be sufficient to 
coat a lipid vesicle (400 A diameter)  with a protein 
shell if the prote in  were completely extended.  
While complete  unfolding of the protein is unlikely, 
a significant por t ion  of the vesicle surface must  be 
covered, or more prote in  would be expected to 
bind to the exposed lipid. The var ia t ion  with pH of 
the net charge remaining on the prote in  after 
interact ion with the lipid may account  for the 
aggregat ion behavior  of the complexes.  At  pH 3.7, 
one would expect all of the unused charges to be 
positive and for the protein coated vesicles to repel 
each other. At  pH 7.2, bo th  positive and negative 
charges should be available, if these are spread over 
the surface of the vesicles they may neutralize each 
other  by a t t ract ing other such vesicles. At  pH 11, 
the excess would be negative charge, only arginine 
(6 residues per d imer  of/3-1actoglobulin)  would 
remain  positively charged,  leading to repulsion and  
possibly even removal  of the prote in  f rom the lipid 
which would no longer be zwitterionic. 

Init ial  ionic a t t rac t ion to posi t ion lipid and  
protein molecules followed by hydrophob ic  inter- 
actions to stabilize a complex have been proposed 
to explain l ipid-protein binding in other  systems 
(13,18,35,40). Our  results are consis tent  with  this 
model  in tha t  the optical spectra,  part icularly CD,  
show hydrophobic  interact ions in the helix forma-  
t ion, while the ionic s t rength  effects imply electro- 
static interact ions between the lipid and  fl-lacto- 
globulin (44). 

Secretory proteins,  in thei r  native conforma-  
t ions,  may not  in general form l ipid-protein com- 
plexes. However,  with some degree of disrupt ion,  
one should be able to obta in  a form of the prote in  
which will interact  with lipids. Hydrophobic i ty  and  
helix format ion  are impor tan t  factors in the inter- 
actions of most  membrane  proteins and  serum 
l ipoproteins with lipids. For  secretory proteins,  the 
occurrence of helical s t ructure  in the final prote in  is 
less impor t an t  than  the potent ia l  for forming  a 

t ransi tory helix while t ransvers ing the membrane .  
There is no extended port ion,  10 residues or more,  
of/3-1actoglobulin for which the helical potent ia l  
(39) is less than  1.03. Thus,  this is a good illustra- 
t ion for the Engelman and  Steitz theory (45) of 
helical ha i rp in  insertion. According to thei r  theory,  
the signal peptide orients the process and  assures 
tha t  the peptide will not come out  of the m e m b r a n e  
on the side of synthesis. Secretion is then driven 
either by a mona ton ic  decrease in the polar  char-  
acter  of the peptide chain f rom the amino  to the 
carboxy end, or by energy derived f rom folding the 
peptide on the exter ior  side of the membrane .  In 13- 
lactoglobulin,  residues 60 to 100 (the peptide chain 
is 162 residues) form the most  hydrophobic  port ion,  
suggesting that  the first pathway is p robab ly  not  
operational.  The leader sequence of/3-1actoglobulin 
is cleaved before secretion is complete  (10) and  the 
protein starts to fold into its native confo rma t ion  
which has ca. 10% helical structure. This dynamic  
folding would provide energy to complete  the 
export  process. The native structure is then stabilized 
by the fo rmat ion  of disulfide bonds  making  the 
secretory process irreversible. 
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The Influence of Chenodeoxycholic Acid on 
Cholesterol and Bile Acid Turnover in Humans 
with Cholelithiasis 
S. H. Q U A R F O R D T * ,  a'b R. J A I N ,  c and M.  R. G R E E N F I E L D  a 
a Cooperative Lipid Lab, Durham Veterans Adminis t rat ion Hospital, Durham, NC 27705;  b Division of 
Gastroenterology, Duke University Medical  Center, Durham, NC 27710:  and 
c Tidewater Community College, Virginia Beach, VA 23456 

ABSTRACT 

The in vivo dynamics of cholesterol were determined in 8 individuals who were part of a national 
double-blind study testing the efficacy of chenodeoxycholic acid ingestion on the dissolution of gallstones. 
Despite the ingestion of this bile acid in amounts in excess of its normal endogenous flux, the conversion of 
neutral sterol to chenodeoxycholic acid continued. The flux of neutral sterol to endogenous chenode- 
oxycholate was lower for the patients ingesting bile acid than for one of the patients on placebo, but was 
similar to that of the other control and similar to previously published chenodeoxycholate flux in patients 
with cholesterol cholelithiasis. The remaining flux was on the basis of the very efficiently absorbed dietary 
chenodeoxycholate. The total cholesterol fractional catabolic rate and flux were not appreciably diminished 
by the administration of either high or low dose chenodeoxycholate to these individuals with cholesterol 
cholelithiasis. 
Lipids 18: 119-124, 1983. 

INTRODUCTION 

Previous studies of the effect of chenodeoxy-  
cholate feeding on the bile acid (1) and cholesterol 
(2) dynamics of humans have demonstrated marked 
differences in bile acid t ransport  with little in- 
fluence on total cholesterol flux. A substantial 
increment in the pool size of chenodeoxychol ic  
acid has been observed, along with reductions in 
the pool of cholic acid. The flux of chenodeoxy-  
cholic acid through the enterohepatic pool was 
enhanced when this bile acid was fed. F rom the 
data obtained, it was impossible to define how 
much of the chenodeoxycholate  flux originated as 
a result of the fed bile acid and how much from 
endogenous sterol conversion to the primary bile 
acid. The studies described here evaluate this issue 
and the effect of the feeding of two doses of this 

dihydroxy bile acid (375 mg and 750 mg daily) on 
the conversion of cholesterol to the primary bile 
acids and the total loss of cholesterol from the 
system. 

METHODS 

Subjects 

The subjects were recruited as part of the 
National Cooperative Gallstone Study and met the 
criteria for entrance into the Study (3). They all had 
asymptomatic  cholesterol cholelithiasis and some 
were modestly hypertriglyceridemic and over- 
weight. The details of their clinical characteristics 
are described in Table 1. Each of the subjects were 
under treatment with either placebo, low dose (375 

TABLE 1 

Clinical Characteristics 

Patient 

Age 
(yr) 

Weight 
(kg) 

% Ideal 
weight Cholesterol Triglyceride Phenocopy 

(mg~dl) 

Placebo 
MP F 56 90 154 328 153 liB 
PS M 54 77 117 199 186 IV 
EG M 58 101 166 184 169 IV 
RA F 56 49 104 245 114 N 

High dose 
DS M 50 88 120 156 107 N 
CG F 41 78 129 187 89 N 

Low dose 
FB M 67 77 117 188 118 N 
DJ M 48 92 123 164 170 IV 
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mg, 953 #mol daily), or high dose chenodeoxycho- 
late (750 mg, 1905 #mol daily) for 5 months prior to 
beginning the turnover studies. The total plasma 
cholesterol concentration was determined bi-weekly 
and observed to be within a coefficient of variation 
of 14%. All subjects were studied as outpatients, 
and an estimate of their daily cholesterol intake 
was provided by a dietician. This ranged between 
600 and 950 mg daily for the 8 patients. The 
subjects' weight varied less than 2 kg during the 4-6 
months of study. 

The plasma was sampled in these patients a mean 
of 16 times during the 4-6 month study. Bile was 
obtained 6-10 times during the course of the study. 
Care was taken to delay the administration of the 
oral medication and to maintain the fasting state 
on the mornings of the bile sampling. 

Procedure 

The studies were performed exactly as previously 
described (4), with the exception that the time 
interval of study was extended out to 6 months in 
most subjects. Autologous plasma was labeled with 
an acetone dispersion of [4J4C] cholesterol (New 
England Nuclear Corporation, Boston, MA) for 2 
hr at 37C and subsequently kept at room tempera- 
ture for an additional 6 hr. The plasma was filtered 
through a 0.22 # millipore filter and 10-20 #Ci 
intravenously injected after appropriate bacterio- 
logic and pyrogenic evaluation. Duodenal bile was 
obtained by a standard procedure employing cho- 
lecystokinin (Karolinski, Stockholm). Small ali- 
quots of bile were removed after an overnight fast 
and at least 15 hr after the last ingestion of 
medication. 

At the conclusion of the study (ca. 4-6 months 
after the ~4C cholesterol injection), subjects were 
injected with 5 #Ci of [24j4C] cholic acid and 2 
#Ci of [2,4JH] chenodeoxycholic acid (New 
England Nuclear) dispersed in 5 ml of buffered 
saline. Samples of duodenal bile were taken out to 
5 days after the administration of the radioactive 
bile acids. 

the labeled cholesterol and bite acid data utilized a 
mammilary 3-compartment system previously de- 
scribed for prolonged cholesterol turnover studies 
(6). It became apparent that for most of the studies, 
no improvement in the fit of the data was appre- 
ciated by this 3-compartment model when com- 
pared to a 2-compartment system. A model pro- 
posed by Schwartz et al. (7) incorporated an inflow 
of newly synthesized cholesterol which had not 
equilibrated with the plasma pools into both acidic 
and neutral sterol of bile. These studies were in 
humans with open enterohepatic systems and the 
model's relevance to the intact human is unknown. 
It was not necessary to use such a model to obtain 
satisfactory fits of this data. 

The high coefficients of variation ('> 100%) which 
were observed for many of the parameters in the 3- 
compartment model and the similarities of the total 
irreversible cholesterol flux to that using a 2- 
compartment model led to the use of a model 
previously described (5) with some modifications 
(Fig. 1). The model was modified so that an 
unlabeled input was provided for the chenodeoxy- 
cholate pool to account for the entry of orally 
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Neutro~l ~01 ~31 ~,~ 
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Lo,, - ~ ~ INPUT 

Cheno 
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Chemical Methods 

The extraction of plasma and bile and the 
subsequent processing of neutral sterol in bile acid 
was exactly as previously described (5). A similar 
thin layer chromatographic system (iso-octane 10, 
isopropyl ether 4, glacial acetic acid 5, butanol 3, 
water 1) was employed with a negligible (5%) 
contamination of the chenodeoxycholate band 
with deoxycholate when evaluated by gas liquid 
chromatography of the methylated trifluoroace- 
tylated bile acids as described (4). 

Calculations 

The initial model employed for the evaluation of 

FIG. 1. The model employed to analyze the cho- 
lesterol and bile acid activity data of patients taking 
placebo and chenodeoxycholic acid. Two sources of mass 
input are indicated, namely cholesterol into compartment 
1 of the rapidly miscible compartment and chenodeoxy- 
cholic acid into compartment 4. The fractional rates are 
defined as follows: h21, fractional rate of transfer of 
rapidly miscible cholesterol (RMP) to the slowly miscible 
pool (SMP); XI2, the fractional rate of transfer of SMP 
cholesterol to the RMP; X31, fractional rate of cholesterol 
conversion to cholate; X41, fractional rate of cholesterol 
conversion to chenodeoxycholate; h01, fractional rate of 
cholesterol loss as neutral sterol; X03, fractional rate of 
cholate loss; X04, fractional rate of chenodeoxyeholate 
loss. The p symbol indicates the steady state transport 
rates in #mol/day for these processes, M represents the 
size of the pools in #mol. 
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ingested chenodeoxycholic acid into the system. 
The solution was run using both the sequential 
specific activity of biliary cholesterol and primary ~xto. s 
bile acids obtained from the labeled cholesterol 
injection and the bile acid activities after the 14C 
cholate and 3H chenodeoxycholate injections. De- 
pendence relations were written into the input so 
that the bile acid pool size and fractional turnover ..~ 
rates obtained from the two sets of data would be ,~ 
identical. The SAAM program (8) was employed z 1• 
for the analysis of the data. 

RESULTS 

Al l  but one of the patients (RA) studied were 
overweight (Table 1). Three of the 6 patients who 
had detailed studies of their bile acid kinetics also 
had modest hypertriglyceridemia (MP; PS; D J; 
Table 1). Two of these had a type IV phenotype and 
the third was IIB by lipoprotein electrophoretic 
evaluation (9). Changes in plasma cholesterol over 
the 6 months of the study were less than 10% of the 
initial value for each of the patients. 

The specific activity functions of chenodeoxy- 
cholate for the placebo and bile acid treated 
patients were quite different. Those patients on the 
placebo had the previously described interception 
(5) of the chenodeoxycholate specific activity with 
that of the specific activity curve of the rapidly 
miscible cholesterol pool (Fig. 2A). The patients 
taking the chenodeoxycholate, even at a low dose 
level, had an appreciably lower specific activity of 
this bile acid when compared to either cholate or 
the rapidly miscible sterol data (Fig. 2B). No 
interaction of the bile chenodeoxycholic acid ac- 
tivity with that of cholesterol was observed. This 
was true for both patients taking the low doses of 
chenodeoxycholate as well as in the high dose 
patients. 

When the tracer data was analyzed employing 
the model described in Figure 1 and the SAAM 
system for analysis, 7 fractional rate constants and 
their precisions were estimated (Table 2). The 
coefficients of variations of these parameters were 
relatively small for those parameters indicat ing 
cholesterol catabolism (X01, X.31, h41). The frac- 
tional removal rates of the bile acids (h03, h04) was 
somewhat less well determined in 3 of the patients 
(MP, PS and DS). Those patients on a high dose of 
chenodeoxycholic acid had a somewhat smaller 
fractional conversion of rapidly miscible choles- 
terol to both cholic ()~31) and chenodeoxycholic 
acid (h41). This was also true for one of the patients 
taking the low dose of bile acid (FP) whereas the 
other patient (DJ) had X31 and X41 which were 
well within the placebo patient's range. No trends 
were apparent for the fractional rate of loss as 
neutral sterol (h01) between placebo and cheno- 
deoxycholate-treated patients. This was true for 
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FIG. 2. (A) The sequential plasma cholesterol and 
biliary bile acid specific activities of patient P.S. taking 
placebo. ~ Cholesterol; O ..... �9 cholic acid; and 
/X . . . . .  A chenodeoxycholic acid. (B) The sequential 
plasma cholesterol and biliary bile acid specific activities 
of patient D.S. taking chenodeoxycholate. ~------O 
Cholesterol; O ..... O cholic acid; and A . . . . .  A cheno- 
deoxycholic acid. 

the other fractional rate constants as well. 
The steady-state mass measurements (Table 3) 

on these 6 patients revealed no trend with respect to 
the pool size of the rapidly miscible cholesterol 
pool (M 1). This was true as well when this data was 
normalized with respect to body weight. There was 
some decrease in the cholate pool (M3) for both the 
high and low dose chenodeoxycholic acid patients 
when compared to placebo. An increment in the 
pool size of chenodeoxycholic acid (M4) was 
observed for 3 of the patients taking this primary 
bile acid (Cg, DS, and FB, Table 3) with little 
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TABLE 2 

Cholesterol and Bile Acid Fractional Rate Constants 
in Placebo and Chenodeoxycholic Acid Treated Patients' 

h21 hi2 h01 h31 h41 A03 hiM, 
Patients (day -~) 

Placebo 
MP .097 (32) .035 (27) .045 (22) .014 (16) .0053 (16) .49 (29) .24 (39) 
PS .059 (51) .022 (44) .009 (12) .039 (26) .013 (25) .63 (35) .46 (42) 
High dose chenodeoxycholate 
CG .065 (24) .026 (23) .021 (19) .0092 (26) .0043 (19) 1.05 (19) .70 (13) 
DS .098 (19) .035 (21) .044 (17) .0064 (23) .0039 (34) .42 (44) .23 (42) 
Low dose chenodeoxycholatc 
FB .11 (25) .056 (24) .02 (21) .0059 (16) .0068 (17) .41 (19) .34 (22) 
DJ .073 (20) .032 (16) .038 (18} .018 (23) .0095 (17) 1.08 (13) .86 (15) 

'The rate constant descriptions are provided in Figure I. The figure within the parentheses represents the 
coefficient of variation. 

TABLE3 

Steady State Cholesterol and Bile Acid Pool Sizes and Fluxes 
in Placebo and Chenodeoxyeholic Acid Treated Patients" 

M k M~ M, p01 p31 p41 p04 
Patients (~ / mol) (,u tool/day) 

Placebo 
M P 60,241 1,454 1,780 2,710 778 374 
PS 58,823 3,255 2, I 16 529 2,173 88 I 
High dose 
CG 74,627 1,000 3,714 1,577 844 32 I 
DS 67,568 1,041 7,692 2,972 432 264 
Low dose 
FB 56,497 1,062 4,405 1,130 387 384 
DJ 53,191 804 1,710 2,021 913 505 

2,600 
1,769 

1,498 
1,471 

"The nomenclature for pool size and flux is given in Figure I and the text. 

chenodeoxycholate  pool size expansion for the 
remaining patient (D J). 

The flux of cholesterol as neutral sterol (p01) 
showed little trend for those patients taking the bile 
acid when compared to the placebo. The flux 
(~mol /day)  of sterol into cholic acid for those 
patients taking chenodeoxycholic  acid was appre- 
ciably lower in 2 of the patients (DS and FB) taking 
a high and low dose of the bile acid, respectively. 
The flux of the bile acid into the cheno pool was 
also modestly diminished in both patients taking 
high dose chenodeoxyeholate ,  but this was less 
apparent  in those taking the low dose of the bile 
acid. The endogenous synthetic component  
amounted to a mean of 14% of the total cheno flux 
(p41/p04) in the patients taking high dose cheno- 
deoxycholic acid. The endogenous flux comprised 
a mean of  30% of the total cheno flux in those 
patients ingesting a lower dose of the bile acid. 

Those parameters indicative of  the total effective 
removal of cholesterol from the system, namely the 
total endogenous catabolic flux (p01 + p3 ! + p41) 
as well as the total fractional catabolic rate (,~01 

+ h 3 1 + h 4 1 )  suggested some decrease in these 
parameters in 2 of the patients (CG and FB) when 
compared to the placebo patients (Table 4). These 
were not particularly striking differences and 
neither o f  these patients had the minimal hypertri- 
glyceridemia of the placebo patients which had 
been associated (10) with an increment in sterol 
flux. The remaining 2 chenodeoxycholate  treated 
patients (DS and D J) had catabolic indices fairly 
similar to those of the placebo-patient treated. 

DISCUSSION 

The nature of this study did not permit the 
patients to serve as his or her own control,  
therefore making the changes induced by cheno- 
deoxycholic acid somewhat difficult to assess. 
There are some observations which are clear cut 
and do not require the patient to serve as his own 
control. It is apparent  from the 4 studies of patients 
taking chenodeoxycholic acid that  the absorpt ion 
and utilization of this bile acid in the enterohepatic 
circuit at the doses administered was quite good. 
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TABI.E 4 

Cholesterol Catabolic Parameters in Placebo and 
Chenodeoxycholic Acid Treated Patients 

Placebo 

Total endogenous Total fractional 
Flux" catabolic rate 

(tool: kg) (day ~) 

MP 42.9 .064 
PS 46.5 .061 
EG 33.9 .053 
RA 45.6 .042 

High dose 
CG 35.2 .035 
DS 41.6 .054 

I.ow dose 
FB 24.7 .033 
DJ 37.4 .066 

'The values represent the sum of neutral sterol output ~.p01) 
plus that of acidic sterol (p31 +041) divided by the weight in 
kg. The total fractional catabolic rate represents the sum of 
X01 +X31 +X41. 

Three of the 4 patients  had a calculated flux of 
ingested bile acid th rough  the enterohepat ic  pool 
which was at least 100% of the oral dose. The 
remaining pat ient  (DS) calculated to have 80% of 
his oral dose incorporated into his enterohepat ic  
circuit. This was considerably better  than  the 
patients described by Danzinger  et al. (1) w h e r e  
absorpt ion  ranges f rom 29% to 84% were noted,  
with a mean of 60%. These invest igators fed 
considerably more chenodeoxychola te  suggesting 
a sa tura t ion of the intestinal uptake  mechanism 
somewhere between the 750 mg to 1500 mg daily 
load. 

The other  result tha t  is clear-cut in these studies 
is that  despite the in t roduct ion of nearly 2000 # M  
of chenodeoxychol ic  acid, the synthesis of cheno-  
deoxycholic acid f rom cholesterol proceeds. It is 
possible that  this de novo synthesis o fchenodeoxy-  
cholate is a t tenuated  by the admin is t ra t ion  of the 
exogenous bile acid. However, the endogenous  
synthesis of chenodeoxychola te  (p41), even in the 
high dose patients,  was not tha t  far f rom the 
placebo. Other  kinetic studies of cholesterol  gall- 
stone patients have demons t ra ted  mean daily 
chenodeoxychola te  synthesis of 186 # M  (I)  and 
264 tzM (5) similar to tha t  seen in the patients  
receiving nearly 2,000 ~M of this bile acid. This 
would indicate that  the feedback suppression of 
bile acid synthesis in man may not be as t ightly 
controlled by bile acid feeding as has been demon-  
strated (I 1) for o ther  mammals .  

The a t tenua t ion  in cholic acid synthesis pro- 
duced by the chenodeoxychol ic  acid feeding was 
also relatively modest.  The values for all cheno-  
deoxycholate  treated patients were within the 
range of individuals with cholelithiasis previously 
evaluated by this technique (5). The fractional  rates 
of convers ion of cholesterol to cholic acid (,k31) 

were also not substant ial ly different from this 
previous series. However,  the fract ional  convers ion 
rates for this convers ion to cholic acid were 
somewhat  lower in 3 of the chenodeoxychola te  
treated patients than  either of the placebo patients.  
This variabili ty in cholate-synthet ic  response was 
seen as well in the studies of Danzinger  et al. (1). 
Most  of the patients  in their  series showed ra ther  
marked decreases in cholate synthesis as well as an 
enhanced fractional catabolic rate (h03). In this 
study as well, two of the chenodeoxychola te  t reated 
patients showed fractional catabolic rates above 
1.0. Al though  the t rends were similar with  respect 
to cholic acid in this study, the decreases in the 
cholate pool  size in the present study using lower 
doses of chenodeoxychola te  were not as s t r iking as 
seen previously (1) on significantly higher doses. 
The  total  flux of bile acid (031 + p04) in this trial 
was equivalent  to the flux of total  bile acid reported 
previously (1) using considerably higher loads of 
chenodeoxycholate .  This might indicate that  rea- 
sonably similar bile acid deliveries th rough  the 
enterohepat ic  system can be achieved with the 
lesser 750 mg per day load. 

There were no real trends observed with respect 
to the loss of cholesterol  as neutral  sterol between 
the chenodeoxychola te  treated patients  and the 
placebo patients. The fractional catabol ic  rate 
(h01) and the flux (p01) were within the rate 
previously reported for cholelithiasis pat ients  (5). 
A potential  effect of this therapy (12) relates to 
inhibi t ion of the catabol ism of cholesterol  when 
this bile acid was ingested. The data  in this study as 
well as previous data  (2) deny this. However,  the 
critical s tudy to define this possibility, namely 
having the pat ient  as his own control  and em- 
ploying long-term specific activity data,  has not  
been done. However,  at this point ,  there are no 
strong indicat ions that  cholesterol ca tabol ism is 
significantly impeded or that  the readily exchange- 
able cholesterol pool (M I) is appreciably enhanced,  
Al though some investigators (13) calculate total  
body sterol content  from long-term plasma decay, 
this calculat ion is quite tenuous depending upon 
many assumptions.  It is impossible to indicate 
securely from these data  whether  the adminis t ra -  
t ion of chenodcoxychol ic  acid does, in fact, expand 
the total exchangeable  sterol pool  in man even 
though catabolic flux was relatively normal .  
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Different Fatty Chain Compositions of Alkenylacyl, Alkylacyl 
and Diacyl Phospholipids in Rabbit Alveolar Macrophages: High 
Amounts of Arachidonic Acid in Ether Phospholipids 
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ABSTRACT 

High levels of ether phospholipids were found in rabbit alveolar macrophages. Choline phosphoglycerides 
(CPG) contained a significant amount of alkylacyl compound (32.5%). On the other hand, ethanolamine 
phosphoglyceride (EPG) included a very large amount of alkenylacyl compounds (61.2%). Small amounts 
of alkenylacyl CPG and alkylacyl EPG were also observed. The occurrence of a high amount ofalkylacyl 
CPG may be related to the synthesis or release of platelet-activating factor (PAF) from macrophages. Fatty 
chains at the I- and 2-positions in each lipid class of CPG or EPG were considerably different from each 
other. Particularly, the levels of 20:4 (arachidonic acid) in alkylacyl CPG or alkenylacyl EPG were several 
times higher than those in corresponding diacyl phospholipids. Large portions of 20:4-containing species 
have alkenyl or alkyl ether moieties at their l-position in both CPG (73.6%) and EPG (85.9%). These results 
suggest the importance of ether-containing phospholipids in rabbit alveolar macrophages. 
Lipid.s 18: 125-129, 1983. 

INTRODUCTION 

Alkenyl or alkyl ether phospholipids are widely 
distributed in various animal tissues (I), although 
their biological significance is still obscure. In a 
preceding study, we have demonstrated that con- 
siderable amounts of alkyl ether-containing CPG 
and alkenyl ether-containing EPG were found in 
pig lymphocytes (2). Similar results were obtained 
for rabbit polymorphonuclear  leukocytes (3). The 
high amount  of alkylacyl CPG is interesting, since 
alkylacetyl CPG, known as platelet-activating fac- 
tor (PAF) (4,5), is released from various types of 
leukocytes including macrophages (6-10). P A F  is 
now considered to be one of the important medi- 
ators of inflammation as well as of acute hyper- 
sensitivity. Recently, several investigators demon- 
strated that l-alkyl-2-1yso CPG might act as the 
precursor for PAF synthesis (11-14). It is impor- 
tant, therefore, to examine in detail the properties 
of ether phospholipids in various kinds of leuko- 
cytes. 

In the present study, we investigated the contents 
and the fatty chain compositions of alkenylacyl, 
alkylacyl and diacyl phospholipids in rabbit al- 
veolar macrophages. We showed that high levels of 
ether-containing CPG or EPG were observed in 
these cells and that their fatty acids at the 2- 
position were considerably different from those of 
diacyl phospholipids. Particularly, the amount  of 
20:4 in alkylacyl CPG was ca. 5 times higher than 

*Author to whom correspondence should be addressed. 
Abbreviations: Fatty chains were designated by number of 

carbon atoms:number ol double bonds, e.g., 18: I for oleic acid: 
CPG, choline phosphoglycerides; EPG, ethanolamine phospho- 
glycerides; PAF. platelet-activating factor: Hopes, N-2-hydr-oxy- 
et hylpiperazine-N'-2-et hanesulphonic acid. 

that in corresponding diacyl compounds. Also, 
alkenylacyl EPG contained ca. 3 times more 20:4 
than the diacyl compounds. 

MATERIALS AND METHODS 

Chemicals 

All chemicals were of reagent grade and solvents 
were distilled before use. 

Cells 

Alveolar macrophages were prepared by pul- 
monary lavage with ice-cold 20 mM Hepes-saline 
(pH 7.2, 4C) from normal healthy rabbits (New 
Zealand White, 2.5-3.0 kg, female). After filtering 
through cotton gauze, the cells were collected by 
centrifugation. Contaminated erythrocytes were 
removed osmotically, and the cells were washed 3 
times with Hepes-saline. The purity of the cells was 
above 95% by morphological assessment (Wright- 
Giemsa staining). 

Extraction and Fractionation of Lipids 

Lipids were extracted immediately after the 
preparation of the cells by the method of Bligh and 
Dyer (15). Individual phospholipids were separated 
by two-dimensional thin-layer chromatography 
(TLC) (16). Lipid spots were detected under ultra- 
violet light by spraying with nondestructive fluo- 
rescein reagent primuline (17). CPG or EPG were 
eluted from silica gel with ch loroform/methanol /  
water (1:2:0.8) and extracted by the method of 
Bligh and Dyer (15). Lipid phosphorus was es- 
timated as described by Rouser et al. (18). The 
occurrence of lyso-bis-phosphatidic acid was con- 
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firmed according to the earlier study by Mason et 
al. (19) as follows. (a) The mild alkaline hydrolysis 
product was identified as glycerophosphoryl glyc- 
erol by paper chromatography developed with 
phenol /water /acet ic  acid / ethanol (80:20: 10:12), 
using authentic phosphatidylglycerol as a standard. 
(b) The acetolysis product was identified as acetyl 
derivative of  monoacylglycerol by TLC developed 
with petroleum ether/ethyl  ether/acet ic  acid (60:40 
:1). (c) The fatty ac id /P  ratio was 2.02. These 
results were very similar to those obtained by 
Mason et al. (19). Throughout  the extraction and 
fractionation procedures, a small amount  of butyl- 
ated hydroxytoluene was added to the solvents to 
avoid oxidation. 

Separation of Alkenylacyl, Alkylacyl and 
Diacyl Phoapholipid$ 

Alkenylacyl, alkylacyl and diacyl CPG or EPG 
were separated as 1,2-diradyl-3-acetylglycerol deri- 
vatives as described previously (2,20,21). CPG or 
EPG was hydrolyzed with phospholipase C (Bacil- 
lus cereus) in 1.0 ml of 0.1 M Tris-HC1 buffer (pH 
7.2) and 3.0 ml of ethyl ether. Resultant diradyl- 
glycerol was extracted and subsequently acetylated 
with 0.5 ml of acetic anhydride and 0.I ml of 
pyridine at 37C for 3 hr. Three types of 1,2-diradyl- 
3-acetylglycerols as well as 1,3-diradyl-2-acetyl- 
glycerols (isomerized products) were separated 
from each other by TLC developed first with 
petroleum ether/diethyl ether/acetic acid (90:10: 1) 
and then with toluene and extracted from the plates 
as described previously (2). The formation of  1,3- 
diradyl isomers was, however, always very low in 
this study. The amounts of  alkenylacyl, alkytacyl 
and diacyl compounds were estimated by their 
fatty acyl quantities, using 17:0 methyl ester as an 
internal standard (2). 

Determination of Fatty Chain Compositions 

Fatty acids were analyzed as the methyl ester by 
gas-liquid chromatography (GLC) (2,21). To in- 
vestigate the fatty acids at the 1-position of diacyl 
compounds,  snake venom phospholipase A2 (Naja 
naja atra) was used to remove the fatty acid 
residues from the 2-position of  CPG or EPG. The 
resulting !ysophospholipids were separated by 
TLC,  using the solvent, ch lo roform/methano l /  
water (65:25:4) and methylated. The fatty acid 
compositions at the 2-position of diacyl com- 
pounds were calculated from the data for the total 
fatty acids and those for the fatty acids at the 1- 
position. Alkylglycerols (glyceryl ethers) were pre- 
pared from l-alkyl-2-acyl-3-acetylglycerols by mild 
alkaline hydrolysis and analyzed as the trimethyl- 
silyl (TMS) derivatives by GLC (2,20). Fatty 
aldehydes were liberated from 1-alkenyl-2-acyl-3- 
acetylglycerols by treating with HC1 gas and ana- 

lyzed by GLC (22). 

RESULTS AND DISCUSSION 

Phospholipid Composition 

Table 1 shows the phospholipid composit ion of 
rabbit alveolar macrophages. The lipid phosphorus 
was estimated as 1.98 #g/106 cells. The predom- 
inant components were CPG, EPG and  lyso-bis- 
phosphatidic acid. Similar results were demon- 
strated by Mason et al. (19), al though the port ion 
of sphingomyelin was somewhat smaller in our 
study. 

Amounts of Ether Containing and Diacyl Phospholipids 

Table 2 shows the class composit ions of  CPG 
and EPG of rabbit alveolar macrophages. High 
levels of alkylacyl compounds were found in CPG 
(i.e. 1-alkyl-2-acyl-sn-glycero-3-phosphocholine). 
On the other hand, EPG included a large amount  
of alkenylacyl compound (i.e. 1-alkenyl-2-acyl-sn- 
glycero-3-phosphoethanolamine). The amounts of 
alkenylacyl compounds in CPG and alkylacyl 
compounds in EPG were small. The total amount  
of ether-containing CPG and EPG comprised ca. 
29% of total phospholipids. In the earlier study, we 

TABLE 1 

Phospholipid Composition of Rabbit Alveolar Macrophages ~ 

Phospholipids % of total phospholipids b 

Choline phosphoglycerides 36.1 • 1.1 
Ethanolaminc phosphoglycerides 21.7 -+ 2.7 
Lyso-bis-phosphatidic acid 17.7 + 3.2 
Sphingomyelin 8.4 • 1.2 
Serine phosphoglycerides 4.1 + 0.4 
Inositol phosphoglycerides 7.5 • 1.5 
Cardiolipin 4.5 + 0.8 

aThe mean percentages (weight%) + SD were taken from differ- 
ent samples (n = 6). 

bThe values were calculated from the lipid phosphorus. 

TABLE 2 

Class Composition of Choline and Ethanolamine 
Phosphoglycerides of Rabbit Alveolar Macrophages" 

Class CPG b EPG c 

Alkenylacyl 5.6 • 1.24 61.2 • 4.2 
Alkylacyt 32.5• 1.1 8.1 • 
Diacyl 61.9 + 0.7 30.7 + 3.3 

~The mean percentages (weight %)-+SD were taken from 
different samples (n= 6). 

bCholine phosphoglycerides. 
CEthanolamine phosphoglycerides. 
dThe values were calculated from the quantities of acyl 

moieties in each lipid class. 
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showed that  pig lymphocytes contained high levels 
of ether phospholipids.  In pig lymphocytes,  ca. 
25% of total  phosphol ip ids  were accounted for by 
e ther-conta in ing CPG  and EPG (2). Recently, 
Mueller  et al. reported similar results for rabbi t  
peri toneal  exudate  po lymorphonuc lea r  leukocytes 
(3). The biological significance of the high abun-  
dance of alkenylacyl EPG has not  yet been well 
elucidated. On the other  hand,  large amoun t s  of 
alkylacyl C P G  in such leukocytes are part icular ly 
noticeable,  since a potent  lipid mediator ,  namely 
PAF,  is now regarded as a derivative of alkyl ether 
conta in ing CPG,  I-alkyl-2-acetyl-sn-glycero-3- 
phosphochol ine  (4,5). It is very probable  that  P A F  
is synthesized from alkylacyl CPG by a deacylation- 
acetylat ion reaction. Several investigators have 
already showed the occurrence of acetyl CoA:  l- 
alkyl-2-1yso-sn-glycero-3-phosphocholine acetyl- 
t ransferase ( 11-14). 

Recently, it has been shown that  P A F  st imulates  
leukocyte aggregat ion (23-25), chemotaxis  (25-27) 
and enzyme secretion (23-26). Fur thermore ,  several 
investigators reported that  some of the synthetic 
alkyl CPG derivatives have ant•  (28,29) or 
immunopo ten t i a t ing  activity (30-32). Alkyl C P G  
derivatives also induced the different iat ion of 
leukemic cells (33). It will, therefore,  be a very 
impor tan t  problem to study the mode  of act ion of 
P A F  as well as the biosynthesis or ca tabol ism of 
alkyl e ther-conta in ing CPG  in various types of 
leukocytes. 

Fatty Chain Composition of CPG 

The fatty chain composi t ion  of  CPG  of rabbi t  
alveolar  macrophages  are shown in Table 3. The 
most  p redominan t  fatty chain was 16:0 in each 
lipid class. On the other  hand,  18 ca rbon  fatty 

chains comprised relatively small propor t ions .  
Al though the alkyl chain composi t ion  of P A F  
derived from rabbi t  alveolar  macrophages  is still 
unknown,  it is interesting to note tha t  natural ly  
occurring PAF  from rabbi t  basophils  is mainly 
composed of the 18 ca rbon  chain (5). M ueller et al. 
reported that  rabbi t  peri toneal  exudate  polymor-  
phonuclear  leukocytes contained a considerable  
amount  of 20:0 or 22:0 alkyl chains (3). However,  
we could not find significant amoun t  ofa lkyl  chain 
other  than  16:0, 18:0 and 18:1 in rabbi t  alveolar 
macrophages.  This difference may be due to the 
difference in cell types. 

The fatty acids at the 2-posit ion of each lipid 
class were considerably different f rom each other.  
The p redominan t  fatty acids at the 2-posit ion of 
alkylacyl compounds  were 20:4 and  18:2. The 
quanti t ies  of 20:4 and 18:2 in alkenylacyl com- 
pounds  were, however, smaller than  those in 
alkylacyl CPG. Moreover ,  diacyl compound  in- 
cluded only a small a m o u n t  of 20:4. It is quite 
noteworthy that  the content  of 20:4 is very high in 
alkylacyl CPG compared  with alkenylacyl or diacyl 
compounds.  This prominent  difference in the quan- 
tities of 20:4 between 3 types of CPG was also 
observed in Ehrlich ascites tumor  cells (20). How- 
ever, the difference was not  as remarkable  in rabbi t  
peri toneal  exudate  po lymorphonuc lea r  leukocytes 
(3) or in pig lymphocytes (2) as in rabbi t  alveolar 
macrophages.  Al though 22 carbon polyunsaturated 
fatty acids comprised only a small por t ion  in each 
lipid class, their amount s  in the ether  compounds  
were higher than those in diacyl CPG.  

Fatty Chain Compositions of EPG 

Table  4 shows the fatty chain composi t ions  of 
EPG of rabbi t  alveolar  macrophages .  The pre- 

TABI.E 3 

Fatty Chain Composition of Choline Phosphoglycerides" 

Class 
Fatty chain Position 

Alkenylacyl Alkylacyl Diacyl 

I 2 I 2 I 2 

Percentages in each lipid class 
16:0 65.1• 24.6• 83.6• 10.7• 58.2• 22.4• 
16:1 - 10.2• 1.6• - 7.6• 
18:0 10.4• 6.2• 6.2• 1.0• 22.1• 3.0• 
18:1 24.5• 23.0• 10.2• 8.7• 12.7• 20.5• 
18:2 - 9.5• 25.7• 6.3• 33.8• 
18:3+20:1 - l . l i0 .2  - 0.7• 0.7• 1.3• 
20:3 - 3.0• - 4.0• - 1.4• 
20:4 - 16.6• - 38.6• - 7.8• 
22:4 - 0.9• - 1.9• - 0.6• 
22:5 - 3.4• 6.1• - 1.0• 
22:6 - 1.5• 1.0• - 0.6• 

"The mean percentages (weight%) + SD were taken from different samples (n = 5). Fatty acids were analyzed 
as the methyl esters by GLC. Liberated aldehydes were separated by TI,C and analyzed by GI,C. Glyceryl ethers 
were analyzed as the trimethylsilyl derivatives by GLC as described in Materials and Methods. 
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TABLE 4 

Fatty Chain Composition of Ethanolamine Phosphoglycerides" 

Class 
Fatty chain Position 

AIkenylacyl Alkylacyl Diacyl 

1 2 1 2 1 2 

Percentages in each lipid class 
16:0 68.1• 3.7• 77.8• 16.7• 10.5• 7.4• 
16:1 - 1.8• - 5.3• 4.4• 
18:0 30.1• 1.0• 19.1• 4.2• 70.3• 2.2• 
18:1 1.8• 11.6• 3.1• 14.7• 14.8• 36.2• 
18:2 - 6.3• - 7.9• 3.7• 20.6• 
18:3+20:1 - 0.3• - 0.5• 0.7• 0.9• 
20:3 - 2.3• - 5.3• - 2.6• 
20:4 - 54.1• - 24.8• - 18.7• 
22:4 - 3.6• - 4.4• - 2.2• 
22:5 - 13.2• - 13.5• - 3.8• 
22:6 - 2.1• - 2.7• - 1.0• 

~l'he mean percentages (weight%)_+SD were taken from different samples (n= 5). Analytical procedures 
were as in Materials and Methods. 

d o m i n a n t  fatty chain at the I -pos i t ion  was  16:0 in 
bo th  alkenylaeyl and alkylacyl c o m p o u n d s  and 
was  18:0 in the diacyl c o m p o u n d .  

The fatty acids at the 2-pos i t ion  of  each lipid 
class showed  quite  different  profiles. The  mos t  
p r e d o m i n a n t  fatty acid at the 2-pos i t ion  o fa lkeny l -  
acyl c o m p o u n d  was  20:4. It compr i sed  more  than  
half  of the fatty acyl moieties.  O n  the o the r  hand,  
the a m o u n t  of  20:4 in alkylacyl or  diacyl com-  
p o u n d s  was  relatively small.  Diacyl c o m p o u n d s  
conta ined a considerable  a m o u n t  of  18:1 at the 2- 
posit ion.  F u r t h e r m o r e ,  e the r -con ta in ing  com-  
p o u n d s  included higher  a m o u n t s  of  22 ca rbon  
po lyunsa tu ra t ed  fatty acids t han  diacyl p h o s p h o -  
lipids. 

It seems a unique  feature  o f  rabbi t  a lveolar  
m a c r o p h a g e s  to con ta in  high a m o u n t s  o f  20:4 in 
e ther  phosphol ip ids .  High p r o p o r t i o n s  of  20:4- 
conta in ing  species belonged to alkylacyl com-  
p o u n d s  in C P G  (68.5%) or  alkenylacyl  c o m p o u n d s  
in E P G  (81.0%). Smal l  p r o p o r t i o n s  were also 
found in alkenylacyl C P G  (5.1%) or  alkylacyl EPG 
(4.9%). The content  of  20 :4-conta in ing  species 
which also possessed acyl moieties at their  l- 
pos i t ions  were relatively smal ler  in bo th  C P G  
(26.4%) and  E P G  (14.1%). These obse rva t ions  
suggest the possible  role of  e the r -con ta in ing  phos-  
phol ipids  in the s torage  of  20:4. A rapid release of  
20:4 f rom st imulated m a c r o p h a g e s  has a l ready 
been s h o w n  by several invest igators  (34-39). En- 
hanced synthesis  or  release of  p ros t ag land ins  has 
been also demons t ra ted  (10,34-39). The metabo l i sm 
of  20:4 might  differ cons iderab ly  between ether-  
containing and diacyl phosphol ip ids .  Fu r t he r  s tudy 
will clarify the role and  the metabol ic  features  of  
e ther -conta in ing  phospho l ip id s  in m a c r o p h a g e s .  
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The Influence of Linoleic Acid Intake on the Kinetics 
of Adenine Nucleotide Translocase 
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ABSTRACT 

Dietary enrichment of mitochondrial polyenoic fatty acid content was associated with increased respira- 
tory activity (Abuirmeileh and Elson). The influence of the membrane lipid composition on the adenine 
nucleotide translocase (AdNT) was studied in rats that were fed diets formulated with beef tallow (BT) to 
provide low or safflower oil (SO) to provide high contents of linoleic acid. The phosphatidylcholine/ 
phosphatidylethanolamine ratio was 40% higher in the SO mitochondria due primarily to an increase in 
phosphatidylcholine. SO mitochondria exhibited 25% higher state 3 respiration, 50% higher state 4 
respiration and 13% higher net ADP-dependent respiration than did the BT mitochondria. The relative 
RCR and ADP/O values of the SO mitochondria were slightly but significantly (p < 0.01) lower. The 
kinetics of the AdNT were determined by the back exchange method (Pfaff and Klingenberg). At all assay 
temperatures, SO mitochondria exhibited a higher Km for ADP. However, addition of 5 mM carnitine to the 
assay mixture increased the affinity of the SO-AdNT giving Km values similar to that of the BT-AdNT. 
Washing the mitochondria with fat-free BSA had a similar, but lesser, effect. At 25 C and 37 C, the Vmax of 
the SO-AdNT were increased by 11-15% (p < 0.05) which was independent of either BSA-wash or the 
presence of carnitine. According to Dixon plot studies, the SO-AdNT had a comparable K~ for atractylate 
but a slightly lower K~ for palmitoyl-CoA inhibition. The accumulation of acyl-CoA esters in the SO 
mitochondria was not ruled out. The overall results suggest that changes in mitochondrial membrane lipids 
accommodated an increased Vmax of the SO-AdNT, which in turn accounted for that part of the increased 
state 3 respiration dependent on ADP translocation. 
Lipids 18: 130-136, 1983. 

There  is evidence that  under  physiological  con- 
dit ions the A d N T  plays the rate-l imit ing role for 
bo th  substrate  oxidat ion and oxidative phosphoryl-  
a t ion (1,2). Mak  et al. recorded decreased A d N T  
activity in hepatic  mi tochondr ia  f rom thyroid-  
ectomized rats (3) and increased A d N T  activity in 
hepatic mi tochondr ia  f rom cold-adapted  rats (4), 
stresses which are recognized to decrease and  
increase, respectively, rates of oxygen uptake.  The 
lipid pat terns  of the hypothyro id  mi tochondr i a  (5) 
were consistent  with a more stable membrane  
bilayer (6), and  those of the cold-adapted  mito-  
chondria ,  with a less stable membrane  (4). The 
kinetic analyses of the A d N T  embedded  in these 
lipid matrice revealed changes in the Km and Vmax 
consistent  with the changes in A d N T  activities 
(3,4). 

The fatty acid (7) and phosphol ip id  (8) pat terns  
of mi tochondr ia  respond rapidly in response to 
al terat ions in the dietary fat. Abui rmei leh  and  
Elson (9,10) fed diets, isocaloric in fat, but  conta in-  
ing 4 or 24% energy as linoleic acid. A D P -  
succinate-supported oxygen uptake  (state 3) was 

*Author to whom correspondence should be addressed. 
tCardiovascular Laboratory, Oklahoma Medical Research 

Foundation, 825 N.E. 13th Street, Oklahoma City, OK 73104. 
Abbreviations: AdNT, adenine nucleotide translocase; BT, 

beef tallow; SO, safflower oil; RCR, respiration control ratio; 
BSA, bovine serum albumin; HPLC, high performance liquid 
chromatography; PC, phosphatidylcholiue; PE, phosphatidyl- 
ethanolamine; and Cn, carnitine. 

25% higher and  cytochrome c oxidase activity 28% 
higher in the mi tochondr ia  enriched in linoleic 
acid. Succinate-supported oxygen uptake  (state 4), 
which is independent  of the control  of the AdNT,  
was 54% higher in those mi tochondr ia .  This obser-  
vat ion,  coupled with the analyses which showed 
that  the A d N T  activity was decreased and phos-  
pholipase A activity increased, led Abuirmei leh  
and Elson (9) to conclude tha t  a remodel ing 
response within the mi tochondr ia l  membrane  en- 
riched in linoleic acid provided the A D P  to suppor t  
the oxidative activity. However,  the A d N T  in tha t  
study was assayed at 0 C, a t empera tu re  well below 
the membrane  t rans i t ion  tempera tures  which were 
13 C and  15.4 C, respectively, according to the 
Arrhenius  plots of  cytochrome c oxidase activities 
in membranes  enriched or normal  in linoleic acid 
content (9,10). Calculation of the net ADP-succinate  
supported oxygen uptake  shows that  this activity, 
which could be dependent  on A D P  translocat ion,  
accounted for ca. 70% of the increased state 3 
oxygen uptake observed in the linoleic acid-enriched 
mitochondria.  This observation led us to reexamine, 
at  physiological temperature ,  the influence of the 
mi tochondr ia l  membrane  enriched in linoleic acid 
on A d N T  kinetic parameters .  In the study below, 
mi tochondr ia  enriched in linoleic acid are shown to 
have a 13% greater net A D P - d e p e n d e n t  oxygen 
uptake  which is consistent  with  a 11-15% increase 
in the Vm~x of the AdNT. 
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DIETARY LIPIDS AND 

MATERIALS A N D  METHODS 

Male Sprague-Dawley rats (70 g), purchased from 
ARS-Sprague-Dawley (Madison, Wl), were housed 
in groups of 3-4 at the Animal Care Unit, U.W. 
Medical School and maintained on a 12 hr dark- 
light cycle. The diets, a mixture of 84% fat-free diet 
mix (Teklad Test Diet, TD 170293, Madison, WI) 
and 16% fat, provided 35% energy as fat, 49% as 
carbohydrate and 16% as protein. The mixed diet 
contained 50.6% sucrose, 0.25% DL-methionine, 
16.8% purified casein, 16% fat, 12.6% cellulose, 
2.94% mineral mix, AIN-76 (Teklad, 170915) and 
0.84% vitamin mix (Teklad, 40060). Edible BT (a 
gift of Oscar Mayer and Co., Madison, Wl) or SO 
(Hollywood Health Foods, Los Angeles, CA) in 
the diet provided 1.2 or 26% of total energy as 
linoleic acid. The diets and water were given ad 
libitum for 4-5 weeks. 

The rats were killed by decapitation at 9A.M., the 
livers immediately removed, weighed, washed in 
chilled medium of 250 mM sucrose, 4 mM Tris- 
HCI (pH 7.4) and I mM EDTA and then homogen- 
ized in 8 vol of medium with a Potter Elvehjem- 
type homogenizer. Liver mitochondria were pre- 
pared by differential centrifugation according to 
the method of Schneider (I !). S uccinate-supported 
mitochondrial respiration rate (states 3 and 4) were 
determined polarographically as described by Esta- 
brook (I 2). 

AdNT activity was measured by the 'back ex- 
change" tehnique of Pfaff and Klingenberg (13). 
Mitochondria (ca. 60 mR of mitochondrial orotein) 
were loaded with ]4C-ATP by incubating at 0-4 C 
for 45 min with 0.50 #Ci of ]4C-ATP in 5 ml of 
medium consisting of 250 mM sucrose, 4 mM Tris- 
HCI (pH 7.4) and I mM EDTA. The ~4C-ATP- 
loaded mitochondria were washed twice and sus- 
pended in the above medium at a concentration of 
l0 mg protein/ml. The back exchange was carried 
out with l mg ~4C-ATP-loaded mitochondrial 
protein (> 6000 dpm) which was preincubated for 5 
rain at reaction temperature (0-4 C, I 0 C, 25 C or 37 
C) in 1 ml of medium consisting of 100 mM KCI, 
40 mM Tris-HCl (pH 7.4) and 1.0mM EDTA. The 
exchange was started by adding specific quantities 
of ADP and stopped after specified periods of 
incubation by the addition of 50/~M atractylate. 
The reaction mixture was then centrifuged, the 
pellet dissolved in Soluene 100 (Packard Co., 
Downers Grove, IL) and the radioactivity in the 
pellet in 10 ml of Bray's scintillation fluid was 
determined. Each assay was accompained by a 
control sample in which the addition of atractylate 
preceded that of ADP at time zero which provided 
a correction for the atractylate-insensitive efflux of 
the internal labelled adenine nucleotides. The 
transport rate is expressed as net % efflux of 
mitochondrial ~4C-labeled adenine nucleotides 
according to the equation: 

ADPiATP EXCHANGE 131 

% transport = 100(dprr~ ..... j - dprm~a~)/dpn~ ....... t, 
where dpm represents the radioactivity in the 
pellet. The kinetic parameters for the reciprocal 
plots were calculated within the initial apparent 
linear rates of transport which were, respectively, 
10 min, I min, 30 sec and 15 sec for 0-4 C, 10 C, 25 C 
and 37 C. 

The K, values for atractylate and palmitoyl-CoA 
were determined according to Dixon (14). The 
inhibitors were added to the incubation mixtures 
and preincubated with the *aC-ATP-loaded mito- 
chondria for 5 min at 0-4 C. ADP was added to 
initiate the transport, the reaction allowed to 
proceed at 0-4 C, stopped by the addition o150 ~M 
atractylate, centrifuged, and radioactivity in the 
pellet determined. Concentrations of the inhibitors 
and ADP are presented on the appropriate figures. 

~4C-ADP translocation in liver mitochondria 
from diabetic rats was increased, according to 
Lerner et al. (15), by prior treatments which 
removed endogenous fatty acyl-CoA esters from 
the membrane. To determine whether or not the 
endogenous fatty acyl-CoA esters influenced the 
transport kinetics, aliquots of ~4C-ATP-loaded 
mitochondria pooled from 3-4 rat livers of each 
group were washed twice with loading medium 
containing 10% (w/v) fatty acid poor BSA and 
then twice with loading medium before the back 
exchange was assayed. Aliquots of these pooled 
~4C-ATP-loaded mitochondria were also incubated 
in medium containing 5 mM DL-carnitine for 5 
min at the reaction temperature before the exchange 
assay was initiated by the addition of ADP. 

Lipids were extracted from frozen and thawed 
mitochondrial preparations according to the met hod 
of Ames (16) in which methanol, chloroform and 
the mitochondrial suspension are in the proportions 
of 2:1:0.8 (v/v/v). Changes in the relative pro- 
portions of PC, PE and neutral lipids were studied 
according to Hanson et al. (17) with some modifi- 
cation. The separation was performed with a Waters 
Associates liquid chromatographic system com- 
prising an Ultrasil-NH2 column (Altex) with a 5 ~m 
packing in a stainless-steel tube (250 • 4.6 mm l D) 
coupled with a Perkin-Elmer LC-75 Spectrophoto- 
metric detector and a Spectra-Physic (SP 4100) 
computing integrator. The lipids were eluted iso- 
craticly with n-hexane/2-propanol/water (6:8:1, 
v/v/v) at a flow rate of 0.7 ml/min and detected at 
206 nm. The separation was complete within 30 
rain. The PC, PE and neutral lipids were identified 
using bovine liver PC, egg yolk PE and triolein as 
standards. 

Protein was determined by the Lowry procedure 
using bovine serum albumin as the standard (18). 

Results are expressed as mean values+SD. 
Statistical significances were determined by Stu- 
dent's t-test. Regression lines were calculated by 
the least squares method (19). The validity of each 
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regression line was tested by t-test. 
14C-ATP (44.8 mCi/mmol) was purchased from 

New England Nuclear, Boston, MA; ADP and 
palmitoyl-CoA from P-L Biochemical, Milwaukee, 
WI; and atractylate, bovine liver PC, egg yolk PE, 
triolein, BSA-fatty acid-free, Fraction V and DL- 
carnitine hydrochloride from Sigma, St. Louis, 
MO. All the HPLC solvents were purchased from 
Burdick and Jackson Lab., Muskegon, MI. 

RESULTS 

Effect of the Diets on Rat Growth and on 
Mitochondrial Respiration 

Although the average body weight of rats fed the 
SO diet was 20% lower than that of BT group, the 
liver weights of the two groups were similar (Table 
!). The liver weight/100 g body weight of the SO 
group was 10% higher than that of the BT group. 

State 3 and state 4 respiration rates for hepatic 
mitochondria isolated from rats fed the SO diet 
were 25% and 50%, respectively, higher than those 
determined for BT group mitochondria (Table I). 
The net difference in ADP-dependent resPiratory 
activity (state 3 - state 4) was ca. 10 nanoatoms 
oxygen (BT: 74.8 + 7.9 vs SO: 84.3 + 7.4)/min/mg 
protein. Confirming our previous observations (9), 
the A D P / O  ratio was 11% higher (p<0.01) and 
the respiratory control ratio was 28% (p<0.01) 
higher for the BT group mitochondria. The relative 
decrease in efficiency of oxidative phosphorylation 
in rats fed the SO diet appears to correlate in part 
with the 36% lower gain in weight. 

Kinetics of A D P / I * C - A T P  Transport 
at Different Temperatures 

The uptake of ]4C-ATP during equilibrium 
loading for 45 min at 0-4 C by SO mitochondria 
was 97 + 12% (n = 5) that of the BT mitochondria. 

Significantly lower Km values were calculated for 
the BT-group mitochondrial A d N T  at all assay 
temperatures except 10 and 37 C. At those assay 
temperatures, the Km value had high SD but the 

mean values were lower than that calculated for the 
SO mitochondrial AdNT (Fig. 1). Whereas the 
Vm~ was not influenced by dietary treatment at 
lower assay temperatures, at 25 C and 37 C assay 
temperatures, the SO-group AdNT Vm~x was ca. 
12% higher (p<  0.05) (Fig. 1). At all temperatures, 
the AdNT of the SO-group mitochondria exhibited 
the higher Km for ADP. 

Examination of the kinetic behavior of the 
transport activities at higher temperatures revealed 
that lower levels of ADP (< 10 #M) supported 
relatively lower rates of transport in mitochondria 
of the SO group. However, the depressed rate of 
transport was reversed by high levels of added 
ADP (> 40 #M). These observations imply that 
either there was a real difference in affinities for 
ADP or, alternatively, there was a higher level of 
competitive inhibitor present in the SO group 
mitochondrial preparation. 

Effects of Carnitine and BSA-Wash on the 
Kinetics of Transport 

The natural inhibitor of the AdNT is the long- 
chain acyI-CoA ester which accumulates in the 
mitochondria under certain physiological and path- 
ological conditions (20,21) Studies were under- 
taken to examine whether or not an accumulation 
of fatty acyl-CoA esters in the mitochondrial 
preparations had depressed the rate of transport 
(Fig. 2). 

The kinetic parameters of the BT-group AdNT 
were not influenced by the BSA-wash. Preincuba- 
tion with 5 mM Cn slightly increased the transport 
rate at each assay temperature. The increase oc- 
curred in parallel with a 10% decrease in the Km 
(Fig. 2a). This effect on preincubation with Cn was 
noted for both control and BSA-wash (data not 
shown) mitochondrial preparations. On the other 
hand, the preincubation with Cn markedly stimu- 
lated the transport activity of the SO group 
mitochondrial AdNT (Fig. 2b). This increase in 
activity, when analyzed by the reciprocal plot 
technique, was not due to a change in Vm~x, but 

TABLE I 

Comparisons of the Influences of BT and SO Diets on Mitochondrial  Oxidative Phosphorylation in Rat Liver ~ 

Rate of oxidation 

Diet Liver wt Respiratory 
groups Body wt h per 100 g + A D P  - A D P  Nct control ADP:O 

B'I 276 + 9 4.05+0.13 97.5+9.1 22.8 + 1.3 74.8+7.9 4.28+0.19 1.82_+0.08 
SO 223 + 15 ~ 4.40_+0.14 ̀  121.0+9.8 'j 36.4+-3.2 't 84.3-+7.4 3.33_+ 0. IT ~ 1.68-+0.06" 

'Respirat ion rates were determined polarographically at 30 C with succinate as substrate; data are in 
nanoatoms of oxygen c o n s u m c d m i n / m g  protein. Values are means +_ SD, n = 4. 

~'lnitial weight, 70 g. 
'p 0.05 between groups. 
,tp 0.01 between groups. 
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FIG. I. Determinations of Km and Vm,, for ADP/t4C-ATP transport in liver mitochondria from rats fed B-I-diet 
(solid lines) or SD-diet (broken lines), l~C-ATP-Ioaded mitochondria ( 1 mg protein) in I ml of incubation medium, pH 
7.4, were preincubated for 5 rain at the reaction temperature. The transport was started by adding specific quantities of 
ADP and stopped after specified periods of incubation by the addition of 50 t~M atractylate. Data represented mean 
-+ SD; * p<0.05, ** p<0.01. 

instead was due to a lowering of the Km from 62.8 
to 42.2 pM at 0-4 C. Washing the SO mitochondria 
with BSA lowered the Km slightly from 62.8 to 57.6 
/~M. The combination treatment, BSA-wash cou- 
pled with preincubation with Cn, yielded kinetic 
parameters similar to those obtained with Cn 
preincubation alone (data not shown). At assay 
temperatures of 25 and 37 C, the SO-group mito- 
chondrial AdNT exhibited a lower binding affinity 
and a higher reaction rate. Preincubation with Cn 
increased the apparent binding affinity of this 
AdNT for A D P  to a value similar to that calculated 
for the BT-group mitochondrial  AdNT, the affinity 
of which was less responsive to the Cn pretreat- 
ment. These results imply that the higher Km 
r e c o r d e d  for the SO-group mitochondrial  A d N T  
on Figure 1 is due to endogenous fatty acyl-CoA 
esters. 

Inhibitors of the Transport by Atractylate 
and PalmitoyI-CoA 

The mitochondrial preparations used for the 
experiment reported in Figure 2 were used for the 

determination of the inhibitory actions of atractyl- 
ate and palmitoyl-CoA on the AdNT activities. 
The atractylate K, values determined according to 
Dixon (14) for the two groups of mitochondrial  
AdNT were similar (BT: 0.154 ~M vs SO: 0.144 
pM) (Fig. 3). However,  for palmitoyl-CoA inhibi- 
tion, the K, value for the SO-group A d N T  was 
about 2/3 of that for the BT-group (SO: 0.85 #M vs 
BT: 1.32 pM) (Fig. 4). Presumably, mitochondria 
of the SO rats were partially saturated with endog- 
enous long-chain fatty acyI-CoA esters; thus, a 
lower concentration of palmitoyl-CoA was re- 
quired to bring about an effective inhibition of the 
transport. K, values determined for atractylate 
were little affected by the presence of fatty acyl- 
CoA esters because the affinity of the AdNT for 
atractylate is about l0 times that for long-chain 
fatty acyl-CoA (22). 

In all experiments, the transport rate of the BT- 
group AdNT at low temperature was greater than 
that calculated for the SO-group transport. How- 
ever, at a more physiological temperature,  the rate 
of activity of the latter group exceeded that calcu- 
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FIG. 2. Effects of BSA-wash and carnitine on the kinetics of the ADPi t4C-A-IP transport in 
liver mitochondria from rats fed BT-diet (a) or SO-diet (b). ~4C-ATP-loaded mitochondria were 
either (i) processed as described in Figure I ( o - -o ) ,  or (ii) washed twice with 10% fat-free-BSA 
(x - - -x ) ,  or (iii) preincubated with 5 mM DL-carnitine in the assay mixture (l~ ...... [~). Other 
assay conditions were as in Figure I. Data represent the average of duplicate determinations from 
mitochondria pooled from 4 rat livers. 

lated for the BT-group AdNT. This result, coupled 
with the results gained by preincubation with Cn, is 
consistent with an enhanced oxidation of fatty 
acids by the SO-group mitochondria.  Our calcula- 
tions based on assays at 25 C and 37 C show that 
AdNT activity and Vm, are elevated by 11-15% in 
the SO group. This difference in activity is consis- 
tent with the net A D P  stimulation of oxygen 
uptake (Table I), and the increase in cytochrome c 
oxidase activity and the electron transport com- 
ponents, cytochromes cc~ and aa~ previously re- 
ported (9,10). 

Effect of Diet Treatment on Mitochondriel PC. PE and 
Neutral Lipids Distribution 

Qualitative changes in the lipid patterns were 
noted; the distribution of neutral lipids, PE and PC 
in the BT mitochondrial  lipids was 34.7%, 30.3% 
and 35.0%, respectively. The distribution in the SO 

mitochondrial lipids was 31.0% neutral lipid, 27.5% 
PE and 41.5% PC. Some perspective on these 
qualitative changes is forthcoming from the anal- 
yses of the standards; when monitored at 206 nm, 
the integrator recorded 400 coun t s /pg  triolein, 
280/#g egg yolk PE and 300/tzg beef liver PC. 
Applying these standard responses to the mito- 
chondrial lipid profiles, the values recorded on 
Table 2 were calculated. 

DISCUSSION 

The net ADP-succinate-supported respiratory 
activity of the SO mitochondria was 13% greater 
than that of the BT mitochondria [(state 3-state 
4)so - (state 3-state 4)BT]/[(state 3-state 4),T]. This 
difference in ADP-l inked respiratory activity was 
recorded at physiological temperature. At lower 
temperature, the Vm~ of the AdNT of the SO 
AdNT was not significantly different from that of 
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Fig. 3. Determination of K, values for atractylate 
inhibition of the ADP/~4C-ATP transport in liver mito- 
chondria from rats fed BT-diet (solid lines) or SO-diet 
(broken lines). Final ADP concentrations were either 50 
#M (o, A) or 200 #M (e, A). Assay conditions are 
described under Materials and Methods. Values are 
determined from mitochondria pooled from 4 rat livers. 
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Fig. 4. Determination of K~ values for palmitoyl-CoA 
inhibition of the ADP/~4C-ATP transport in liver mito- 
chondria from rats fed BT-diet (solid lines ) or SO-diet 
(broken lines). Final ADP concentrations were either 50 
#M (o, A) or 200 #M (e, &). The mitochondrial 
preparations were as for Figure 3. Assay conditions are 
described under Materials and Methods. 

TABLE 2 

Effect of Diet Treatments on Mitochondrial Neutral Lipids, 
PC and PE Distributions (as wt%) 

R at  g roup  Neut ra l  l ipids  P E  P C  P C / P E  

BT diet  27.9 34.7 37.4 1.07 
S O  diet  24.7 31.3 44.0 1.41 

Data represent the average of duplicate determinations from 
mitochondira pooled from 3 rat livers. 

the BT AdNT (Fig. la, lb). Abuirmeileh and Elson 
(10) reported phase transition temperatures of 13 C 
and 15.4 C for cytochrome c oxidase activities in 
mitochondrial  membranes enriched or normal  in 
linoleic acid content. Plots (not shown) of the 
temperature-Vmax relationship (Figs. 1 and 2) indi- 
cate the rank of the activities changed at a tempera- 
ture falling within the range 13-15 C. 

Fatty acid patterns of mitochondrial  lipids re- 
flect the patterns of the dietary fats (7,9,10). More 
recently, the membrane phospholipids were ob- 
served to change in response to changes in dietary 
fat (8). The SO mitochondrial  lipids contained 
higher proportions of linoleic and arachidonic 
acids so that the degree of unsaturation was 
elevated 85% above that present in BT mitochon- 
dria (9). Concomitantly,  the proportions of PE and 
PC shifted so that the ratio of P C / P E  was 40% 
higher in the SO mitochondrial  lipids (Table 2). In 
hypothyroidism (3,5), a decrease in PC and in- 
crease in PE plus acidic phospholipid contents in 
the mitochondria were associated with the decrease 
in Vm,x of the AdNT. In reconstitution studies 
(23), an increase in unsaturated bonds in the 
phospholipids increased the Vm~x of the reconstitut- 
ed ATPase activity. Our results are consistent with 
the above observations. 

Although the binding of A D P  to the SO.mito-  
chondrial AdNT was characterized with a higher 
Kin, after preincubation with Cn, the binding 
affinities were similar. Consistent with this result 
was the agreement in the K~ for atractylate binding. 
The lower K~ for palmitoyl-CoA binding to the SO 
AdNT might reflect a higher concentration of 
endogenous acyl-CoA esters. At all assay tempera- 
tures, procedures taken to remove the endogenous 
acyl-CoA esters lowered the Km of the SO A d N T  
but not that of the BT AdNT (Fig. 2). Our 
interpretation of these results is that the differences 
in net ADP-succinate supported respiration is due 
only to an increase in the Vmax which is a conse- 
quence of the changes in the mitochondrial  mem- 
brane characteristics. 

The difference in the state 3 respiration rate was 
23.5 nanoatoms oxygen/mg pro te in /min  in the 
direction of the SO mitochondria.  The difference in 
the net ADP-succinate supported respiration which 
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we a t t r i bu t ed  to the  h ighe r  A d N T  ac t iv i ty  o f  t he  S O  
m i t o c h 0 n d r i a  was  9.9 n a n o a t o m s  o x y g e n / m g  p ro -  
t e i n / m i n ,  T h e  r e m a i n d e r  o f  the  d i f fe rence  in the  
r e sp i r a t ion  ra te  is a t t r i b u t e d  to  the  1 3 . 6 n a n o a t o m s  
o x y g e n / m g  p r o t e i n / m i n  d i f fe ren t ia l  in the  s ta te  4 
r e sp i ra t ion ,  ra tes  w h i c h  are  i n d e p e n d e n t  o f  the  
A d N T  act ivi ty ,  Th i s  d i f fe rence ,  we sugges t ,  t r aces  
to the  ene rgy  e x p e n d i t u r e  w i th in  the  m i t o c h o n d r i -  
on ,  a c o n s e q u e n c e  o f  t he  p h o s p h o l i p a s e  A - m e d i a t -  
ed m e m b r a n e  r e m o d e l i n g  ac t iv i ty  w h i c h  A b u i r -  
mei leh  a n d  E l son  (9) o b s e r v e d  in the  S O  m i t o c h o n -  
dria.  A s imi la r  ac t iv i ty  d i rec ted  t o w a r d s  t he  ex t r a -  
m i t o c h o n d r i a l  m e m b r a n e  l ipids a n d / o r  o t h e r  cy to -  
solic A T P - c o n s u m i n g  act iv i t ies  m a y  be c o n c u r -  
rent ly  e leva ted  to p rov ide  inc reased  A D P  to s u p -  
po r t  t he  h ighe r  ra te  o f  A D P - A T P  e x c h a n g e ,  
D o c u m e n t a t i o n  o f  s u c h  ac t iv i t ies  w o u l d  i n t eg ra t e  
the  overa l l  inc rease  in ene rgy  e x p e n d i t u r e .  T h i s  
e x p e n d i t u r e  o f  energy ,  we p r o p o s e ,  u n d e r l i e s  the  
lower  ra tes  o f  weight  ga in  (9; T ab l e  1) a n d  t he  lower  
feed eff ic iency (10) s u p p o r t e d  by t he  diet  en r i ched  
in l inoleic acid,  

ACKNOWLEDGMENTS 

We thank Dr. Asaf Qureshi for his technical assistance. This 
work was supported in part by the College of Agricultural and 
Life Sciences, University "of Wisconsin-Madison. 

REFERENCES 

I. Davis, E.J., and Lumeng, L. (1975).I. Biol. Chem. 250, 2275- 
2282. 

2. l.aNoue, K.F., and Schoolwerth, A.C. (1979) Ann. Rev. 
Biochem. 48, 871-922. 

3. Mak. I.T., Shrago, E., and EIson, C.E. (1981) Fed. Proc. 40, 
398. 

4. Mak, [.T., Shrago, E., and Elson, C.E. Biochim. Biophys. 
Acta, in press. 

5. Hoch, F.L., Subramanian, C., Dhopeshwarkar, G.A., and 
Mead, J.F. (1981) Lipids 16, 328-334. 

6. Cullis, P.R., and de Kruijff, B. (1979) Biochim. Biophys. Aeta 
559, 399-420. 

7. Rahm, J.J., and Holman, R.T. (1964)3. Lipid Res. 5, 169-176. 
8. Innis, S.M., and Clandinin, M.T. (1981) Biochem. J. 193, 

155-167. 
9. Abuirmeileh, N.M., and Elson, C.E. (1980) Lipids 15, 

918-924. 
10. Abuirmeileh, N.M., and Elson, C.E. (1980) Lipids 15, 

925-93 I. 
I 1. Schneider, W.C. (1948) J. Biol. Chem. 176, 259-266. 
12. Estabrook. R.W. (1967) Methods Enzymol. 10, 41-47. 
13. Pfaff, E., and K.lingenberg, M. (1968) Eur. J. Biochem. 6, 

66-79. 
14. Dixon, M. 11953) Biochem. J. 55, 170-171. 
15. Lcrner, E., Shug, A., Elson, C.E., and Shrago, E. (1972) J. 

Biol. Chem. 247, 1513ol519. 
16. Ames, G.F. (1968) J. Bacteriol. 95, 833-843. 
17. Hanson, V.L., Park, J.Y., Osborn, T.W., and Kiral, R.M. 

(1981) J. Chromatogr. 205, 393-400. 
18. 1.owry, O.H., Roseburgh, N.J., Farr, A. [.., and Randall, R.J. 

(1951) J. Biol. Chem. 193, 265-275. 
19. Snedecor, G.W., and Cochran, W.G. (1978) in Statistical 

Methods, 6th edn., pp. 91-198, The Iowa State University 
Press, Ames, IA. 

20. McLean, P., Gumma, K.A., and Greenbaum, A.L. {1971) 
FEBS Lett. 17, 345-350. 

21. Shug, A.L., l.erner, E., Elson, C.E., and Shrago, E. 11971) 
Biochem. Biophys. Res. Commun. 43, 557-563. 

22. Vignais, P.V. (1976) Biochim Biophys. Acta 456, 1-38. 
23. Warren, G.B., "l-oon, P.A., Birdsall, N.J., I_.ee, A.G., and 

Metcalfe, J.C. (1974) Biochemistry 13, 5501-5507. 

[Rece ived  A u g u s t  16, 1982] 

LIPIDS, VOL. 18, NO. 2 (1983) 



Metabolism of Erucic Acid in Adipocytes Isolated 
from Rat Epididymal Fat 
B J O R N  C H R I S T O P H E R S E N  a, T O R I L D  K R O G S T A D  a and J O N  N O R S E T H  b ". 
aDepartment of Clinical Chemistry, Region.sykehuset. University of Trondheim. Trondheim, Norway, 
and blnstitute of Clinical Biochemistry, Rikshospita/et, University of Oslo, Os/o, Norway 

137 

ABSTRACT 

The metabolism of [14-t*C]erucic acid and [U-t'C]palmitic acid has been investigated in adipocytes 
isolated from rat epididymal fat. The rate of acylation of[ *4C]erucic acid in cellular lipids and oxidation to 
CO,, and acid-soluble activity was ca. */, of the rate with [~C]palmitic acid as substrate. A maximal 
incorporation of fatty acids in triacylglycerol was found at a fatty acid concentration of 0.8 mM in the 
medium, both with [~4C]erucic acid and [~4C]palmitic acid as substrate. Glucose added to the medium 
increased the esterification and decreased the oxidation of both fatty acids. No significant chain-shortening 
of [t~C]erucic acid to shorter monoenes was identified in the fat cells. Increasing concentrations of unlabeled 
palmitic acid in the incubation medium markedly inhibited the esterificatton of [t*C]erucic acid, whereas 
unlabeled erucic acid had little effect on the rate of esterification of [~C]palmitic acid. 
Lipids 18: 137-141. 1983. 

INTRODUCTION 

In 1970, Abdellatif and Vies (I) reported that 
rats fed a diet rich in erucic acid (22: ho9) develop a 
transient cardiac lipidosis. Later, the metabolism 
of several 22: I fatty acids and particularly oferucic 
acid in liver and heart was extensively studied both 
in perfused organs, in subcellular fractions and in 
isolated liver cells. 

In isolated liver cells (2-5), both the rate of 
esterification and mitochondrial  oxidation of 22:1 
fatty acids is distinctly slower, ca. ~/~ of the rate with 
palmitic acid. In the perfused heart (6-8), erucic 
acid is esterified as rapidly as palmitic acid whereas 
the rate of mitochondrial  oxidation oferucic acid is 
as in liver, ca. ~/~ of the rate with palmitic acid. In 
liver and heart, 22:1 fatty acids are shortened to 
18: I (oleic acid) and smaller amounts  of 20: t and 
16:1 fatty acids, probably by a peroxisomal chain- 
shortening system (2-10). 

In addition to liver and muscle, fat tissue is the 
main system metabolizing fatty acids. The purpose 
of the present work was to study the metabolism of 
22:1 fatty acids in fat cells isolated from rat 
epididymal fat. 

MATERIALS AND METHODS 

Chemicals 

[UJ4C]Palmit ic  acid (99% purity from the man- 
ufacturer) was from the Radiochemical Center, 
Amersham, England. [14J4C]Erucic acid (99% 
purity from the manufacturer) was from Centre 
d'Etudes Nucleaires de Saclay, France. The [14- 
~4C]erucic acid was purified by thin layer chrom- 
atography (TLC) using hexane/diethylether /acet ic  
acid (80:20:1, v /v /v ) .  The band corresponding to 

*Author to whom correspondence should be addressed. 

free fatty acid was scraped off and extracted with 
CHCL3/CH~OH (2: I, v/v).  Essentially fatty acid 
free bovine serum albumin, erucic acid and palmitic 
acid were purchased from Sigma Chemical Co., St. 
Louis, MO. Collagenase prepared from Clostri- 
dium histolyticum was obtained from Worthington 
Biochemical Corporat ion (Freehold, N J). 

Preparation of Fat Cells 
Male Wistar rats from Mollegaard Laboratory,  

Denmark (weight 120-150 g), were used. The rats 
had free access to food and water until they were 
sacrificed. Adipocytes from epididymal fat were 
isolated with collagenase as described by Rodbell 
(I I). The fat ceils were incubated in plastic (Nal- 
gene) vials in Krebs-Ringer bicarbonate buffer, 
containing 2% (w/v) defatted bovine serum albu- 
min. The fatty acids were added to the fat cells as a 
3% albumin solution. The specific activities were 
760 cpm/nmol  and 360 cpm/nmol  of the [14- 
14 C]eruclc acid and the [UJ4C]palmitic acid, re- 
spectively. 

Analytical Procedure 

Radioactivity was measured in a Packard Tri- 
Carb liquid scintillation counter, Model 3385, and 
lnsta-Gel II was used as scintillation solution. The 
measurements of radioactive acid soluble products 
and radioactive CO2 were performed as in (12). 
Lipids were extracted from the fat cells according 
t.o Folch et al. (13), and separated by TLC on silica 
gel (Stahl H) using hexane/diethylether /acet ic  
acid (80: 20: I, v / v / v )  as a solvent system. Fractions 
of free fatty acids and triacylglycerols were ex- 
tracted from the gel with CHCI~ / CH3OH (2: l, v /v )  
and phospholipids with CHCl~/CH3OH/ace t ic  
ac id /H20  (65:25:2:2, v / v / v / v ) .  Aliquots of the 
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total lipid extract and of the free fatty acid, 
triacylglycerol and phospholipid fractions were 
trans-methylated (14) and analyzed by radio-gas 
chromatography as described (7). The DNA-  
content was measured by the method of Burton 
05). 

RESULTS 

The time course of  the oxidation and esterifica- 
tion of [~4C]erucic acid and [~4C]palmitic acid in 
isolated adipocytes from rat epididymal fat pads is 
given in Figure !. Erucic acid was esterified to 
triacylglycerol at a distinctly slower rate than 
palmitic acid. The esterification of erucic acid in 
diacylglycerol and phospholipids also occurred at 
c a  i . . . .  �9 /~ of the rate wtth palmltlc acid as substrate. 
The incorporation in diacylglycerol was ca. 10% 
and the incorporation in the phospholipids ca. I% 
of the rate of esterification in triacylglycerol, both 
with erucic acid and with palmitic acid as substrate. 

Figure 1D shows that the rate of oxidation of the 
[J4C]erucic acid to CO2 and acid-soluble inter- 
mediates was slow compared to the rates with [ 
~4C]palmitic acid. With both substrates, the oxida- 
tion products accounted for only I-3% of the total 

amounts of fatty acid substrate metabolized. In the 
absence of glucose (Table 1), the oxidation of the 
fatty acid substrates to CO_, and acid-soluble 
intermediates was higher than when glucose was 
added, whereas the esterification to triacylglycerol, 
diacylglycerol and phospholipids was markedly 
reduced. The total amount of fatty acid metabolized 
was reduced by ca. 60-70% without glucose in the 
incubation medium, both with palmitic acid:and 
erucic acid as substrate. 

The possible existence of a chain-shortening of 
erucic acid in isolated adipocytes was studied by 
using radio-gas chromatography (7). No significant 
chain-shortening of erucic acid to shorter mono- 
enes could be detected, neither in the free fatty acid, 
triacylglycerol, diacylglycerol and phospholipid 
fraction, nor in the total lipid extract (results not 
shown)�9 

The dose-dependency of the incorporation of 
fatty acids into triacylglycerol is shown in Figure 2. 
A maximal rate of triacylglycerol synthesis was 
obtained at a fatty acid concentration of ca. 0.8 
raM, both with erucic acid and with palmitic acid 
as substrate. 

Figure 3 shows that increasing concentrations of 
unlabeled palmitic acid in the incubation medium 
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FIG. 1. Time course of [ 14-'~C]erucic acid ( �9 ) and [U-'*C]palmitic acid ( O ) incorporation 
in cellular lipids (A-C) and oxidation products (D). 1 ml fat cell (4.8 #.g DNA) was incubated with 
I ml fatty acid (final concentration 1 mM), the medium contained 5 mM glucose. The oxidation 
products measured (D) were t4CO2 ( - - )  and radioactive acid-soluble products ( ). The results 
presented are means of 3 experiments (the bars indicate the observed range). 
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The Effect ol Glucose (5 mM) on the Incorporation of [14-~C] Erucic Acid 
and [l.J-~a(- "] Palmitic Acid into Cellular Lipids and Oxidation Products 
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~C-Erucic acid :aC-Palmitic acid 

+glucose -glucosc +glucose -glucose 

Experiment I 2 I 2 I 2 I 2 

Triacylglycerol 92.4 96.4 32.5 26.1 195.0 215.0 73.7 81.9 
Diacylglycerol 6.5 5.7 3.0 3.8 20. I 24. I 7.8 7.6 
Phospholipids 0.92 1.08 0.41 0.59 1.95 1.85 0.96 1.24 
t~CO.~ 0.23 0.17 0.28 0.32 (1.51 0.49 1.28 1.12 
Acid-soluble 0.54 0.66 1.45 1.35 1.49 1.71 2.98 3.22 

radioactivity 
fatal fatty acid 100.6 104.0 37.6 32.2 219.1 243.2 86.7 95.1 

metabolized 

1 ml fat cells (ca. 6.5 ~m DNA) was incubated with fatty acids (final concentration I raM). incubation time 
60 rain, with or without glucose (5 raM) in the incubation medium. The results are given as nmol fatty acid 
metabolized per/ag DNA in 2 experiments. For experimental details, see Materials and Methods. 
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FIG. 2. The incorporat ion of [ 14J4C]erucic acid ( �9 ) 
and [U-~4C]palmitic acid ( O ) in triacylglycerol in isolated 
adipocytes with increasing fatty acid concentration. 1 ml 
fat ceils corresponding to ca. 5.0 pg  D N A  per sample was 
used. The incubation time was 60 min. The results 
presented are means of 3 experiments (the bars indicate the 
observed range). 
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FIG. 3. The esterification of [ 14-t4C]erucic acid (final 
concentrat ion 1 raM) to cellular lipids in isolated rat 
adipocytes with increasing concentrat ion of unlabeled 
palmitic acid in the incubation medium. The incubation 
time was 60 rain. 1 ml fat cells corresponding to ca. 5.3 tzg 
D N A  was used per sample. The medium contained 5 m M  
glucose. The results presented are means  of 2 experiments  
(the bars indicate the observed range), o - - o  free fatty 
acid, o - - -o  triacylglyeerol, n--- i i  diacylglycerol, 

t3--~ phospholipids.  
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FIG. 4. The esterification of [ U-L4C]palmitic acid (final 
concentration 1 mM) to cellular lipids in cellular rat 
adipocytes with increasing concentration of unlabeled 
erucic acid in the incubation medium. The incubation 
time was 60 rain. 1 ml fat cells corresponding to ca. 4.5 tzg 
DNA was used per sample. The medium contained 5 mM 
glucose. The results presented are means of 2 experiments 
(the bars indicate the observed range), o- o free fatty 
acid, o- ~ triacylglycerol, I -  �9 diacylglycerol, 

~- --42 phospholipids. 

markedly inhibits the esterification of [~4C] erucic 
acid. With equimolar concentrations of the two 
fatty acids present (I mM), the rate ofesterification 
of erucic acid to triacylglycerol, diacylglycerol and 
phospholipids was ca. 15-20% of the rate observed 
in the absence of palmitic acid. 

In contrast to this, increasing concentrations of 
erucic acid had little effect on the rate of esterifi- 
cation of [~'C]palmitic acid (Fig. 4). Thus, the 
esterification of palmitic acid (1 mM) to triacyl- 
glycerol and phospholipids was not significantly 
reduced by the presence of erucic acid at the same 
concentration. Only the formation of diacylglycerol 
from [~4C]palmitic acid was reduced to some extent 
by addition of unlabeled erucic acid. This is in 
agreement with earlier observations showing that 
erucic acid is more easily incorporated in diacyl- 
glycerol than in triacylglycerol or phospholipids 
(16). 

DISCUSSION 

The present study with adipocytes supports 
earlier findings with liver and heart showing that 
erucic acid is generally a poor substrate for mito- 
chondrial B-oxidation. In fat cells, however, only a 
very small amount  (1-2%) of the fatty acids is 
oxidized to CO2 and acid-soluble activity com- 
pared to the amounts  esterified. The finding of a 
slow rate of esterification of erucic acid compared 
to the rate with palmitic acid in adipocytes is 
similar to the observation in liver (2-5) and differs 
from the findings in heart (6-8) where the two fatty 
acids are esterified at the same rate. 

The addition of glucose decreased the rate of 
oxidation and increased the esterification of both 
palmitic acid and erucic acid in isolated fat cells. 
This is in agreement with Abumrad et al. (17), who 
found that addition of glucose increased the es- 
terification of[t4C]oleate in isolated rat adipocytes 
by 75%. In the absence of glucose, the t~-glycero- 
phosphate necessary for esterification is probably 
provided from endogenous glycerol by the action 
of glycerolkinase which has been found, also in rat 
adipose tissue, in substantial amounts  (18-20). 
Smaller amounts of a-glycerophosphate may also 
be produced by glycolysis of glucose derived from 
glycogen in the rat adipocytes. 

Craig et al. (21) investigated the fatty acid 
composition of cutaneous, abdominal  and carcass 
fats in rats fed rapeseed oil for 21 weeks and found 
that an unexpectedly high proportion of oleic acid 
was present. These findings indicate that erucic 
acid is chain-shortened to shorter monoenes in 
adipose tissue or that chain-shortening products 
from liver are taken up by the fat cells. The present 
work supports the view that an extramitochondrial  
chain-shortening of 22: i fatty acids probably does 
not occur to any significant extent in fat tissue 
itself. Although microperoxisomes have been 
described in a number  of tissues (22), and are 
thought to be almost ubiquitous in mammalian 
cells, as far as we know they have never been 
identified in white adipose tissue. Fatty acids from 
VLDL-triacylglycerol are taken up by adipose 
tissue (in a fed state) and the free fatty acids 
released from adipose tissue in fasting may thus, in 
part, originate from VLDL-triacylglycerol fatty 
acids which have passed through the liver at an 
earlier stage. Thus, the metabolism of the liver 
probably has a strong influence on the fatty acid 
pattern, both of the triacylglycerol and the free 
fatty acid circulating in the blood, and thus on the 
composition of fatty acids reaching both the adi- 
pose tissue and the heart. It is interesting that 
Htilsmann et al. (23) have found that feeding 
rapeseed oil, rich in erucic acid, resulted in in- 
creased lipoprotein lipase activity and decreased 
hormone stimulated tissue lipase activity in fat 
cells. 
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COMMUNICATIONS 

Phospholipid Composition of Liver in Rats 
Fed High Levels of 13-cis Retinoic Acid 
B A S S I M A  S. A L A M  and S Y E D  Q. A L A M * ,  Department of Biochemistry 
Louisiana State University Medical Center, 
1100 Florida Avenue, New Orleans, LA 70119 

ABSTRACT 

The composition of liver phospholipids was studied in rats fed for 4 weeks diets containing 0, 100 or 300 
mg 13-cis retinoic acid per kg diet. There was a significant decrease in phosphatidylcholine content, whereas 
the levels of phosphatidylethanolamine were slightly increased in liver phospholipids of rats fed 13-cis 
retinoic acid. The fatty acid composition of total phospholipids, PC, PE, and PI + PS fractions revealed a 
general increase in the levels of 18:2 and 20:3t06, whereas the levels of 20:4(o6 and C22 fatty acids were 
reduced in most of the hepatic phospholipids isolated from rats fed 13-cis retinoic acid containing diets. A 
decrease in the double-bond index of fatty acids was also observed in phospholipids of rats fed 13-cis retinoic 
acid. The data suggest that high levels of 13-cis retinoic acid may possibly be influencing the activities of 
microsomal desaturating and chain-elongating enzymes in the liver. 
Lipids 18: 142-145, 1983. 

A number of retinoids, including retinoic acid, 
have been used as cancer chemopreventive agents 
in experimental animals (!-4). Due to its lower 
toxicity (5), the 13-cis isomer has been found to be 
more promising than all trans retinoic acid. 13-cis 
Retinoic acid is also being used for the treatment of 
cystic and conglobate acne in man (6). 

When used in large amounts,  13-cis retinoic acid 
has a number of undesirable side effects, including 
hypertriglyceridemia (7,8). We have recently ob- 
served (9) changes in fatty acid composit ion of  total 
lipids in plasma and liver of rats fed diets containing 
13-cis retinoic acid. The levels of 16: I, 18:1 and 
20:3<o6 were increased, whereas those of 20:4 were 
decreased. In the present communication,  we re- 
port the changes in phospholipid composit ion of 
liver as a result of feeding an excess of 13-cis 
retinoic acid. 

MATERIALS AND METHODS 

Male, weanling, Sprague-Dawley rats (5 per 
group) were fed ad libitum purified diets containing 
0, 100 or 300 mg of 13-cis retinoic acid per kg diet. 
Composit ion of the basal diet has been described 
previously (9). It consisted of (in percent): sucrose, 
63.8; casein (vitamin-free), 20.0; corn oil, 7.0; 
cellulose, 4.0; mineral mixture, 4.0; vitamin mix- 
ture, 1.0; choline chloride, 0.2; and butylated 
hydroxytoluene (BHT) 0.002. 13-cis Retinoic acid 

*Author to whom correspondence should be addressed. 

was a generous gift from Hoffman LaRoche Inc. 
The control group (0 retinoic acid) was fed the 
same diet as the other two groups, except that it 
had no 13-cis retinoic acid added to it. After 4 
weeks of feeding, the rats were decapitated, livers 
were excised, rinsed with physiological saline, 
weighed and homogenized with deionized water. 
Homogenates were extracted for total lipids using 
Bligh and Dyer's procedure (10). Total  lipid ex- 
tracts from livers were fractionated into neutral 
lipids, glycolipids and phospholipids by using 
silicic acid column chromatography on Bio-Sil A 
columns (1 I). The phospholipid fraction was fur- 
ther subjected to thin layer chromatography (TLC) 
on 0.25 mm thick Silica Gel H plates for the 
separation of various phospholipids. Plates were 
developed under nitrogen in a solvent system of 
chloroform / methanol/acet ic  acid / water (25:15:4 
:1.75, v /v)  containing 0.02% butylated hydroxy- 
toluene (BHT) as an antioxidant. After a brief (15 
sec) exposure to iodine vapors, the spots for 
phosphatidylcholine (PC), phosphatidylethanol- 
amine (PE), phosphatidylinositol plus phospha- 
tidylserine (PI + PS) and sphingomyelin (SM) were 
scraped off and transferred to glass tubes with 
teflon lined stoppers. Phospholipids were extracted 
twice with 3 ml of methanol /ch loroform/wate r  
(2: I: 0.8, v/v),  the 2 extracts were combined and 1.6 
ml each of chloroform and water was added in 
order to separate the chloroform layer from the 
aqueous layer. The chloroform phase containing 
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the phospholipids was used for the determination 
of phosphorus content using Bartlett's procedure 
(12). The recovery of phospholipid standards from 
the TLC plates using this extraction procedure was 
90-95%. Aliquots of total phospholipids and var- 
ious phospholipid fractions isolated by TLC were 
transesterified with boron trifluoride/methanol 
(13) and the fatty acid composition of methyl esters 
was determined by gas chromatography as pre- 
viously described (9). Due to small amount of SM 
fraction available, its fatty acid composition was 
not determined. The double-bond index was cal- 
culated from the sum of (percentage of each 
unsaturated fatty acid) • (number of double bonds). 

Results are shown as mean_ SEM. Significance 
of difference among the groups was calculated 
using analysis of variance, Newman-Keul's test 
(14). 

RESULTS 

Rats fed diets containing 13~ retinoic acid for 
4 weeks gained slightly less body weight as com- 
pared with their controls. There was no significant 
difference in the total lipid or phospholipid content 
of liver. These findings have been reported pre- 
viously (9). 

The phospholipid composition of liver as affected 
by an excess of 13-cis retinoic acid feeding is shown 
in Table 1. PC, PE, PI + PS, and SM fractions 
constituted 70-80% of the total phospholipids. 
Other phospholipids normally present in liver such 
as cardiolipin, lyso PC, lyso PE and phosphatidic 
acid probably made up the difference. These were, 
however, not determined. 

There was a significant reduction in the propor- 
tions of PC in the liver of rats fed the two levels of 
retinoic acid. The levels of PI + PS fraction were 
also slightly decreased, whereas those of PE were 

TABLE 1 

Effect of 13-cis Retinoic Acid Feeding on Phospholipid 
Composit ion of Rat  Liver 

Dietary 13-cis retinoic acid 
(mg/kg) PC PE P I + P S  SM 

% of total phospholipids 

0 51.1 a'~ 21.1 b 5.3 b 2.6 ~ 
-+0.94 _+0.68 -+0.23 _+0.22 

100 45.7 ~ 20.8 ~ 4.0 ~ 2.0 ~ 
• • -+0.44 +0.07 

300 42.8 b 24.0 ~'b 2.7 a'b 2.3 
-+1.28 +-_0.77 -+0.09 _+0.12 

Values are mean_+SEM of 5 rats/group.  Values sharing a, 
common superscript within the same column are s~gnificantly 
different from each other, using analysis of variance, Newman- 
Keul's test (p<0.05).  

relatively higher in the liver of rats fed the higher 
level of retinoic acid. The SM fraction, which 
constitutes a minor phospholipid fraction in liver, 
was also slightly lower in one group fed retinoic 
acid. 

The fatty acid composition of total phospho- 
lipids, PC, PE and PI + PS fractions is shown in 
Table 2. In the total phospholipids, the levels of 
18:2 and 20:3~o6 were higher in the 2 groups of rats 
fed retin0ic acid containing diets as compared with 
the control. On the other hand, the levels of 22:4~o6 
and 22:6r were lower in the groups fed retinoic 
acid. In the PC fraction, in addition to the above 
changes, the proportions of 18:1 were higher and 
those of 20:4r were lower in the groups fed 
retinoic acid as compared with the controls. Similar 
changes in fatty acid composition were observed in 
PE with respect to the levels of 18:2, 20:3co6 and 
22:4o~6. The fatty acid patterns of PI + PS fraction 
also revealed higher levels of 18:1 and 20:3w6 in the 
hepatic phospholipids of rats fed retinoic acid 
while the levels of 20:4oJ6 tended to be lower. An 
additional observation was that, in all the phospho- 
lipids except P I + P S  fraction, there was a sig- 
nificant reduction in the degree of unsaturation as 
indicated by a lower double-bond index in the 
groups fed retinoic acid. 

DISCUSSION 

Our previous work (9) has shown that the intake 
of diets containing an excess of 13-cis retinoic acid 
resulted in a modification of fatty acid composi- 
tion of total lipids in plasma and liver of rats. The 
changes in fatty acid patterns of other tissues (lung, 
kidney and heart) were not so profound. Gerber et 
al. (15) have observed similar changes in fatty acid 
composition of triglycerides, free fatty acids, cho- 
lesteryl esters and phospholipids of serum in rats 
fed an excess (25 mg/kg diet) of all trans retinoic 
acid for 8 days. 

The present studies show that 13-cis retinoic acid 
induces fatty acid composition changes in total 
phospholipids, PC, PE and P I +  PS fractions of 
liver. In most phospholipids, these changes con- 
sisted of an increase in the levels of 18:2 and 20:3r 
with a corresponding decrease in the levels of 
20:4r 22:40)6 and 22:6o~3. There was a general 
decrease in the degree of unsaturation of various 
phospholipids in the groups fed retinoic acid, as 
shown by a lower double-bond index. 

Increase in the proportion of 18:2 and 20:3oJ6 
with a concomitant decrease in 20:4co6 and 22:4006 
Suggests that 13-cis retinoic acid may be inhibiting 
the conversion of linoleic acid to arachidonic acid. 
This would, therefore, result in lower levels of 
22:4oJ6. Since the metabolic transformation of 
linoleic acid to arachidonic acid is catalyzed by 
microsomal desaturases and chain-elongating en- 
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"1 ABLE 2 

Effect of 13-cis Retinoic Acid Feeding on the Fatty Acid Composition 
of Various Phospholipids in Rat Liver 

Dietary 13-cis Double- 
retinoic acid bond 

(mg/kg) 16:0 18:0 18:1 18:2 20:3 20:3 20:4 22:4 22:6 index 
~u9 co6 oJ6 ~06 ~03 

Total phospholipids 

0 20.4 19.6 11.7 I I.T 'b 0.5 0.7 ''b 28.2 5.0 "'h 2. I ''b 183.1' 
__+-0.32 +-0.40 +-0.35 +-0.58 -+0.04 -+0.04 +-0.67 +_0.45 +0.12 +-2.59 

100 22.5 19.7 11.3 14.3' 0.7 1.6' 26.4 1.2 ~ 1.5 ~ 166.2 ~ 
+_0.75 +-0.17 +_0.75 +_0.34 -+0.04 +-0.14 +-0.68 +-0.31 +0.16 _+4.68 

300 20.0 19.7 11.2 15.5 b 0.6 1.9 h 27.1 2.1 b 1.4 b 174.9 
+1.36 +-0.66 +-0.52 + 0 . 5 7  +_0.05 -+0.06 +1.25 _+0.16 +-0.11 +_5.33 

Phosphatidylcholine 

0 28.5 19.2 10.0 ''b 9.7 "'h 0.4 0.7 "'b 26.2' 3.4 ~'" 1.2 "'h 158.3 ~ 
+0.52 +0.59 +0 .46  + 0 . 9 8  +0 .07  +0.06 +-0.60 +_0.48 +-0.17 -+2.55 

100 26.6 20.2 12.3' 14.6 ~ 0.7 1.4 ~'~ 22.9 0.7' 0.7' 146.4' 
+-0.99 +-0.47 +0.38  +-0.23 +-0.06 -+0.12 +-0.61 +_0.10 +_0.09 +-2.66 

300 27.1 19.0 11.8 h 15.5 h 0.5 1.7 "' 21.6" 0.5 h 0.6" 141.4  b 

+0.77 +0.77 -+0.5 _+0.72 +_0.03 +0.10 +1.80 +-0.07 +_0.02 +-5.46 

Phosphatidylet hanolamine 

0 15.2 29.2 10.1 5.4 ''h 0.1 _,.b 29.2 7.2 ~ 3.0 184.8 ~'~ 
_+1.44 +1.18 +0.62  + 0 . 4 3  +0.08 _+1.15 +0.79 -+0.38 +-5.20 

100 18.9 29.3 10.6 7.1 ~. 0.3 0.5" 29.4 1.5 ~ 2.3 164.6" 
+-1.26 +0.42 +-0.23 +_0.35 +0 .03  _+0.07 +0.62 +0.29 +0.31 +4.61 

300 19.4 27.6 9.7 7.2 b 0.3 0.7h 30.8 I.I b 1.8 165.5 b 
+-1.60 _+0.93 +0.51 + 0 . 2 9  +0 .08  +-0.04 _+1.14 _+0.15 +0.16 +-5.32 

Phosphat idylinosit ol + phosphatidylserine 

0 8.7 51.2 8.6' 3.2 _,.b 30.0 . 135.0 
+1.58 +2.56 +1.51 +0.38 +_1.8 +2.94 

100 I 1.0 48.4 10.1" 2.9 1.0' 24.2 115.7 
+_1.56 +_1.13 +_1.71 +_0.43 +0.38 +2.87 +13.0 

300 11.3 48.6 14.3 ~h 3.2 1.3" 21.4' 110.2 
+_1.44 +_2.77 +0.48  +0.24 "4"0.13 +2.68 +11.0 

Values are percent by weight (mean + S EM of 5 rats per group). Values sharing a common superscript wit hin 
a column are significantly different from each other using analysis of variance, Newman-Keurs test. 
-: Not detected. 

zymes,  it is likely that  an excess of  13-cis ret inoic 
acid may be inhibi t ing the activities of  these 
enzymes  in the liver. There  is some  evidence tha t  a 
n u m b e r  of  factors ,  including the degree of  un-  
sa tu ra t ion  of the dietary fat (16), pro te ins  (17) and  
ca rbohydra t e  me tabo l i sm (18) may influence the 
activities of  A6 desa turase  in rat liver mic rosomes .  

The levels of  PC in liver of  rats fed 13-cis ret inoic 
acid were significantly decreased in ou r  s tudy.  This  
was accompan ied  with a slight increase in the levels 
of PE. It is k n o w n  that  PC may be synthesized via 
two pa thways ,  a s tepwise methy la t ion  of  PE us ing  
S-adenosy lme th ion ine  as a methyl  d o n o r  and  
secondly f rom diacylglycerol and CDP-cho l ine .  It 
was  recently repor ted by Fell and Steele (19) that  
the levels of  S-adenosyl  me th ion ine  were decreased 
in liver of  rats fed an excess of  retinol (1000 I U / g  
diet for  10 days). It was suggested by these 
invest igators  that  the availabili ty of  methyl  pool  
for phospho l ip id  synthesis  via phospho l ip id  meth-  

y l t ransferase  may  be affected by high levels of  
retinol. If  13-cis retinoic acid has a s imilar  effect on  
S -adenosy lme th ion ine  pool  in the liver, this could 
account  for a reduced synthesis  of  PC f rom PE and  
consequent ly  for  the lower  PC levels in liver which 
were observed in ou r  s tudy.  A reduced inco rpora -  
t ion of  choline into phospho l ip id s  by ret inoic acid 
has also been observed in bovine lymphocy tes  
treated with t u m o r  p r o m o t i n g  p h o r b o l  esters (20). 

Significant reduct ion  in the d o u b l e - b o n d  index 
of total phospho l ip ids  and the two  m a j o r  p h o s p h o -  
lipid fract ions of  liver, PC and PE,  would  suggest  
that  m e m b r a n e  fluidity may  be altered by 13-cis 
retinoic acid since phospho l ip id s  are part  of  cell 
membranes .  If  so, it is likely to have i m p o r t a n t  
impl icat ions  in t e rms  of  a n u m b e r  of  basic cell 
funct ions  such as ionic t r anspor t ,  cell-cell inter- 
act ion and differentiat ion.  These processes  play an 
i m p o r t a n t  role in no r ma l  and a b n o r m a l  cellular 
g rowth  and development .  A modif icat ion of fluidity 
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of  cell m e m b r a n e s  m a y  be one  of  the i m p o r t a n t  
m o d e s  of  a c t i o n  of  13-cis r e t ino ic  ac id  a n d  o t h e r  
r e t i no id s  in t e r m s  of  the i r  c ance r  c h e m o p r e v e n t i v e  
effects. Indeed ,  a n u m b e r  of  r e t ino ids ,  i n c l u d i n g  

13-cis r e t ino ic  ac id ,  have  recen t ly  been f o u n d  to  
inf luence  the m i c r o v i s c o s i t y  of  e m b r y o n i c  car -  
c i n o m a  cells (21). A t  p h y s i o l o g i c a l  c o n c e n t r a t i o n s ,  
the r e t i no id s  inc reased  the  m i c r o v i s c o s i t y  w h e r e a s ,  
a t  h ighe r  c o n c e n t r a t i o n s ,  the  s a m e  r e t i no id s  de-  

c reased  the mic rov i scos i t y .  The  e x a c t  m e c h a n i s m  
as to  h o w  re t ino ids  m a y  affect  the  m e m b r a n e  l ipid 
c o m p o s i t i o n  and  f lu id i ty  needs  to  be f u r t he r  inves-  

t iga ted .  
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Effect of Dietary Vitamin E on Sulfolipid Synthesis 
in Rat Submandibular Salivary Gland 

E.T. PRITCHARD* and A.C. CHAN ~, Department of Oral Biology, Faculty of Dentistry, 
University of Manitoba, Winnipeg, Manitoba R3E OW3, Canada. 

ABSTRACT 

The effect of feeding diets containing various levels of vitamin E for 6 months on the in vitro synthesis of 
sulfolipids in rat submandibular salivary glands (SMG) was elucidated. The incorporation of [3~S]sulfate 
into sulfolipid of SMG from rats on deficient or "normal" vitamin E diets was quite similar, however, the 
uptake was significantly increased in glands from rats on diets high in vitamin E. Whereas, in many 
instances, antioxidants can mimic the effect of vitamin E, in the present study, the antioxidant N,N'- 
diphenyl-p-phenylene diamine (DPPD) was actually found significantly to depress sulfolipid-labeling below 
that noted in SM G from all other diets. The results suggest that in the synthesis of SM G sulfolipid the action 
of vitamin E may be more than that of a simple antioxidant. 
I.ipids 18: 146-148, 1983. 

There is little doubt  that  one function of vitamin 
E is as a natural tissue ant ioxidant  protecting the 
integrity of susceptible cellular membrane  lipids 
against peroxidat ion (1). However, its exact mode 
of action in situ is not yet fully understood.  While 
there have been many studies on the effects of 
vitamin E deficiency, few reports are available 
dealing with excessive intake of vitamin E and only 
one (2) relates to submandibular  salivary gland 
(SMG). In this latter report,  it was found that 
feeding 250 U vitamin E /kg  diet, a level ca. 80 times 
higher than the suggested requirement (3), for 7 
weeks caused little change in total lipid but there 
was a decrease in phospholipid content  and some 
changes in unsaturated fatty acids when compared 
to diets with less vitamin E. Although these 
changes were significant, they were not excessively 
drastic nor did the health of the rats appear  to be 
affected. 

The SMG of the rat exhibit an active lipid 
metabolism (4,5) and sulfolipids are readily syn- 
thesized under both in vitro (6,7) and in vivo (8) 
conditions. While the precise function of  SMG 
sulfolipid is presently unknown, it has been sug- 
gested that many of them are secreted into the oral 
cavity (9). If so, their immediate presecretory site 
would most likely be within membrane-bound  
vesicles (10,1 I). 

The present communication shows that relatively 
long-term feeding of very high levels of vitamin E to 
nonalbino rats markedly increased the ability of 
SMG to incorporate [~SS]sulfate into sulfolipid. 
This effect could not be duplicated by feeding 
the antioxidant N,N'-diphenyl-p-phenylenediamine 
(DPPD).  The results suggest the possibility that 
vitamin E may also act in ways other than that of an 
antioxidant. 

*Author to whom correspondence should be addressed. 
~Present address: Department of Biochemistry, The University 

of Ottawa, Ottawa, Ontario KIN 9B4, Canada. 

MATERIALS AND METHODS 

Diet Preparation 

The basal diet is given in Table I. All ingredients 
were obtained from ICN Canada (Montreal ,  Can- 
ada) except for the stripped corn oil which was 
from Fisher Scientific Co. (Winnipeg, Canada).  
DL-a- tocopherol  acetate (Sigma Chemical Co., St. 
Louis, MO) was added to the basal diet as shown in 
Table 2. Diets were freshly mixed every week to 
prevent possible oxidation of  tocopherol.  The 
mixed diets were kept at 4C in air- and light-tight 
containers. 

TABLE I. 

Composition of Basal Diet 

Ingredient Percent by weight 

Vitamin-free casein 20.0 
DI.-methionine 0.3 
Corn starch 13.5 
Dextrose 50.0 
Alphacel (fiber) 5.0 
Salt mixture (4164) 4.0 
Strippcd corn oil 5.0 
Vitamin mixture 
(no tocopherol) 2.2 

100.0 

Selenium 0.1 mg/kg diet 

DL-u-tocopherol acetate and DPPD was added to basal diet as 
shown in Table 2. Salt mixture (g/kg diet) consists oi': calcium 
carbonate, 6.54; cupric sulfate, 0.0072; calcium diphosphate, 
14.22; potassium diphosphate, 3.11; ferric citrate, 0.64; mag- 
nesium carbonate, 1.64; manganese sulfate, 0.055; potassium 
citrate, 9.46; potassium iodide, 0.0016; sodium chloride, 4.32; zinc 
carbonate, 0.0176. Vitamin mixture contains (mg/kg diet): l.- 
aseorbic acid, 1000; choline chloride, 1665; calcium pantothenate, 
66.6; i-inositol, 110.9; menadione, 49.9; niacin, 99.89; PABA, 
110.99; pyridoxine HCI, 22.2; riboflavin, 22.2; thiamin HCI, 22.2; 
biotin, 0.44; folic acid, 2.0; vitamin B~2, 0.03; vitamin A acetate, 
20,000 IU and D2 calciferol, 2,220 IU/kg diet. 
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Animals 

Male rats of the Long-Evans  strain (nonalbino) ,  
bred and housed in the Faculty of Dentistry 's  
animal  facility, were employed in this study. They 
were 20-25 days of age at the start  of feeding trials. 
Food and water were fed ad libitum. The diet 
mixtures were supplied fresh daily to each cage of 
3-4 rats in newly washed ceramic food containers .  
Rats  were t ransferred to fresh cages twice weekly. 

Preparation of Tissue 

Rats were lightly anesthetized and ensanguinated 
by aortic puncture  and the glands quickly removed,  
cleaned and separated from the adher ing sublingual 
glands. Tissue slices were prepared,  weighed and 
placed in warm Krebs-Ringer  saline buffered with 
50 mM Tes, pH 7.4, and conta in ing 5 m M  glucose 
(7). Each 10 ml vessel contained 100 + 5 mg slices in 
1 ml buffered saline. After  the addi t ion of 0.5 t~Ci 
of inorganic [~SS]sulfate/vessel, the incubat ion  at 
37C was cont inued for 90 min. All incubat ions  
were done in triplicate f rom each gland. 

Isolation of Sulfolipid 

The contents  of the incubat ion  vessels were 
homogenized in c h l o r o f o r m / m e t h a n o l  (2: 1, v /v)  
with the aid of Pot ter  Elvehjem homogenizers  with 
Teflon pestles. The homogena tes  were decanted 
into individual 25 ml glass-stoppered cylinders and  
the homogeniz ing tubes rinsed several t imes with 
the extract ing solvent. The final volume was made 
to 20 ml with c h l o r o f o r m / m e t h a n o l  and allowed to 
s tand overnight  at 4C. Each lipid extract  was 
filtered and  the lipids purified according to the 
Folch procedure (12). The lower phases f rom all 
tests were reduced to dryness in a rotary evaporator ,  
redissolved in c h l o r o f o r m / m e t h a n o l  (2:1, v /v ,  
conta ining 1% water) and made to 1 ml volume 
with the same solvent. Sui table  por t ions  of these 
extracts were streaked on W h a t m a n  LK5 silica gel 
th in  layer chromatograph ic  (TLC) plates using a 
Camag  Linomat  III sample appl ica tor  (Terochem 
Laborator ies  Ltd., Winnipeg, Canada) .  Develop- 
ment  was with c h l o r o f o r m / m e t h a n o l / w a t e r  (65:25 
:4, v /v /v ) .  Radioact ive lipids were located by 
rad ioautography,  scraped f rom the plates and 
placed in scinti l lat ion vials. After  the addi t ion  of 7 
ml Aquasol-I  (NEN Canada ,  Montreal) ,  the radio- 
activity was measured by scinti l lat ion spectro- 
photometry .  

Other Analyses 

Est imat ions of protein (13), pyruvic kinase (14) 
and a - tocophero l  (15) levels were done by pub-  
lished procedures. 

RESULTS 

In agreement  with the work of others  (2), all 
animals,  regardless of dietary regimen, appeared 
healthy and showed no significant differences in 
body weight after 6 months  on the diets, a l though  
there were distinct biochemical  differences (Table  
2). In the absence of vitamin,  plasma pyruvate  
kinase, an indicator  of myopa thy  (15,16), was 
increased 10-fold (P>0.005)  over rats fed either 
vi tamin E or the an t iox idan t  D P P D  (Table 2). 
Plasma a - tocophero l  concent ra t ions  were l inear 
with the logar i thm of dietary vi tamin E concent ra-  
tions. The levels of plasma a - tocophero l  were 9 
times greater in the DPPD- fed  rats t han  in those on 
vi tamin E-free diets (P<0.01),  indicat ing that  this 
an t iox idan t  partly conserved the stores of  vi tamin 
E. 

Figure I shows that  there is one major  S M G  
sulfolipid in the lower phase o f a  Folch extract  and 
it contains over 90% of the radioactivity.  Figure 2 
demonst ra tes  tha t  S M G  from rats fed high to 
excess levels of v i tamin E were able to synthesize 
significantly more sulfolipid from precursor[~S]  
sulfate than  those from low (50 ppm) or no vi tamin 
E diets (P<0.01).  The an t iox idan t  D P P D  in this 
instance did not mimic the effect of v i tamin E but 
tended to inhibit  sulfolipid formation.  

DISCUSSION 

Although the level of a - tocophero l  in S M G  was 
not  estimated in the present investigation,  ano the r  
group (2), who fed rats 0, 250 U and  2500 U vi tamin 
E /kg  diet, reported that  the vi tamin E content  of 
S M G  was 1.3, 33.1 and  77.4 ~ag/g, respectively. 
This means that  S M G  are remarkable  scavengers 
of v i tamin E from the plasma as o ther  investigators 

TABLE 2. 

Effect of Dietary Vitamin E on Plasma a-Tocopherol 
and Pyruvate Kinase Levels and Body Weight 

a-Tocopherol Pyruvate 
Dietary vitamin E (,~g/mg total kinase Body wt 
(mg/kg) n plasma lipid) (U/ml plasma) (g) 

0 4 0.14+-0.02 ~ 0.62+0.06 ~ 542_ + 14 
50 3 6.33+1.672 572+12 
100 3 7.68-+0.64" 0.06+0.01 558 + 14 
1000 4 10.55+0.56 ~ 0.05+0.01 585+30 
5000 5 14.82-+0.68 k 0.06_+0.01 558-+17 
0+DPPD 3 1.28_+ 0.27: 0.05-+0.01 561_+26 

Rats were placed on purified diets at 20-25 days of age (60-70 g) 
and fed the diets for 25 weeks. DPPD (N,N'-diphenyl-o-phenylene 
diamine) was added to the diet at a level of 100 rag/kg. Results are 
mean+SD (n as shown). 

~lndicates value significantly different from all other values in 
column (P<0.01). 

:Indicates values are not different from each other but sig- 
nificantly different from all other values in column (P<0.01). 
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FIG. I. Densitometric scan of radioautograph of TLC 

plate. [35S]labeled SMG sulfolipids developed with 
chloroform/methanol /water  (65: 25:4, v /v/v) .  Rf of ma- 
jor sulfolipid (arrow), which contains 90-93% of the 
radioactivity, was 0.67-0.70. 
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FIG. 2. Labeling of sulfolipid from inorganic [aSS]- 
sulfate in SMG slices obtained from rats fed various levels 
of vitamin E and the antioxidant DPPD.  Conditions as 
given in Table2. U is equivalent to I mg DL-a-tocopherol  
acetate. Radioactivity is expressed as dpm • 10s/100 mg 
tissue after a 90 min incubation in the presence of 0.5 #Ci 
[3~S]sulfate. Values are mean_+ SEM (n as shown within 
bars). 

(17) have  r epo r t ed  t ha t  rat  hea r t ,  l iver a n d  a d r e n a l s  
have  a l imi ted  capac i ty  for  v i t a m i n  E s to rage .  
The re fo r e ,  the  S M G  f r o m  ra t s  on  h igh  v i t a m i n  E 
die ts  w o u l d  be expec ted  to  c o n t a i n  very  h igh  levels 
of  t ocophe ro l .  H o w  th is  effects  the  su l fo l ip id -  
s y n t h e s i z i n g  s y s t e m  is u n k n o w n .  It m a y  be t h a t  the  
" ex t r a "  v i t a m i n  E, wh i ch  is a very  l ipophi l ic  
molecu le ,  i nduces  c h a n g e s  in the  Golg i  m e m b r a n e s  
whe re  m o s t  su l f a t i on  r epo r t ed ly  occu r s  (I 8), a l low-  
ing  an  inc reased  su l f a t i on  o f  a c c e p t o r  lipid. H o w -  
ever,  the  fact  t h a t  D P P D ,  a n  a n t i o x i d a n t  t h a t  ha s  
cons i s t en t l y  been s h o w n  to m i m i c  the  ef fec ts  o f  
v i t a m i n  E (19-21),  did no t  s t i m u l a t e  su l fo l ip id  
syn thes i s ,  a r g u e s  aga ins t  a pure ly  m e m b r a n e  an t i -  
o x i d a n t  p h e n o m e n o n  for  the  ac t i on  o f  v i t a m i n  E in 
this  t i ssue .  
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Absence of Wax Esters in Pelagic Lake Baikal Fauna 
R.J.  M O R R I S ,  Institute of Oceanographic Sciences, Wormley, Godalming, 
Surrey, United Kingdom 

ABSTRACT 

The absence of wax esters in meso- and bathypelagic organisms from Lake Baikal may be a clue to the 
historical development of wax ester metabolism in the marine ecosystem. 
Lipids 18:149-150, 1983. 

Wax esters are common lipid components of 
many marine organisms ~-S, particularly those in- 
habiting areas where the food supply is erratic, i.e., 
meso- and bathypelagic communities. The manner 
of their distribution in the marine ecosystem has 
given rise to suggestions that they are a more 
efficient energy store than the conventional tri- 
glycerides6"7; that due to their low specific gravity H, 
their accumulation in organisms may be a means of 
attaining neutral buoyancy and hence, an aid to 
energy conservation 9. 

The problems of life in deep-water ecosystems 
are not confined to the oceans. They also apply to 
deep freshwater ecosystems, although the problem 
of buoyancy related to energy conservation is more 
serious due to the lower specific gravity of fresh- 
water compared to sea water. While such eco- 
systems are rare, a particularly fine example exists 
in Lake Baikal (Siberia) which is a very large inland 
sea, well isolated from the oceans and more than 
1600 m deep. Palaeontological data ~~ show that by 
the Pliocene, and perhaps even in the Miocene, the 
fauna of Lake Baikal had become ecologically 
distinct from the fauna of the surrounding shallow 
Siberian lakes. At that time, Baikal must have 
already existed as a relatively large and deep lake or 
series of lakes m and separation from the marine 
system is likely to have occurred considerably 
earlier. Thus, the ecosystem of Lake Baikal has 
evolved in isolation from the marine ecosystem for 
many millions of years; indeed, over 75% of the 

present plant and animal species found are peculiar 
to Lake Baikal. 

Of immediate relevance to the likely function of 
wax esters in marine animals is the question of how 
the deep-water pelagic fauna in I,ake Baikal have 
evolved biochemically to cope with low biomass, 
energy conservation and buoyancy. Lipid analyses 
of the important meso- and bathypelagic crusta- 
ceans and fish (Table 1) indicate the complete 
absence of wax esters. However, high levels of lipid 
were found (26-73% dry wt), with triglycerides 
being the major component  (>70% total lipid)�9 The 
fatty acid compositions of the pbospholipids and 
triglycerides closely resembled those of most oce- 
anic animals. 

The midwater fauna of Lake Baikal appear to 
need greatly enhanced levels of triglyceride. These 
high triglyceride levels, together with their light 
skeletons, must result in fairly neutral buoyancy. 
Indeed, the golomyanka fish (Comephorus sp.) has 
been observed hanging motionless in midwater. 
Adult males of this species were found generally to 
have smaller fat deposits than the females, although 
the more developed the 'eggs' (this species gives 
birth to live young), the less stored fat. It would 
appear that the triglyceride stores are functioning, 
in part, as an energy reserve for egg formation and 
general metabolism. 

Thus, the central question is, for two pelagic 
ecosystems possessing similar survival" problems 
and similar capacities for fatty acid synthesis, why 

TABI.E I 

Trigl}ceride Content of Some Pelagic Organisms from I.ake Baikal 

Sample Comments 

Triglyceridc 
Depth caught l.ipid content content 

(m) (~ dry wt) (%total lipid) 

t~Jischura haicalensis 
(calanoid copepod) 

Macrohectopus hranickii 
(gammarid) 

('omephoru.~ haicalensi.~ 
(lqsh) 

l)ominam 0-200 35 82 
mesopelagic 
crustacean 

Dominant 0-1000 26 70 
meso; bat hypclagic 
gammarid 

Dominant 0-1()00 73 >95 
meso bat hypclagic 
fish 
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do  m a r i n e  a n i m a l s  h a v e  a w a x  es te r  m e t a b o l i s m  in 
a d d i t i o n  to  the  m o r e  gene ra l  one  o f  t r ig lycer ide ,  
whi le  L a k e  Baika l  a n i m a l s  me re l y  bui ld  u p  the i r  
t r ig lycer ide  c o n t e n t ?  A poss ib le  e x p l a n a t i o n  is t h a t  
t h e - f a u n a  o f  L a k e  Baika l  h a v e  n o t  d e v e l o p e d  t he  
a p p r o p r i a t e  b i o c h e m i c a l  m e c h a n i s m s  fo r  t he  re- 
d u c t i o n  o f  n o r m a l  fa t ty  ac ids  to  c o r r e s p o n d i n g  
a l coho l s ,  t h u s  n o t  a l l owing  s u b s e q u e n t  c o u p l i n g  o f  
ac ids  a n d  a l coho l s  to  give w a x  es ters .  I f  cor rec t ,  th is  
w o u l d  s t r o n g l y  imp ly  t ha t  s u c h  m e c h a n i s m s  were  
on ly  re la t ive ly  recen t ly  deve l oped  in the  m a r i n e  
e c o s y s t e m  af te r  the  i so la t ion  o f  L a k e  Ba ika l  (ca. 40- 
60 mi l l i on  years) .  Ce r t a in ly ,  the  ear l ies t  r e p o r t e d  
w a x  es ters  in m a r i n e  s e d i m e n t s  ( ba sed  on  ava i l ab l e  
D S D P  da t a ,  Dr .  S. Brassel l  p e r s o n a l  c o m m u n i c a -  
t ion)  occu r  d u r i n g  the  lower  P l i o c e n e / u p p e r  M i o -  
cene  (ca. 10 mi l l i on  years) .  
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The Effects of Partially Hydrogenated Marine Oils on the 
Mitochondrial Function and Membrane Phospholipid 
Fatty Acids in Rat Heart 
ROLF BLOMSTRAND* and LENNART SMENSSON, Department of Clinical Chemistry, 
Huddinge University Hospital Karolinska Institutet, Stockholm, Sweden 

ABSTRACT 

151 

The influence of dietary partially hydrogenated marine oils containing docosenoic acid on  rat heart 
mitochondrial membrane phospholipid fatty acid composition was studied with particular reference to 
cardiolipin and oxidative phosphorylation. Five groups of male weanling rats were fed diets containing 20% 
(w/w) peanut oil (PO), partially hydrogenated peanut oil (H PO), partially hydrogenated Norwegian capelin 
oil (HCO), partially hydrogenated herring oil (HHO). and rapeseed oil (RSO) for 10 weeks. All the cardiac 
phospholipids investigated were influenced by the experimental diets. An increased amount of arachidonic 
acid observed in phosphatidylethanolamine (PE) after ti~eding partially hydrogenated oils suggests a 
changed regulation of the arachidonic acid metabolism in comparison with PO treatment. 22:1 originating 
from the dietary oils was incorporated only to a small extent into phosphatidylcholine (PC) and PE. A 
selective incorporation of 18:1 isomers into the I- and 2-positions of PC and PE with respect to geometry 
and position of the double bond was observed. Large amounts of 18:] t rans  were incorporated into the I- 
position of PC and PE, irrespective of the amount of 18:2 supplemented to the diets, replacing a 
considerable proportion of stearic acid in this position. After feeding H HO and RSO, the content of 22: I in 
mitochondrial cardiolipin of rat heart was found to be 3% (mainly cetoleic acid) and 10% (mainly erucic 
acid), respectively, indicating a high affinity for cis isomers of 22: I, but also a considerable resistance against 
incorporation of t rans  isomers was observed. The ability of rat cardiac mitochondria to oxidize 
palmitoylcarnitinc and to synthesize ATP was depressed after feeding H HO and RSO. Dietary cis isomers of 
22: I seem to have a specific ability to interfere with cardiac ATP synthesis and also to alter the fatty acid 
composition of cardiolipin of rat heart. 
I , ipids 18:151-170, 1983. 

INTRODUCTION 

Fatty acids with t r a n s  double  bonds  do occur  in 
some natural  oils from leaves and seeds of plants 
(I)  and ruminant  fats (2,3), but the main source in 
our  diets is from partial hydrogenat ion  of vegetable 
and  marine oils. Dur ing  this process, a wide variety 
of geometrical  and positional isomers of fatty acids 
arises, depending on the original composi t ion  of 
the oils (4-10). 

Our knowledge on the biological and metabol ic  
effect of geometrical  and posit ional fatty acid 
isomers on the heart  and liver mi tochondr ia l  
membranes  is not extensive. It is apparen t  that  
several membrane  functions are dependent  on the 
lipid composi t ion of the membrane  (I 1). 

In earlier studies (12), we have shown that  
dietary erucic acid influences the phosphol ip id  
class dis t r ibut ion of cardiac mi tochondr ia l  mem- 
branes  in rats. In these experiments ,  there was a 
decrease in phospha t idy le thanolamine  (PE) and an 
increase in the phosphat idylchol ine  (PC) content .  
Erucic acid was incorporated into the different 
phosphol ipids  but had a specific affinity to the 

*Author to whom correspondence should be addressed. 

cardiolipin molecule of the inner  mi tochondr ia l  
membrane.  In a series of papers, lnnis  and Clan- 
dinin (13,14) have demonst ra ted  that  phosphol ip id  
latty acyl composi t ion  of cardiac mi tochondr ia l  
inner membrane  is dynamically influenced by 
dietary fat and indicating similar changes in the 
P E / P C  ratio. 

Rapeseed oil, high in erucic acid, produces 
decreased rates of ATP  synthesis, as first indicated 
by Houtsmul ler  et al. (15) and decreased A D P / O  
ratio (16,17) and rate of energy t ranspor t  by the 
membrane  adenine nucleotidc t rans locase /crea t ine  
phosphokinasc  energy t ranspor t  system (18) in 
isolated cardiac mi tochondr ia .  The described bio- 
chemical changes occur together  with cardiac 
lipidosis and pathological  changes including necro- 
sis and fibrosis of heart  muscle and changes in the 
mitochondria l  ul t ras t ructure  (for review, see ref. 
19). The connect ion between the biochemical  and 
the morphological  changes has been the mat ter  of a 
lot of dispute (19) and the mechanism involved is 
not quite clear. 

The altered fatty acid composi t ion  associated 
with the incorpora t ion  of different dietary long- 
chain fatty acids and their  metaboli tes  in PC, PE 
and cardiolipin may have impor tan t  effects on the 
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integrity and function of the heart cell membranes. 
It must, therefore, be considered very important to 
elucidate in detail the metabolism and biochemical 
effect of partially hydrogenated marine oils, especi- 
ally as several of these oils contain isomers oferucic 
acid. 

Conacher et al. (20) have investigated in detail 
the distribution of geometrical and positional 
isomers of monounsaturated fatty acids of varying 
chain length in total lipid of rat heart after feeding 
partially hydrogenated herring oil. The incorpora- 
tion of geometrical and positional isomers of 
octadecenoic acid derived from partially hydrogen- 
ated vegetable oils have been studied in different 
lipid classes from whole organs (21-26) and in the 
membrane total lipid of rat liver mitochondria (27). 
So far, however, the dietary influence of partially 
hydrogenated marine oils on the fatty acid compo- 
sition of mitochondrial membrane phospholipids 
of rat heart has not been investigated in detail with 
an adequate supply of linoleic acid in the diet. 

In the present paper, we have studied the incor- 
poration of dietary isomeric fatty acids derived 
from different partially hydrogenated marine oils 
into individual phospholipids of mitochondrial 
membranes of rat heart. Furthermore, the distribu- 
tion of the individual phospholipids and the choles- 
terol/ phospholipid ratio have been followed in the 
mitochondrial membranes. Whether or not mito- 
chondrial function is impaired in rats given partial- 
ly hydrogenated marine oils has remained a matter 
of controversy (28-31). In the present report, we 
have also studied the influence of dietary partially 
hydrogenated marine oils on the ability of isolated 
rat heart mitochondria to oxidize different sub- 
strates and to synthesize ATP. 

EXPERIEMENTAL PROCEDURES 

Materials 

Partially hydrogenated peanut oil was a gift 
from Dr. B. Andersen (Aarhus Oliefabrik A/S,  
Aarhus, Denmark); peanut oil, safflower oil, rape- 
seed oil and partially hydrogenated Norwegian 
capelin oil, were gifts from Dr. R. Ohlson (AB 
Karlshamns Oljefabriker, Karlshamn, Sweden); 
and partially hydrogenated herring oil, a gift from 
Dr. J. Beare-Rogers (Department of Health and 
Welfare, Ottawa, Canada). D-Mannitol was ob- 
tained from Difco Laboratories (Detroit, MI) and 
sucrose from Fisher Scientific Co. (Fair Lane, N J). 
Bacterial protease (Subtilisin BPN), bovine serum 
albumin (fraction V, essentially fatty acid-free), 
ADP, L-malate, L-glutamate, pyruvate, succinate, 
L-palmitoylcarnitine, rotenone, phospholipase A2 
(Ophiophagus Hannah), and DL-a-tocopherol- 
acetate were obtained from Sigma Chemical Co. 
(St. Louis, MO). Methano!ic sodium methoxide 
(0.5 M) was obtained from Applied Science Europe 

B.V. (Oud-Beijerland, The Netherlands). Meth- 
anolic hydrogen chloride (1 M) was prepared from 
hydrogen chloride, purity 99% (AGA, Special Gas, 
LidingO, Sweden). BHT (2,6-di-tert-butyl-p-cresol) 
was obtained from Fluka AG (CH-9470 Buchs, 
Switzerland). All other reagents and chemicals 
used were purchased from Merck (Darmstadt, 
GFR). 

Animals and Diets 

White male Sprague-Dawley rats weighing 50 g 
at the start of the experiment were used (Anticimex, 
Stockholm, Sweden). The animals were subjected 
to reversed lighting periods (light was automatically 
switched on at 6 P.M. and off at 6 A.M.). The 
animals, divided into 5 different groups (10 in each 
group), were fed a semisynthetic diet containing 
20% (w/w) of different fats for 10 weeks. The 
complete composition of the basal diet Was as 
previously described (32), except that DL-c~-toco- 
pherolacetate was added as an antioxidant to the 
diets (0.02% w/w). The different fats used were: 
peanut oil (PO), partially hydrogenated peanut oil 
(HPO), partially hydrogenated Norwegian capelin 
oil (HCO), partially hydrogenated herring oil 
(HHO), and rapeseed oil (RSO). The diets contain- 
ing partially hydrogenated oils were supplemented 
with safflower oil (17% (w/w) partially hydro- 
genated oil + 3% (w/w) safflower oil) in order to 
prevent essential fatty acid deficiency. The safflower 
oil contained 77% of linoleic acid, 18:2, (32) 
corresponding to 4.6 cal % 18:2 in the supplmented 
diets. In an additional experiment, a diet contain- 
ing partially HCO supplemented with a small 
amount of safflower oil (HCO + 0.8 cal % 18:2) was 
also fed to a group of 10 rats. The fatty acid 
composition of the different diets is shown in Table 
1. The food for each rat was restricted to 15 g/day 
except during the last 3 weeks of the feeding period 
when the rats had free access to food. Water was 
provided ad libitum. The animals were weighed 
and examined weekly during the experimental 
period. The rats were fasted overnight prior to 
being killed. The animals were sacrificed by de- 
capitation and exsanguination at about 9A.M. on 
the day of the experiment. Blood was collected for 
serum cholesterol and triglyceride analyses. 

Preparation of Mitochondria 

The hearts from 2 rats in each group were 
immediately removed, placed in ice cold 0.21 M 
mannitol/70 mM sucrose/0.1 mM EDTA, weighed, 
and cut into pieces to pooling for mitochondrial 
preparation. Before further treatment, part of the 
myocardium (ca. 0.5 g) was removed, frozen and 
stored in saline a t - 2 0 C  until utilized for lipid 
analyses. The cardiac mitochondria was isolated 
mainly according to Pande and Blanchaer (33). 

LIPIDS, VOL. 18, NO. 3 (1983) 
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TABLE I 

Fatty Acid Composition (% w/w) of Diets Containing 20% (w/w) Fat: 
PO. HPO+4.6 cal% 18:2, HCO+4.6 cal% 18:2. HHO+4.6 cal% 18:2 and RSO 
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Diets 

Fatty" H PO + HCO + H He  + 
acid PO 4.6 cal% 18:2" 4.6 cal% 18:2 ~ 4.6 cal% 18:2 + RSO 

12:0 0.3 
14:0 0.1 5.0 5.6 
16:0 10.3 12.0 15.6 12.1 2.3 
16: I t r a n s  4.9 3.5 
16:1 ~is 1.3 3.3 0.1 
18:0 2.5 I 1.6 7.6 2.7 0.9 
18: I t r a n s  43.5 I 1.3 5.3 
18:1 c i s  41.5 13.1 7.4 8.1 17.0 
18:2(o6 37.8 11.3 II.0 11.5 15.1 
18:2' 1.7 1.5 2.2 
18:3 (o3 (I.7 8+2 
20;0 1.2 1.4 5.5 2.0 0.7 
20: l trun.~ 0.7 I 1.3 6.5 
20:1 cls I.I 0.3 3.5 10.3 9.7 
20:2 0.2 0.4 0.6 
22:0 3.2 2.9 3.5 2.6 0.7 

t 7.1 8.8 22: I tran.~ 0.3 
22: I <is 0.2 2.7 14.5 43. I 
24:0 1.5 I. I 0.2 0. I 0.2 
24:1 O. 1 O. 5 !.4 

"~Z t r a n s  44.2 34.6 24.1 
'~ 22:1 0.2 0.3 9.8 23.3 43.1 

"The partially hydrogenated diets were supplemented with safflower oil. 
~'lhe shorthand notation used lot the fatty acids indicates chain length: number of double bonds, co= First 

double bond posit ion beginning trom the hydrocarbon end; methylene interruption is assumed if not otherwise 
specified. 

18:2 isomers other than linoleic acid. 

Before  t r e a t m e n t  wi th  Subt i l i s in ,  the  hea r t s  were  
m i n c e d  by gar l ic  press  ins t ead  o f  c h o p p i n g ,  a n d  the  
m i t o c h o n d r i a l  pellet was  w a s h e d  on ly  once.  C a r e  
was  t a k e n  to  avo id  c o n t a m i n a t i o n  o f  t he  pre-  
p a r a t i o n s  wi th  l ipids.  T he  r e su l t i ng  m i t o c h o n d r i a l  
pellet was  s u s p e n d e d  in 0.5 ml  o f  the  so l u t i on  
descr ibed  a b o v e  wh ich  had  been  m a d e  l0 m M  with  
Tr i s -Cl  (pH 7.4). Liver  m i t o c h o n d r i a  f r o m  p e a n u t  
a n d  rapeseed  oil t rea ted  a n i m a l s  were i so la ted  in 
the  s a m e  way.  T h e  yield was  ca. 13 m g  o f  m i t o -  
c h o n d r i a l  p r o t e i n / g  rat  hea r t  a n d  19 m g  o f  m i t o -  
c h o n d r i a l  p r o t e i n / g  ra t  liver. P ro t e i n  was  de te r -  
m i n e d  a c c o r d i n g  to L o w r y  et al. (34). 

Measurement of Mitochondrial Oxygen Uptake 
and ATP Synthesis 

T h e  o x i d a t i o n  ra tes  o f  d i f fe ren t  s u b s t r a t e s  by the  
isola ted m i t o c h o n d r i a  were d e t e r m i n e d  by m e a s u r -  
ing  the  ra te  o f  02 c o n s u m p t i o n  by  m e a n s  o f  a C l a r k  
e lec t rode  (Yel low Sp r i ngs  I n s t r u m e n t s  Co . ,  lnc ,  
Yel low Spr ings ,  O H )  m a i n l y  as desc r ibed  by 
S w a r t t o u w  (35). T h e  m i t o c h o n d r i a  (ca. 0.25 m g  o f  
hear t  m i t o c h o n d r i a l  p ro t e in  a n d  0.5 m g  o f  l iver 
m i t o c h o n d r i a l  p ro te in )  was  i n c u b a t e d  at 37C in a 
m e d i u m  c o n t a i n i n g  7.7 m M  suc rose ,  7.7 m M  

K3PO4 (pH  7.4), 45 m M  KCI,  63 m M  Tr i s -CI  (pH  
7.4), 3.3 m M M g C b ,  a n d  0 .17% w / w  bov ine  s e r u m  
a l b u m i n  (essent ia l ly  fa t ty  acid-free) .  T h e  a d d i t i o n  
o f  c y t o c h r o m e  c was  f o u n d  to be u n n e c e s s a r y  a n d ,  
the re fo re ,  was  o m i t t e d .  6 m M  succ ina t e  wi th  1.5 
~ M  r o t e n o n e ,  6 m M  g l u t a m a t e  wi th  0 .20 m M  
mala t e ,  6 m M  p y r u v a t e  wi th  0 .20 m M  m a l a t e  or  36 
/~M p a l m i t o y l c a r n i t i n e  wi th  0.20 m M  m a l a t e  were 
used  as  subs t r a t e s .  T h e  to ta l  i n c u b a t i o n  v o l u m e  
was  1.66 ml  a n d  the  o x y g e n  c o n t e n t  o f  the  a i r -  
s a t u r a t e d  m e d i u m  was  ca lcu la ted  to be 385 ng  
a t o m s  of  o x y g e n / m l  at  37C a c c o r d i n g  to E s t a b r o o k  
(36). T h e  reac t ion  was  s t a r t ed  wi th  t he  a d d i t i o n  o f  
400 n m o l  A D P .  T h e  s ta te  3 r e sp i r a to ry  rate  in the  
p resence  o f  A D P ,  the  s ta te  4 r e sp i r a to ry  rate  a f t e r  
e x h a u s t i o n  o f  A D P ,  the  r e sp i r a to ry  c o n t r o l  ra t io ,  
the  A D P / O  rat io,  a n d  the  A T P  s y n t h e s i s  ra te  were 
ca lcu la ted  as desc r ibed  by E s t a b r o o k  (36). 

Lipid Anaiys/s 

M i t o c h o n d r i a  a n d  h o m o g e n a t e  were  e x t r a c t e d  
for  to ta l  lipid a c c o r d i n g  to  Fo lch  et al. (37). U s i n g  
silicic ac id  c h r o m a t o g r a p h y  (12), neu t ra l  l ipids 
were e lu ted  wi th  c h l o r o f o r m  a n d  p h o s p h o l i p i d s  
wi th  m e t h a n o l .  B H T  was  a d d e d  to the  e lua tes  to  a 
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final concentration of 20/~g/ml. Individual phos- 
pholipids were separated from total phospholipids 
(12) on Silica Gel H plates with chloroform/ 
methanol/25% aqueous ammonia (14:6:l,v/v/v) 
followed by chloroform/methanol/acetic acid/ 
water (80:13:8:0.3, v/v/v/v)  as solvent systems. 
Cochromatographed authentic cardiolipin, PE and 
PC and the outer edges of the different zones 
corresponding to separated phospholipids from 
the sample were visualized with iodine vapor. Care 
was taken not to contaminate the separated phos- 
pholipids with iodine vapor. The chromatographic 
zones corresponding to cardiolipin, PE and PC 
were collected and extracted according to Burns et 
al. (38). Phosphorus analysis was performed on the 
appropriate silica gel zones without prior elution of 
the phospholipids according to Vikrot (39). 

Analysis of the positional distribution of fatty 
acids in the isolated PC and PE (1-2 mg) was 
performed by enzymatic hydrolysis with phospho- 
lipase A2 (Ophiophagus Hannah snake venom) 
mainly as described by Christie (40). The resultant 
fatty acids from the 2-position and the lysophos- 
pholipids were extracted using chloroform/meth- 
anol (2:1, v/v) after dilution with water (37). To 
improve the TLC separation of incubation products 
from PE diisopropyl ether/acetic acid (96:4, v/v) 
was used as the first solvent system. The chromato- 
graphic zones corresponding to the liberated fatty 
acids and the lysophospholipids were visualized 
with iodine vapor as described above, and scraped 
directly into screw-capped test tubes. Fatty acid 
methyl esters were prepared as previously describ- 
ed (10). 

Analysis of Fatty Acid Distribution and the Content 
of Geometrical and Positional Isomers 

Gas liquid chromatography (GLC) of fatty acid 
methyl esters was performed utilizing glass capillary 
columns coated with Silar-5 CP as stationary phase 
(41). The fatty acid distribution was expressed as 
area percentages. Unsaturation index (UI) and 
mean chain length (MCL) were calculated accord- 
ing to lnnis and Clandinin (13). The content of 
geometrical and positional isomers of monounsat- 
urated fatty acids in dietary oils, heart neutral lipid, 
and mitochondrial phospholipids was determined 
by high performance liquid chromatography (HPLC) 
a n d  glass capillary gas chromatography (10). Un- 
fortunately, cholesterol cochromatographed with 
t rans  docosenoic acid methyl esters in the HPLC 
under the conditions used. Thus, prior to analysis 
with HPLC of fatty acid methyl esters from rat 
heart neutral lipid, the methyl esters were purified 
by thin layer chromatography (TLC) on Silica Gel 
G plates using hexane/diethyl ether (90:10, v / v) as 
solvent system. 

Analysis ot Cholesterol and Triglycerides 

Cholesterol content in whole heart and heat 
mitochondria was determined by isotope dilution- 
mass spectrometry (42), serum triglycerides accord- 
ing to Wahlefeld (43). and serum cholesterol 
according to Svensson et al. (44). 

RESULTS 

Fatty Acid Composition of Dietary Fat 

The different experimental diets were extracted 
and the lipids obtained were analyzed with respect 
to fatty acid composition by glass capillary gas 
chromatography and HPLC (Table I). There was 
no detectable amount of t rans  fatty acids in the 
unhydrogenated oils (PO and RSO), but there were 
small amounts of to7-positional isomers of cis 
monounsaturated fatty acids. PO contained 0.9% 
18:!to7 cis, and the content of 18:1to7 cis, 20:1to7 
cia, and 22:1(o7 cis in RSO was 1.2%, 1.1%, and 
1.0%, respectively. The partially hydrogenated oils 
used in the experimental diets were further char- 
acterized with respect to the content of positional 
and geometrical isomers of monounsaturated fatty 
acids of chain length 18-22 by means of H PLC and 
glass capillary gas chromatography (Table 2). 
However, all positional isomers could not be 
resolved in the glass capillary gas chromatography. 
18:1 w4 trans cochromat ographed with 18:! to5 trans, 
and positional isomers with the double bond in a 
relatively high to-position, irrespective of geom- 
etry and chain length, had a tendency to coincide. 
Generally cetoleic acid (22:1toll cis) separated 
from 22:1 cis isomers with the double bond located 
in a lower to-position, but overlapped to some 
extent with 22:i(oi2 cis and 22:ltol3 cis, as could be 
judged from the peak shapes obtained in the 
chromatogram. The 18:1 cis fractions contained 
the (o9 isomer as a major constituent, but part of 
the 18: I to9 cis found in the partially hydrogenated 
oils originated from the added safflower oil, which 
contained ca. 12% oleic acid as the predominant 
18:1 isomer. Generally the t rans  fractions had a 
wider range of positional isomers as compared to 
the cis fractions. HHO contained less trans fatty 
acids as compared to HPO and HCO. The double 
bonds in the cis fraction of 20:1 and 22:1 from 
HHO were mainly in to9- and toi l-position, re- 
spectively, the original double bond positions in 
20:1 and 22:1 from unhydrogenated marine oils. 
The HCO which was hydrogenated to a higher 
degree contained less isomers with the original 
double bond positions as compared to HHO. 

Food Consumption. Body Weight. Heart Size. 
Serum Cholesterol, and Serum Triglycerides 

The effects of the different diets on food c o n -  
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sumpt ion ,  body weight, heart size, se rum cholesterol, 
and s e rum triglycerides are s u m m a r i z e d  in Table  3. 
The average food c o n s u m p t i o n  was  15.5 g per  day 
and rat, and  there was only small  differences 
between the var ious  dietary t rea tments .  The  body  
weight  of  an imals  kept on H P O  and H C O  diets 
were slightly higher  than  those  of  an imals  fed PO.  
Hear t s  f rom rats fed R S O  were significantly en- 
larged, in agreement  wi th  the f indings o f  Beare- 
Rogers  and Nera  (45). Also,  the hear ts  f rom rats 
subjected to docosenoic  acid rich H H O  were 
significantly enlarged,  but  the hear ts  f rom rats fed 
H PO were significantly smal ler  as c o m p a r e d  to the 
heart  size when  kept on  P O  diet. The  se rum 
cholesterol  levels were significantly lower  in the 
g roups  of  rats fed partially hydrogena ted  oils as 
c o m p a r e d  to an imals  kept on PO and R S O  diets. 
On  the cont ra ry ,  the s e rum triglyceride pa t t e rn  of  
the different g roups  of  rats was  reversed. Die tary  

po lyunsa tu ra t ed  fat has been repor ted  to increase 
the se rum cholesterol  level in rat as c o m p a r e d  to 
dietary sa tura ted  fat (46,47). "lhus,  the s e r u m  
cholesterol  lowering effect observed after  feeding 
partially hydrogena ted  oils to rats  as c o m p a r e d  to 
an imals  kept on u n h y d r o g e n a t e d  oils might  be 
bet ter  related to the content  of  po lyunsa tu r a t ed  
fatty acids than  to the content  of t rans  fatty acids in 
the exper imenta l  diets. 

Content of Total Lipid, Neutral Lipid, Phospholipid. 
and Cholesterol in Heart 

The effects o f t h e  different diets on the con ten t  of  
total lipid, neutral  lipid, phospho l ip id  and  chol-  
esterol in rat heart  are presented in Table  4. There  
was a tendency to higher  content  of  total lipid in 
hear ts  f rom rats fed diets con ta in ing  docoseno ic  
acid ( H C O ,  H H O ,  and RSO)  as c o m p a r e d  to the 
co r r e spond ing  lipid f rom rats kept on  PO and  

TABLE 3 

Food Consumption, Body Weight, Heart Size, Serum Cholesterol, and Serum Triglycerides of Rats Fed Diets Containing 
20,c, (w/w) PO, HPO+4.6 w-al% 18:2, HCO+4.6 cal% 18:2, HHO+4.6 cal% 18:2, and RSO for 70 Days 

HPO+ HCO+ HHO+ 
PO 4.6 cal% 18:2 ~ 4.6 cal~ 18:2' 4.6 cal% 18:2 ~ RSO 

Food consumption t' 15.3 15.3 15.9 15.5 15.4 
(g/day) 

Body weight ~ 368- ~ 15 381 _+ I1" 391 +22" 370_ + II 361 -+ 13 
(g) 

Heart size' 0.33- ~ 0 . 0 1  0.30-+0.01 ~ 0.32+0.01 0.35_+0.01 ̀  0.40_+0.01' 
(% of body weight) 

Serum cholesterol ~ 2.42 ~ 0.14 1.87 _+ 0 10' 2.02 + 0.08" 2.00 _+ 0.18 h 2.65-+0.09 ~ 
(mmoll I) 

Serum t riglycerides ~ O 37 _~ 0.04 0.49 _+ 0.09 ~ 0.53 -+ 0.06 h 0.46 "+ 0.12 0.36 "+ 0.02 
(mrnol/1) 

'The partially hydrogenated diets were supplemented with safflower oil. 
*'Results are mean from I0 rats. 
~Results are mean + standard deviation lrom 10 rats. 
'tResults are mean _+ standard deviation l?om 6 rats. 

'Probability level as calculated according to Student's t-test; e. f, g, h, and i are significantly different from PO values: p < 0.05. 
p<0.01, p<0.005, p<0.001, and p<0.0001, respectively. 

TABLE 4 

Total Lipid, Neutral Lipid, Phospholipid, and Cholesterol Content of Heart from Rats Fed Diets Containing 
20oA v,..w) PO, HPO+4.6cal~ 18:2. HCO+4.6calOk 18:2. HHO+4.6calO~ 18:2. and RSO for 70 Days 

HPO+ HCO+ HHO+ 
PO 4.6 cal% 18:2 ~ 4.6 cal% 18:2' 4.6 cal% 18:2 ~ RSO 

Total lipid ~' 189 187 197 215 231 
(yg/mg protein) 

Total neutral lipid*' 41 52 56 67 96 
(/.~gi mg protein) 

Total phospholipid b 148 135 141 148 136 
(,ug/mg protein) 

Total cholesterol ~" 67 6.8 7.1 6.7 7.6 
(jag/mg protein) 

JThe partially hydrogenated diets were supplemented with safflower oil. 
hThe results obtained are from analysis of pooled homogenate from 10 rat hearts. 
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HPO diets. The increased total lipid was mainly 
due to an increased content of neutral lipid, 
principally triglycerides, in hearts from rats fed 
docosenoic acid-rich diets, demonstrating the 
occurrence of cardiac lipid accumulation even after 
long-term dietary treatment in agreement with 
observations made by others (45,48). There was no 
tendency to altered content of phospholipid and 
cholesterol in rat hearts caused by the different 
dietary treatments. 

Content of Monounsaturated Fatty Acid Isomers in 
Heart Neutral Lipid 

The content of positional and geometrical mono- 
unsaturated fatty acids of chain length 18-22 in 
heart neutral lipid from rats fed partially hydro- 
genated oils (HPO, HCO, and HHO)supplemented 
with 4.6 cal % 18:2 is summarized in Table 5. The 
total contents of docosenoic acid as percent of total 
fatty acids in heart neutral lipid after feeding HCO, 
HHO, and RSO were 2.4%, 8.7%, and 29.9%, 
respectively. The docosenoic acid found in RSO 
fed animals was mainly erucic acid. The total t rans  

fatty acid content as percent of total fatty acids in 
the corresponding lipids from rats fed HPO, HCO, 
and HHO diets was 16.2%, 10.0% and 10.5%, 
respectively. As compared to the distribution of 
geometrical isomers in the dietary partially hydro- 
genated oils, less t rans  than cis monounsaturated 
fatty acids were incorporated. With the exception 
of 18:1(o8 cis, which was excluded to some extent, 
there was a fair resemblance between the isomer 
composition of octadecenoic acid in neutral fat 
from rats fed H FO and the dietary HPO. Positional 
isomers of docosenoic acid were incorporated into 
the neutral lipid approximately to the same extent 
as their relative proportions in the dietary marine 
oils. Positional isomers of octadecenoic and eico- 
senoic acid with the double bond in a relatively 
high position (tol0-tol2) were deposited in the 
neutral lipid in a higher degree as compared to their 
relative distribution in the dietary HCO and H HO. 
These isomers were probably derived from chain- 
shortening of the major 22:1 isomers (tol0-tol3) 
found in the corresponding dietary oils. These 
results are consistent with the work of Craig and 
Beare (49) and Carreau et al. (50), who presented 
evidence for the chain-shortening in rats of 22: I w I 1 
cis and 22:lto9 cis,  and the wok of Conacher et al. 
(20), who found increased levels of cis as well as 
t r a n s  isomers of 18:lwll and 20:1(ol 1 in rat heart 
total lipid after feeding partially hydrogenated 
herring oil rich in 22:hol I. 

Content of Total Lipid. Neutral Lipid, Phospholipid, 
and Cholesterol of Cardiac Mitochondria 

The effects of the different dietary treatments on 
the content of total lipid, neutral lipid, phospho- 

lipid, and cholesterol of cardiac mitochondria are 
presented in Table 6. No significant amount of 
esterified cholesterol could be detected by TLC. 
There was a tendency to a decreased content of 
total lipid and phospholipid in cardiac mitochondria 
isolated from rats fed HPO, HCO, HHO, and RSO 
as compared to the corresponding content in animals 
kept on dietary PO. The individual phospholipids 
followed this pattern to some extent. However, there 
was a tendency to a decreased ratio between PE 
and PC after feeding RSO in accordance with 
earlier observations (12,14). The content of neutral 
lipids seemed not to be affected by the different 
diets. There was a tendency to elevated cholesterol 
content and cholesterol/phospholipid ratio in 
cardiac mitochondria in rats fed RSO. 

Positional Distribution of Fatty Acids in PC and PE 
of Cardiac Mitochondria 

The relative distribution of fatty acids as percent 
of total fatty acids in the I- and 2-positions of PC 
from cardiac mitochondria isolated from rats fed 
the different experimental diets are summarized in 
Table 7. The results from a group of rats fed HCO 
supplemented with a low amount of linoleic acid 
(HCO+0.8 cal % 18:2) were also included for 
comparison. The fatty acids from PO and RSO fed 
animals were found to be distributed according to 
the general pattern having the saturated fatty acids 
located predominately in the I-position and the 
polyunsaturated acids almost entirely in the 2- 
position. In contrast to the neutral lipid of rat heart, 
only a small amount of docosenoic acid was 
incorporated into mitochondrial PC. T r a n s  fatty 
acids, mainly octadecenoic acids, were preferentially 
incorporated in the l-position, replacing a c o n -  
siderable proportion of stearic acid in this position. 
The amount of linoleic acid supplemented to the 
diets did not have any major influence on the 
degree of incorporation of t rans  monounsaturated 
fatty acids. However, the rats fed HCO+0.8 cal % 
18:2 suffered to some extent from essential fatty 
acid deficiency, as could be judged from the 
relatively high content of 20:3<09 (7.0%), low 
content of 20:4t06, and the markedly reduced mean 
chain length and unsaturation index in the 2- 
position of PC. A high amount of 20:4oJ6 was 
observed and only a trace amount of 20:3oJ9 could 
be detected in rats fed partially hydrogenated diets 
supplemented with 4.6 cal % 18:2, indicating that 
the diets had been supplemented with an adequate 
amount of linoleic acid. Only small amounts of 
t rans  fatty acids could be found in animals kept on 
unhydrogenated diets (PO and RSO). The values 
obtained were comparable to those reported for 
PC and PE from rat cardiac tissue by Wood et al. 
(51} after feeding a chow diet with no detectable 
quantities of t rana  fatty acids. The total content of 
to6 fatty acids in the 2-position of PC in the groups 
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TABLE 6 

Total lipid, Neutral Lipid, Phospholipid, and Cholesterol Content of Cardiac Mitochondria Isolated lrom 
Rats Fed Diets Containing 20~ (v~, w) PO, HPO+4.6 cal% 18:2, HCO+4.6 cal~ 18:2, HHO+4.6 ~lt~i 18:2 and RSO for 70 Days 

HPO+ HCO+ HHO+ 
PO 4.6 cal~ 18:2" 4.6 cal% 18:2 ~ 4.6 calC~ 18:2" RSO 

Total lipid ~ 377 293 338 297 296 
(/ag, mg protein) 

Total neutral lipid ~ 34 25 25 31 32 
(/~g, mg protein) 

Cardiolipin h'" 55 46 55 46 47 
(,ug/mg protein) 

Phosphatidylet hanolamine .... 123 102 I 17 94 82 
(/~g,: mg protein) 

Phosphat idylcholine ~'' 151 107 130 { 16 126 
0ag,' mg protein) 

Unidentified phospholipid t''" '' 14 13 II 10 9 
(,ugi mg protein) 

Total phospholipid h'' 343 268 313 266 264 
(/ag, mg protein) 

Total cholesterol h 1.8 1.6 1.4 1.6 2.2 
(~g. mg protein) 

Total cholesterol • 10', 52 5.9 4.4 6.0 8.3 
total phospholipid 

"1 he partially hydrogenated diets were supplemented with safflower oil. 
"The results obtained are from analysis of pooled mitochondria from 10 rat hearts. 
'The amount of phosphorus analyzed was converted to gg phospholipid by the use of the following molecular weights: 1585, 744, 

787, and 750 Ior cardiolipin, PE, PC, and unidentified phospholipid, respectively. 
"The unidentified phospholipid had a slightly lower R~ value than PC in the TI.C. 

o f  fats fed part ial ly h y d r o g e n a t e d  oils s u p p l e m e n t -  
ed with 4.6 cal % 18:2 did not  seem to be af fec ted  by 
the  d ie ta ry  t r ea tmen t .  Howeve r ,  a f ter  feed ing  
part ial ly hyd rogena t ed  mar ine  oils ( H C O  and  
H H O ) ,  there  was a t endency  to a decreased  con ten t  
o f  22:4to6 and 22:5to6. Simi lar  changes  were  ob-  
served by A s to r g  and  Cluzan  (52), a f ter  feeding 
part ial ly hydrogena ted  her r ing  oil to rats.  The  
presence  of  t rans  fatty acids in the diet ,  if supple-  
men ted  wi th  an  a de qua t e  a m o u n t  o f  18:2, general ly  
increased the UI of  P C  in c o m p a r i s o n  wi th  P O  
t rea ted  animals .  As can be deduced  f rom Table  7, 
the  increased UI in the  l -pos i t ion  o f  P C  f rom 
an imals  fed H P O  and  H C O  was main ly  a con-  
sequence  of  the large i n c o r p o r a t i o n  of  18:1 t rans ,  

but for an imal s  kept  on H H O ,  t rans  as well as cis 

i somers  con t r ibu ted  to the e levated UI in this 
posi t ion.  Feed ing  R S O  increased the UI in bo th  
pos i t ions  o f  P C  in c o m p a r i s o n  wi th  an imal s  fed 
PO. A decrease  of  the  relative a m o u n t s  o f  22:4to6, 
and 2:5t06 fo l lowed by a c o r r e s p o n d i n g  increase  of  
20:5tu3, 22:5t03, and  22:6to3 could  be obse rved  in 
rats fed RSO.  "l-he relatively high p r o p o r t i o n s  o f  to3 
fatty acids  o f  R S O  t rea ted  an imal s  might  be related 
to e longa t ion  desa tu ra t ion  of  18:3t03, a cons ider -  
able cons t i tuen t  o f  the R S O  diet. 

General ly ,  P E  f rom card iac  m i t o c h o n d r i a  con-  
ta ined  lower  a m o u n t  of  20:4t06 and  h igher  a m o u n t  
o f  22:5 and  22:6 as c o m p a r e d  to PC (Table  8). The  
inf luence o f  the d ie tary  t r ea tmen t  on the  fat ty acid 
d i s t r ibu t ion  in the  1- and  2-pos i t ions  o f  PE was 

s imilar  to that  found  in PC.  However ,  P E  f rom rats 
fed part ial ly hyd rogena t ed  oils had a higher  p ro-  
po r t i on  of  t ra n s  fatty acids as c o m p a r e d  to PC.  UI 
of  the 2-pos i t ion  o f  PE  was not  af fec ted  by the  
di f ferent  part ial ly h y d r o g e n a t e d  oils fed to the  rats.  
However ,  an a l te ra t ion  in the d i s t r ibu t ion  o f  the  
to6-polyunsa tura ted  fat ty acids was observed .  The 
con ten t  o f  20:4oj6 increased and  the con ten t  o f  oJ6 
d o c o s a p o l y e n o i c  ac ids  dec reased  af ter  f eed ing  
part ial ly h y d r o g e n a t e d  diets as c o m p a r e d  to  rats 
fed PO. This  obse rva t ion  might  indica te  a part ia l  
b lockage  in the e longa t ion  de sa tu r a t i on  process  of  
to6 fat ty acids to  d o c o s a p o l y e n o i c  acid or  an 
increased re t roconvers ion  of  docosapo lyeno ic  acids. 
Feed ing  R S O  resul ted in a ma rked  increase in to3 
po lyunsa tu ra t ed  fatty acids  and  UI of  PE.  

Relative Distribution of Positional and Geometrical 
Isomers of Octsdecenoic Acid in 1- and 2-position 
of PC and PE of Cardiac Mitochondria 

The  d i s t r ibu t ion  o f  pos i t ional  i somers  o f  18:1 
t rans  in the I -pos i t ion  o f  PC  and  P E  is r ecorded  in 
Table  9. The  small  a m o u n t  avai lable  of  t ra n s  fat ty 
acids f rom the 2-pos i t ion  did not  pe rmi t  accura te  
analysis of  posi t ional  isomers.  As men t ioned  above ,  
18: I oo4 t rans  and 18:1 to5 t rans  could not  be resolved 
and 18: lto8-12 coinc ided  in the glass capi l lary  gas 
c h r o m a t o g r a p h y .  I r respect ive  of  d ie ta ry  t r ea tmen t ,  
the i somers  wi th  the doub le  b o n d  located  a r o u n d  
the cen te r  o f  the  molecule  (18:h08-12) m a d e  up a 
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TABLE 7 

Relative Distribution of Fatty Acids as Percent of Total Fatty Acids in the I- and 2-Positions of PC from Cardiac Mitochondria 
Isolated from Rats Fed Diets Containing 20% (w/w) PO, HPO, HCO, HHO and RSO for 70 Days 

PO H P O +  H C O t  H C O +  H H O +  RSO 
Fatty" 4.6 calOh. 18:2 ~ 0.8 cal% 18:2 ~ 4.6 calt?i 18:T 4.6 calOA 18:2" 

acid l-Pos 2-Pos l-Pos 2-Pos I-Pos 2-Pus I-Pos 2-Pos l-Pos 2-Pos I-Pos 2-Pos 

12:0 
14:0 0.12 ~ 
14: I -': 
15:0at 
15:0 0.12 
16:0 19.55 
16:1 0.26 
17:0at 
17:0 0.41 
18:0 62.32 
18:1 7.24 
18:2 ~ 
18:2 to 6 7.58 
18:3 to 6 
18:3 to 3 
20:0 iso 
20:0 0.59 
20: I 0.74 
20:2 
20:2 to 6 0.08 
20:3 to 9 
20:3 to 6 0.11 
20:4 to 6 0.61 
20:5 to 3 
22:0 
22: I 0.07 
22:2 to 6 
22:4 to 6 0.10 
22:5 to 6 0.03 
22:5 to 3 
22:6 to 3 0.03 
23:0 
24:0 
24: I 

0.02 0.20 0.80 
0.29 0.1 I 0.23 0.22 0.80 0.30 0.36 0.24 0.29 

0.03 0.68 
0.11 0.09 

0.22 0.07 0.09 0.14 0.29 0.14 0.18 0.19 0.15 
5.78 16.81 3.g7 18.15 6.04 17.05 4.95 13.58 4.39 7.03 2.89 
0.13 1.12 0.30 2.90 3.46 2.12 1.00 1.92 0.78 0.37 

0.20 0.17 0.14 0.08 0.10 0.06 
0.10 0.15 0.07 0.41 0.22 0.39 0. I I 0.67 0.09 0.39 0.10 
3.31 39.66 1.69 37.39 4.01 46.77 2.06 44.56 1 .67 56.33 2.06 
9.55 33.81 11.61 23.82 33.48 20.73 7.31 20.49 6.48 10.65 9.62 

0.70 0.10 1.27 2.68 0.99 0.14 1.18 
10.44 6.27 8.98 11.24 23.07 8.50 13.52 10.83 10.62 I 1.62 8.43 

0.19 
0.02 0.50 0.87 0.14 

0.10 0.07 0.49 0.24 0.67 0.05 0.71 0.07 0.90 0.11 
0.19 2.05 1.42 1.60 0.22 3.73 1.16 7.33 1.12 

0.12 0.52 
0.35 0.13 0.21 0.21 0.06 0.15 0.31 0.25 0.78 1.20 

0.07 0.17 6.95 0.07 0.06 0.15 0.14 
0.28 0.03 0.38 0.14 2.11 0.04 0.84 0.11 1.10 0.19 0.80 

62.05 0.86 64.13 0.17 9.30 0.48 63.42 0.69 67.87 0.89 59.17 
0.22 0.07 0.08 1.56 

0.06 0.12 
0.28 0. I I 0.52 0.65 2.06 2.07 

0.04 0.21 
1.94 0.05 1.63 0.07 0.21 0.06 0.87 0.04 0.58 0.16 0.18 
2.93 0.06 4.00 0.12 0.36 2.49 1.23 0.09 
0.58 0.43 0.21 0.33 0.35 0.38 0.04 3.58 
1.97 0.04 2.10 0.14 1.19 1.73 0.06 1.84 0.21 6.54 

0.22 
0.07 

Saturated 83.11 9.80 56.89 6.15 57.06 13.02 65.43 7.88 60.05 6.72 64.65 5.16 

Unsaturated 
to 9 cis 6.55 5.71 2.74 4.77 7.26 31.32 2.60 3.51 4.59 4.13 14.83 9.60 
to 6 ti.~ 8.51 77.99 8.25 79.53 12.78 38.85 9.52 81.65 12.48 81.93 13.68 70.08 
to 3 ct~ 0.03 2.55 0.04 2.60 0.37 2.24 2.08 0.06 2.29 1.20 11.82 
18: I tran.~ 0.50 26.26 2.16 15.56 2.60 16.91 1.38 16.32 0.90 2.00 
20: I tran.s 0.33 0.19 1.37 0.15 1.03 0. I I 0.90 0.23 

Other mono- 
unsaturated 0.93 3.97 4.96 4.70 4.20 8.63 3.52 3.24 4.41 3.80 3.63 3.32 

Others 0.70 0.10 1.39 3.20 0.99 0.14 I. 18 
MCI. ~ 17.6 19.4 17.7 19.5 17.7 18.2 17.7 19.4 17.8 19.5 18.2 19.7 
UI' 27 317 53 330 59 171 46 321 55 328 54 339 

'The partially hydrogenated diets were supplemented with safflower oil. 
h'l-he shorthand notation used for the fatty acids indicates chain length:number of double bonds, to = First double bond position 

beginning from the hydrocarbon end; methylene interruption and cis geometry are assumed if not otherwise specified. 
~The values obtained are from analysis of pooled mitochondria from 10 rat hearts. 
alndicates values less than 0.005%. 
' 18:2 isomers other than linoleic acid. 
~ M C L  and UI were calculated according to Innis and Clandinin (13). 

major part of the t rans  isomers in PC and PE. 
Reichwald-Hacker et al. (25) have reported that the 
incorporation of 18:1to8 t rans  was discriminated 
over the other positional isomers in PC of rat heart 

a f t e r  f e e d i n g  p a r t i a l l y  h y d r o g e n a t e d  s o y b e a n  oi l  

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

i s o m e r .  H o w e v e r ,  in  t h e  p r e s e n t  s t u d y ,  t h e  p r e s e n c e  

o f  18:1to8 t r a n s  c o u l d  n o t  be  d e t e r m i n e d  w i t h  
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TABLE 8 

Relative Distribution of Fatty Acids as Percent of Total Fatty Acids in the 1- and 2-Positions of PE from Cardiac Mitochondria 
Isolated from Rats Fed Diets Containing 20% (w/w) PO, HPO, HCO, HHO, and RSO for 70 Days 

Fatty b PO H P O +  HCO + HCO + HHO + RSO 
acid 4.6 cal% 18:2 a 0.8 cat% 18:2 a 4.6 cal% 18:2 ~ 4.6 cal% 18:2 ~ 

l-Pos 2-Pos l-Pos 2-Pos l-Pos 2-Pos l-Pos 2-Pos l-Pos 2-Pos l-Pos 2-Pos 

12:0 0.10 
14:0 0.04 c 0.15 0.02 0.28 
14:1 _d 
15:0ai 
15:0 0.04 0.15 0.02 0.12 
16:0 9.60 2.97 5.16 1.97 
16:1 0.40 0.09 0.28 
17: 0ai 
17:0 0.42 0.27 0.15 0.09 
18:0 67.14 3 .31 41.96 2.67 
18:1 11.06 8.68 40.79 6.54 
18:2 ~ 0.62 
18:2 to 6 5.73 8.59 2.85 8.01 
18:3 to 6 
18:3 to 3 0.05 0.11 0.05 
20:0 iso 
20:0 0.85 0.23 0.18 0.06 
20:1 0.78 0.37 0.11 - 
20:2 
20:2 to 6 0.03 0.72 0.05 
20:3 to 9 0.03 
20:3 to 6 0.12 0.11 - 0.15 
20:4 to 6 2.89 34.53 6.65 48.40 
20:5 to 3 
22:0 0.06 
22:1 0.19 
22:2 to 6 0.09 
22:4 oJ 6 0.38 3.94 0.30 2.66 
22:5 to 6 0.22 19.74 0.55 18.86 
22:5 to 3 0.07 1.34 0.11 0.71 
22:6 to 3 0.33 14.22 0.43 9.05 
23:0 
24:0 0.06 
24:1 

0.39 0.18 
0.08 0.93 0.06 0.33 0.07 0.38 0.17 

0.06 
0.09 

0.06 0.43 0.04 0.13 0.05 0.15 0.14 
7.16 4.67 7.10 2.24 6.45 2.25 4.61 2.40 
0.65 1.89 0.66 0.36 0.60 0.35 0.08 0.17 
0.03 0.10 0.06 0.05 0.09 0.05 
0.49 0.32 0.43 0.11 0.70 0.14 0.45 0.20 

42.73 3.68 48.48 2.33 44.27 2.15 48.3,9 3.18 
35.09 12.97 26.52 4.65 26.88 4.14 21.35 5.87 

1.57 1.02 1.04 0.14 1.29 0.07 
4.88 13.08 5.09 10.52 5.99 8.98 6.64 8.91 
0.06 0.05 

0.09 0.93 0.31 

0.62 0.78 0.12 0.88 0.09 0.88 0.22 
2.99 2.42 0,45 5.15 2.01 6.26 1.89 
0.16 
0.23 0.05 0.12 0.37 0.30 0.65 1.13 
0.41 0.08 0.10 0.03 0.04 
0.36 0.04 0.26 0.18 0.35 , 0.21 0.27 
0.95 5.78 46.99 4.83 51.56 5.40 30.80 
0.09 0.17 0.87 
0.23 0.15 
0.71 0.31 1.17 1.01 2.31 1.41 

0.11 
0.04 
0.03 
0.12 
0.08 
0.02 
0.03 

0.26 
1.34 
0.23 
0.07 
9.65 
1.29 

38.57 
0.41 
0.04 
0.10 
0.05 
0.31 
1.35 
0.37 
5.88 
0.07 
0.19 
0.03 

0.23 2.08 0.13 1.59 0.23 0.48 
0.44 18.08 0.20 10.40 0.05, 0.29 
0.10 0.80 0.12 1.11 0.56 8.17 
0.37 10.24 0.35 12.63 0.80 33.09 

Saturated 78.15 7.14 47.49 5.29 51.50 11.17 

Unsaturated 
to 9 cis 10.39 5.86 0.41 2.23 8.63 18.15 
to 6 cis 9.37 67.72 10.49 78.45 7,08 55.94 
to 3 cis 0.45 15.67 0.54 9.81 0.24 6.75 
18: I trans 0.80 39.71 1 .10 23.90 1.25 
20:1 trans 0.38 0.11 2.12 0.60 

Other mono- 
unsaturated 0.50 3.64 0.62 3.03 4.78 4.87 

Others 0.62 1.73 1.25 
MCL t 17.9 20.2 18.1 20.2 18.0 19.2 
UI r 41 374 82 380 61 280 

56.95 5.31 52.66 5.39 54.33 6.31 

3.91 2.21 7.21 3.38 24.39 7.02 
12.17 78.25 12.19 73.37 13.18 41.88 
0.47 11.04 0.47 13.74 2.46 42.44 

21.24 0.68 19.92 0.30 0.90 
1.52 0.23 1.66! 0.48 - 

2.71 2.14 4.60 3.26 4.79 2.39 

1.04 0.14 1.29 0.07 
18.1 20.1 18.2 20.1 18.3 20.4 

71 380 73 374 79 402 

aThe partially hydrogenated diets were supplemented with safflower oil. 
bThe shorthand notation used for the fatty acids indicates chain length:number of double bonds, to =Firs t  double bond position 

beginning from the hydrocarbon end; methylene interruption and cis geometry are assumed if not otherwise specified. 
CThe values obtained are from analysis of pooled mitochondria from 10 rat hearts. 
~lndicates values less than 0.005%. 
'18:2 isomers other than linoleic acid. 
fMCL and UI were calculated according to l nnis and Clandinin (13). 

certainty, because in the capillary-GC this isomer 
could only be resolved when present in relatively 
large amounts as in the partially hydrogenated oils 
fed to the animals. There was a tendency to an 

increased proportion of 18:1r t r a n s  in PC as 
well as in PE as compared to the isomeric dis- 
tribution in the partially hydrogenated oils, in 
agreement with the results reported by Wood (23) 
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TABLE 9 

Relative Distribution ol Positional tratts-lsomcrs of Octadecenoic Acid as Percent of Total Fatty Acids 
in the I-Position of PC and PE from Cardiac Mitochondria Isolated from Rats 

fed Diets Containing 20cj{ (w w) of HP(). HCO. and HHO tot 70 Days 

l-Position of PC 

HPO + H CO + HCO + HHO+ 
18:1 tra,.~ ~ 4.6 cal~ 18:2' 0.8 cal~;i; 18:2" 4.6 calt)b 18:2' 4.6calf/~. 18:2 ~ 

to 3 05 0.5 0.5 
to 4-5 5.0 29 4.4 2.8 

to6 3.4 19 1.9 I.I 
to 7 6.3 22 22 1.8 

to 8-12 PI.6 8.1 7.9 10.1 

v 18:1 trttns 263 15.6 16.9 16.3 

l-Position of I'E 

HPO+ HCO+ tiC()+ HHOt  
18:1 tran~ ~' 46 calt~ 18:' 0.8 cale,~. 18:2 ~ 4.6 calg~- 18:2" 4.6ca1~- IS:2 ~ 

to 3 0.5 0.4 0.4 
w 4-5 6.0 38 4.0 2.8 

~o 6 48 24 2.3 1.2 
to 7 6.3 3.3 3.0 2.8 

to 8-12 226 13.9 I 1.5 12.7 

Y 18:1 tran.~ 397 23.9 21.2 19.9 

~The partially hydrogenated diets were supplemented with safllovcer oil. 
hThe shorthand notat ion used for the fatty acids indicates chain lengt h: number ol double bonds, to : Double 

bond poshion stated from the hydrocarbon end. 
'The results obtaincd are from analysis of pooled mitochondna Irom 10 rat hearts. 

a n d  by R e i c h w a l d - H a c k e r  et al. (25). T h e  p ro -  
p o r t i o n  o f  l inoleic acid in the  H C O  diet  (0.8 cal % 
a n d  4.6 cal %) did no t  in f luence  the  i somer i c  
p a t t e r n  o f  t rans  o c t a d e c e n o i c  ac ids  in the  two  
p h o s p h o l i p i d s .  

] ' he  relat ive d i s t r i bu t i on  o f  pos i t i ona l  i somer s  o f  
18:1 cis in the  1- and  2 -pos i t i ons  o f  P C  is s u m -  
mar i zed  in Tab l e  I0. T he  m a j o r  p r o p o r t i o n  o f  the  
to ta l  18:1 cis i s o m e r s  was  f o u n d  in the  2 -pos i t i on  o f  
PC,  i r respect ive  o f  d ie t a ry  t r e a t m e n t .  Gene ra l ly ,  
excep t  for the  c o n t e n t  o f  18:ho9 cis af ter  f eed ing  
PO,  there  was  a h ighe r  c o n t e n t  o f  18:ho9 cis a n d  
18:ho7 cix, fa t ty  ac ids  wh ich  can  be f o r m e d  e n d o -  
genous ly ,  in the  2 -pos i t i on  as  c o m p a r e d  to the  
c o n t e n t  in the  l - pos i t i on  o f  PC.  T h e  re la t ively  h igh  
level o f  18:ho7 cis obse rved  in the  2 -pos i t i on  o f  P C  
m i g h t  be a t t r i b u t e d  to ex t ens i ve  e n d o g e n o u s  syn-  
thes i s  o f  this  i s o m e r  in the  ca rd i ac  t i s sue  (53). T h e  
e x o g e n o u s  fa t ty  acid i somers ,  18:ho6 cis a n d  
18: h o 10-12 cis, which  are  der ived  f r o m  the  par t ia l ly  
h y d r o g e n a t e d  d i e t a ry  oils, were p re fe ren t i a l ly  in- 
c o r p o r a t e d  in to  the  I -pos i t ion .  18:ho8 cis ha s  been  
repor t ed  to be a l m o s t  e x c l u d e d  f r o m  rat  hea r t  

p h o s p h o l i p i d s  af ter  feed ing  par t ia l ly  h y d r o g e n a t e d  
sa f f lower  fa t ty  ac ids  o f  wh ich  18:ho8 cis was  a 
s ign i f ican t  d ie ta ry  c o m p o n e n t  (23). In  the  p re sen t  
s tudy ,  18:ho8 cis was i n c o r p o r a t e d  to s o m e  ex t en t  
in the  I -pos i t ion  o f  P C  af te r  f eed ing  par t ia l ly  
h y d r o g e n a t e d  oils. It s h o u l d  be po in t ed  out ,  how-  
ever,  t ha t  on ly  par t ia l  s e p a r a t i o n  was  ach ieved  
be tween  18:la~8 cis and  18:ho9 cis in the  cap i l la ry-  
GC.  The re fo r e ,  wi th  the  t e c h n i q u e  used  in this  
s t u d y  for s e p a r a t i o n  o f  pos i t i ona l  i somers ,  the  
poss ib i l i ty  exis ts  to o v e r e s t i m a t e  t he  sma l l e r  18: I to8 
cis peak ,  which  e lu ted  a f te r  the  la rger  18:ho9 cis 
peak  and  near ly  co inc ided .  A la rge  a m o u n t  o f  
18:ho9 cis was depos i t ed  in the  2 -pos i t i on  o f  P C  
f r o m  rats  fed the  par t ia l ly  h y d r o g e n a t e d  oil diet  
s u p p l e m e n t e d  wi th  an  i n a d e q u a t e  a m o u n t  o f  l ino-  
leic acid ( H C O + 0 . 8  cal % 18:2). 

In  con t r a s t  to the  i somer ic  d i s t r i b u t i o n  o f  P C  the  
m a j o r  par t  of  the  to ta l  18:1 cis i s o m e r s  were 
depos i t ed  in the  l -pos i t i on  o f  P E  af te r  f eed ing  the  
e x p e r i m e n t a l  diets  wi th  the  e x c e p t i o n  o f  the  H P O  
diet  (Tab le  I !). The  I -pos i t ion  o f  PE  f r o m  a n i m a l s  
kept  on  the  H P O  diet c o n t a i n e d  a very  sma l l  
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TABLE 10 

Relative Distribution of Positional ci.~-Isomers of Octadecenoic Acid as Percent of Total Fatty Acids 
in the I- and 2-Positions of PC from Cardiac Mitochondria Isolated from Rats Fed Diets Containing 

20% (w/w) PO, HPO, HCO, HHO, and RSO for 70 Days 

163 

PO HPO'+ HCO-e HCO+ HHO+ RSO 
18:1 cis ~ 4.6 cal% 18:2 ~ 0.8 calg~ 18:T 4.6 cal~: 18:2' 4.6 calC~ 18:2" 

I-Pos 2 - P o s  I-Pos 2-Pos I-Pos 2 - P o s  I-Pos 2 - P o s  I-Pos 2-Pos l-Pos 2-Pos 

~o 6 1.0 0.3 0.8 3.4 0.4 0.3 0.5 0.3 
~o 7 0.7 ~ 4.1 1.0 3.8 1.0 5.3 0.5 2.6 0.6 2.4 1.7 2.3 
oJ 8 1.8 0.5 0.9 
r 9 6.0 5.4 2.b 4.6 6.1 22.2 1.9 2.8 1.5 2.7 6.9 7.3 
oA0-12 1.2 0.8 0.3 0.5 0.2 0.7 0.2 

El8: Icis 6.7 9.5 7.6 9.5 8.2 30.9 3.8 5.9 4.2 5.6 8.6 9.6 

'The partially hydrogenated diets were supplemented with safflower oil. 
bThc shorthand notation used for the fatty acids indicates chain length: number ol double bonds, o~ = Double bond position stated 

from the hydrocarbon end. 
'The results obtained are from analysis of pooled mitochondria from 10 rat hearts. 

TABLE I I 

Relative Distribution of Positional ti~-Isomers of Octadeccnoic Acid as Percent of lotal Fatty Acids 
in the 1- and 2-Positions of PE from Cardiac Mitochondria Isolated lrom 

Rats Fed Diets Containing 20% (w~w) PO, HPO, HCO, HHO, and RSO for 70 Days 

PO HPO+ HCO ~- HCO+ HHO+ RSO 
18: I <is ~ 4.6 cal~ 18:2" 0.8 calC~ 18:2" 4.6 cat~ 18:2" 4.6 calL)~ 18:2' 

I-Pos 2-Pos I-Pos 2-Pos I-Pos 2-Pos I-Pos 2 - P o s  I-Pos 2-Pos I-Pos 2-Pos 

o, 6 0. I 0.3 0.4 1.2 0.5 0.2 0.5 0.2 
r 7 0.9 c 3.4 0. I 2.7 1.4 2.9 0.6 1.7 I. I 1.9 3.1 1.9 
r 8 0.2 
o, 9 9.4 5.3 0.4 2.1 7.6 7.3 3.2 2.0 4.1 1.6 17.4 4.0 
to10-12 0.3 0.3 1.8 0.3 1.0 0.1 1.3 0.1 

"; 18: I r 10.3 8.7 I.I 5.4 11.2 11.7 5.3 4.0 7.0 3.8 20.5 5.9 

=The partially hydrogenated diets were supplemented with saMower oil. 
h'lhe shorthand notation used for the fatty acids indicates chain length: number of double bonds. ~o = Double bond position stated 

from the hydrocarbon end. 
~The results obtained are from analysis of pooled mitochondria from 10 rat hearts. 

p r o p o r t i o n  of  18:1 cis  i somers  (1.1%) but a large 
a m o u n t  of  18:1 t r a n s  i somers  (39.7%). Except  for 
the content  of  18:IoJ9 <'is after leeding H P O  and 
18:1r cis  after  feeding RSO,  there Was a tendency 
to depos i t ion  of  18:1o,9 cis  in the l -pos i t ion  and 
18:1~o7 cis in the 2-posi t ion of  PE. 18:1r cis could 
only be detected as a small  p r o p o r t i o n  in the I- 
posi t ion of  PE after feeding H P O .  As for  PC, t h e  
other  exogenous  18:1 cis  i somers  derived f rom the 
diets had a tendency to be incorpora ted  into the l- 
posi t ion o f  PE. After feeding H C O  + 0.8 cal % 
18: 2, there was  a r emarkab le  increase of  18: i w9 cis  

in the 1- and 2-posi t ions  as c o m p a r e d  to the 
co r r e spond ing  content  in PE in rats fed H C O +  4.6 
cal % 18:2. Animals  kept on  R S O  diet had a high 
content  of  18:1oJ9 cis  in the l -pos i t ion  of  PE, 
p robab ly  derived f rom the high conten t  of  <o9 
m o n o u n s a t u r a t e d  fatty acids in the R S O  diet. 

Relative distribution of Fatty Acids in Cardiolipin 
of Cardiac Mitochondria 

The relative d is t r ibut ion  of  fatty acids as percent  
of  total fatty acids of  cardiol ipin f rom cardiac 
mi tochondr i a  isolated f rom rats fed the different 
exper imenta l  diets is presented in ] ' ab le  12. C o m -  
pared to the o ther  two majo r  phospho l ip id s  af ter  
feeding partially hydrogena ted  oils, only small  
a m o u n t s  of  t r a n s  fatty acids were incorpora ted  into 
cardiolipin,  less than  I% of total  fatty acids, in 
agreement  with the results repor ted by H~y and  
H o l m c r  (54) al ter  feeding partially hydrogena ted  
vegetable oils to  rats but  in con t ras t  to the results 
repor ted by Hsu and K u m m e r o w  (55), w h o  ob-  
served considerably  higher  i nco rpo ra t i on  of  t r a n s  

fatty acids u p o n  feeding partially hydrogena ted  fat. 
Feeding a diet with an  insufficient a m o u n t  of  
linoleic acid ( H C O  + 0.8 cal % 18:2) did not  have 
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TABLE 12 

Relative Distribution of Fatty Acids as Percent of Total Fatty Acids of Cardiolipin from Cardiac Mitochondria 
Isolated from Rats Fed Diets Containing 20% (w/w) PO, HPO, HCO, HHO and RSO for 70 Days 

Fatty b H PO + HCO + HCO + H HO + 
acid PO 4.6 cal% 18:2' 0.8 calO~ 18:2" 4.6 ca1% 18:2' 4.6 cal% 18:2" RSO 

12:0 0.08 0.08 
14:0 0.44 ~ 0.24 0.50 O41 0.34 0.17 
14:1 0.08 0.10 0.12 
15:0 0.21 0.08 0.23 0.11 0.13 0.08 
16:0 3.21 1.10 3.32 1.42 1.58 1.10 
16:1 0.96 0.46 4.25 0.92 1.31 0.70 
17:0 0.12 0.20 0.24 0.19 0.21 
18:0 3.88 121 275 1.29 2.04 1.48 
18: I trans 0.77 0.67 0.28 0.49 
18:1 cis 8.08 5.58 9.47 2.99 391 7.54 
18:2 oJ 6 75.66 83.68 68.51 84.56 76.49 65.82 
18:3 oJ 6 0. 10 0.04 0.23 0.09 0.09 0.04 
18:3 co 3 0.08 0.07 0.21 0.06 0.09 1.97 
20:0 0.60 0.08 0.30 0. 19 0.18 0. 11 
20: I tran5 0.21 0.23 
20:1 cis 1.07 0.25 1.45 0.84 2.71 3.09 
20:2 0.57 
20:2 tu 6 1.00 0.25 0.21 0.25 0.20 1.30 
20:3 to 9 0 12 0.07 0.39 0.07 0.09 0.03 
20:3 ~ 6 0.58 1.09 3.63 1.55 2.65 1.85 
20:4 ~o 6 1.91 2.65 0.97 1.73 2.49 2.15 
20:5 oJ 3 0.06 
22:0 0.15 0.13 0.38 0.17 0.23 0.18 
22: I co 9 0.17 0. 12 10.25 
22:1 o~ II 1.13 1.24 3.14 
22:2 <o 6 0.22 
22:4 <o 6 0.25 0.24 0.12 0. 17 0.14 0.08 
22:5 <o 6 0.87 1.03 0.59 0.49 0.02 
22:5 to 3 0.09 0.10 0.07 0.11 0.36 
22:6 ~o 3 0.40 0.43 0.31 0.31 0.57 I. 16 
24:0 0. 17 0.05 0.20 0.06 0.06 0.03 

"The partially hydrogenated diets were supplemented with safflower oil. 
hThe shorthand notation used for Ihe fatty acids indicates chain length: number of double bonds, oJ = First double bond position 

beginning lrom the hydrocarbon end; methylene interruption and ~-is geometry are assumed if not otherwise stated. 
<The values obtained are from analysis of pooled mitochondria from 10 rat hearts. 

any major  influence on the con ten t  of  t r a n s  fatty 
acids and docosenoic  acid in cardiol ipin,  as com-  
pared to rats fed a diet with an adequa te  supple-  
men ta t ion  of  linoleic acid ( H C O  + 4.6 cal % 18:2). 
Cardiol ip in  isolated af ter  feeding u n h y d r o g e n a t e d  
oils (PO and RSO)  contained no de t ec t ab l eam oun t  
of t rans  fatty acids. Cons iderab le  a m o u n t  of  erucic 
acid (10.3%) was  incorpora ted  into cardiol ipin of  
rat heart mi tochondr i a  af ter  feeding RSO,  con-  
f irming earlier results (12). Docosenoic  acid derived 
f rom the diets con ta in ing  part ial ly hydrogena ted  
mar ine  oils was also incorpora ted  into cardiol ipin.  
The inco rpora t ion  of  docosenoic  acid, mainly  
22: lcoll cis,  in myocard ia l  card~olipin was  found  
to be 1.2% and 3. 1% after feeding H C O  + 4.6 cal % 
18:2 and H H O  + 4.6 cal % 18:2, respectively. In 
cont ras t  to rat heart ,  liver mi tochondr ia l  cardioli-  
pin conta ined only 0.5% erucic acid after  feeding 
R S O  (results not  shown) .  Supr is ingly ,  the linoleic 
acid content  of  cardiol ipin was  increased af ter  
feeding partially hydrogena ted  oils (con ta in ing  ca. 
11% 18:2) as compared  to the g r o u p  of  rats fed 

unhydrogena t ed  peanut  oil ( con ta in ing  38% 18: 2). 
This  fo rm of  altered fatty acid c o m p o s i t i o n  of  
cardiolipin was also observed by Dewail ly et al. 
(56), w h o  found a higher  content  of  linoleic acid in 
cardiol ipin f rom rat heart  mi tochondr i a  af ter  feed- 
ing low erucic acid rapeseed oil as c o m p a r e d  to 
an imals  kept on peanut  oil. With in  the g r o u p s  of  
rats fed partially hydrogena ted  oils supp lemen ted  
with an adequa te  a m o u n t  of  linoleic acid, there was 
a tendency to a decreased content  of  linoleic acid in 
cardiol ipin f rom rats fed H H O  con ta in ing  a sub-  
stantial  a m o u n t  of  docosenoic  acid. 

Oxygen Uptake and ATP Synthesis in Isolated Cardiac 
Mitochondria 

Table  13 records  the values ob ta ined  for  state 3 
oxygen  uptake  rate, respi ra tory  cont ro l  ratio,  
A D P / O  ratio, and A T P  synthes is  rate  af ter  incu- 
ba t ion  with succinate plus ro tenone ,  g lu tamate  
plus malate,  pyruva te  plus malate,  and palmi toyl -  
carni t ine plus malate  as subst ra tes .  The  rate of  
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"IABLE 13 

Oxidative Activity of Cardiac Mitochondria Isolated from Rats Fed Diets Containing 
20% (w/w) PO, HPO+4.6 cal% 18:2, HCO+4.6 cal% 18:2. HHO+4.6 cal% 18:2 and RSO for 70 Days 

165 

Substrate 

State 3 
oxygen ATP 
uptake b Respiratory synthesis h 

(ng atoms/mg control (nmol/mg 
Diet" protein / min) ratio" ADP/O b protein/rain) 

Succinate plus PO 641 +52 2.3+0.2 1.71 +_0.04 1095+- 101 
rotenone HPO+4.6 cal% 18:2 601 +-43 2.2+-0.1 1.71 +-0.12 1025 + 45 

HCO+4.6 cal% 18:2 613+-39 2.2+-0.2 1.67+0.03 1024-- + 66 
HHO+4.6 cal% 18:2 567+-49 2.0+_0.2 1.61 -+0.05 'j 915 + 106' 
RSO 619+-64 2.1 +0.3 1.62+0.10 1003 + 117 

Glutamate plus PO 395 +- 81 3.2 + 0.9 2.54 +- 0. I 1 1014 + 23 I 
malate H PO + 4.6 cal% 18:2 390 _+ 68 3.0 + 0.4 2.57 + 0.12 999 _+ 193 

HCO+4.6 cal e & 18:2 403-+64 3.3+-0.8 2.52+-0.12 1020+-202 
HHO+4.6 cal% 18:2 355_+35 2.9-+0.6 2.47+0.13 877+- 125 
RSO 365 + 72 2.8 + 0.7 2.47 +- 0.22 912 +- 246 

Pyruvate plus PO 494 + 76 3.5 + 0.4 2.83 + 0.09 1361 +- 198 
malate H PO + 4.6 cal% 18: 2 432 +- 24 3.2 + 0.3 2.85 _+ 0.07 1230 + 96 

HCO+4.6 cal~ 18:2 441 +-32 3.4+-0.8 2.80+-0.12 1241 _+ 74 
H HO + 4.6 cal% 18:2 387 +- 39' 3.0 -+ 0.6 2.78 + 0.50 1080 + 146 + 
RSO 424+- 38 ~ 3.1 +0.7 2.69+0.10 1141 + 100 

Palmitoylcarnitine PO 487+57 3.9+0.6 2.74-+0.18 1327+- 92 
plus malatc H PO + 4.6 cal% 18:2 463 +- 60 3.6 -+ 0.3 2.58 +- 0.06 1197 + 177 

HCO+4.6 cal% 18:2 470_+45 3.5+_0.7 2.61 +0.12 1225+- 159 
HHO+4.6 calOA 18:2 414_+37 ~ 3.0+-0.6 + 2.56+-0.10' 1058+- I11 '~ 
RSO 421 +-49 2.8+_0.6 ̀  2.43+0.17 ̀  1026 + 164 d 

~lhc partially hydrogenated diets wcrc supplemented with safflower oil. 
hResults are mcan_+ standard deviation of 5 preparations, each containing 2 pooled hearts. 
"dProbability level as calculated according to Student's t-test; c and d are significantly different from PO values: p< 0.05 and 

p < 0.01, respectively. 

oxygen up take  obta ined  in the present  s tudy  were 
higher  than  the rates repor ted by H o u t s m u l l e r  et al. 
(15), but were compa t ib le  with the rates repor ted  
by o ther  workers  (16,55). The  relatively low respi- 
ra tory  cont ro l  index obta ined  might  be expla ined 
by increased Mg 2+ induced o l igomycin  sensitive 
ATP-ase  activity at physiological  t e m p e r a t u r e  (57). 

After  incuba t ion  with succinate  plus ro t enone  as 
well as pyruva te  plus malate  as subs t ra tes ,  there  
was a small  but  significant decrease in A T P  
synthesis  rate of  cardiac mi tochondr i a  isolated 
f rom rats fed H H O  as com pa red  to P O  dietary 
t r ea tment  as the control .  F o r  succinate  plus roten-  
one as subs t ra te ,  there was also a decreased 
A D P / O  ratio after  feeding H H O .  The  state 3 
oxygen up take  rate was depressed in the presence 
of  pyruva te  + malate  as subs t ra te  after  H H O  and  
R S O  dietary t rea tments .  A slightly more  pro-  
nounced  effect on the cardiac mi tochondr i a l  ox ida-  
tive activity was  observed in an imals  kept on H H O  
and R S O  diets using the fatty acid subs t r a t e  
palmitoylcarni t ine  in the presence of  malate.  Ex- 
cept of  state 3 oxygen  up take  rate af ter  feeding 
RSO,  all the oxidat ive p a r a m e t h e r s  investigated 
with the use of  pa lmi toylcarni t ine  as subs t r a t e  were  
significantly decreased after  t rea tment  with dietary 
H H O  and R S O  as com pa red  to t r ea tmen t  wi th  PO. 

The oxidat ive activities of rat  liver m i t o c h o n d r i a  
after feeding R S O  were not, in any  case, irrespec- 
tive of  subs t ra te  used, significantly different f rom 
those obta ined after  PO dietary t r ea tmen t  (results  
not  shown) .  

DISCUSSION 

The biological and biochemical  effects of  dietary 
long-chain isomeric fatty acids have been exten-  
sively studied in different exper imenta l  an imals  
and biochemical  systems.  In m a n y  exper iments ,  
the metabol ic  fate of  isomeric fatty acids has been 
studied against  a backg round  of  essential  fatty acid 
deficiency (58-61). The present  invest igat ion was  
designed in such a way that  the linoleic acid con ten t  
in the diet should  be adequate .  The diet in o u r  
exper iments  conta ined 4.6 cal % linoleic acid which 
is of  the same magn i tude  as in the exper imen t s  by 
Hoy and Ho lmer  (27). 

The rats in our  exper iments  did not  s h o w  any 
clinical signs of essential  fatty acid deficiency and it 
was  not  possible to detect any significant a m o u n t  
of  20:3to9 (62) in the lipid classes investigated.  In 
order  to evaluate the presence of  linoleic acid in the 
diet, one g roup  of  rats was fe~d a diet with H C O  
supp lemented  with only 0.8 cal % linoleic acid. In 
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this group, the presence of 20:3t09 and reduced 
level of 20:4to6 in the heart lipids indicated an 
essential fatty acid deficiency. 

In comparing the composition of the fed partial- 
ly hydrogenated oils and the fatty acids of the 
different lipid classes of the rat heart, it is impor- 
tant to realize that there might be differences 
already in the absorption and digestibility of the 
different isomeric long-chain fatty acids. 

With regard to octadecenoic acids, Ono and 
Fredrickson (63) did not find any differences in the 
intestinal absorption of cis and trans isomers of 
octadecenoic acid and palmitic acid. Furthermore, 
the absorption of individual trans isomers of 
octadecenoic acid was reported to be independent 
of the double bond position (21). On the other 
hand, docosenoic acids have a slower absorption as 
compared to octadecenoic acids. Docosenoic acid 
in partially hydrogenated herring oil was reported 
to be 79% digested when supplemented with corn 
oil (64), but little is known about the absorption of 
individual cis and trans isomers of docosenoic acid 
formed during partial hydrogenation. 

In the present investigation, the rats fed partially 
hydrogenated marine oils showed a normal weight 
gain in comparison with the PO group and showed 
no signs of malabsorption. It should be pointed 
out, however, that brassidic acid, the trans isomer 
of erucic acid, when fed as tribrassidin has a lower 
digestibility as compared to erucic acid and did not 
incorporate as well as erucic acid in either cardiac 
or adipose tissue (65,66). 

The distribution of isomeric fatty acids in differ- 
ent lipid classes of rat heart might also be reflected 
by differences in the rate of oxidation of individual 
dietary long chain fatty acid isomers in liver and 
heart after feeding partially hydrogenated oils. 

The most efficient fatty acid oxidation occurs in 
mitochondria. In some early work of Ono and 
Fredrickson (63) and Coots (67), 14C-labeled cis 

and trans isomers of octadecenoic acid were found 
to be similarly degraded to CO2 in adult male rats. 
However, most trans isomers of octadecenoic acid 
are oxidized slower than the corresponding cis 
isomers by isolated rat heart mitochondria (68,69). 
A selectivity in the rate of B-oxidation with regard 
to individual cis and trans positional isomers of 
octadecenoic acid was reported by Lawson and 
Holman (70). Generally the differences in B-oxida- 
tion rates obtained in vitro for different isomers 
could not be  correlated with the content of the 
corresponding isomers in tissue lipids (70). 

In contrast to octadecenoic acids, erucic and 
cetoleic acid which are slowly oxidized by isolated 
rat heart mitochondria and inhibit the oxidation 
of other fatty acids are rapidly deposited together 
with other fatty acids in heart triglycerides after 
feeding rapeseed oil or partially hydrogenated 
marine oils rich in docosenoic acids (19,71). How- 
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ever, on prolonged feeding on such diets, the 
lipidosis is reversed to near normal triglyceride 
levels (19). 

Recently, Lazarow and de Duve (72) found that 
peroxisomes purified from rat liver are capable of 
oxidizing long-chain acyl-CoA esters. In contrast 
to mitochondrial B-oxidation, peroxisomal B-oxi- 
dation does not oxidize fatty acids to completion 
(73). With regard to substrate specificity, t r a n s  
isomers of monounsaturated fatty acids are oxi- 
dized at rates that are faster than, or similar to, 
those obtained with corresponding cis isomers (74). 

Prolonged feeding of partially hydrogenated 
marine oil and, to a less extent, rapeseed oil have 
been reported to induce increased peroxisomal 
chain-shortening of erucic acid in perfused rat liver 
and isolated hepatocytes as compared to rats fed 
peanut oil (75,76). Chain-shortening of erucic acid 
has also been observed under similar dietary 
conditions in perfused rat heart (77). It was suggest- 
ed that the increased peroxisomal chain-shortening 
in liver and heart from rats fed partially hydrogen- 
ated marine oil or rapeseed oil might play an 
important role in the reversal of the initial heart 
lipidosis caused by these oils (75,77). Furthermore, 
it has been proposed that liver peroxisomal /3- 
oxidation may be of significance with regard to 
metabolism of trans fatty acids or other dietary 
fatty acids that are poorly oxidized by mitochon- 
drial B-oxidation (74). 

In the present study, all the groups of rats fed 
docosenoic acid rich diets for 10 weeks showed a 
slight accumulation of cardiac neutral lipid, al- 
though most pronounced in the group of rats kept 
on RSO which contained the highest amount of 
docosenoic acid. In comparison with the rapeseed 
oil group, rats fed partially hydrogenated marine 
oils accumulated less docosenoic acid in the myo- 
cardium than could be expected from the corres- 
ponding content in the diets. Furthermore, in the 
cardiac neutral lipids of rats fed partially hydrog- 
enated marine oils, we observed increased amounts 
of those octadecenoic and eicosenoic acid isomers 
which could be derived by chain-shortening of 
dietary docosenoic acid as compared to the occur- 
rence of the corresponding isomers in the dietary 
oils. These findings suggest that the peroxisomal 
chain-shortening system might be of importance in 
the metabolism of dietary long-chain isomeric fatty 
acids that are not well B-oxidized by mitochondria 
(75-77). However, in spite of these auxiliary mech- 
anisms for oxidation, our data clearly indicate that 
a variety of cis and trans isomers are incorporated 
into the mitochondrial membrane phospholipids 
of rat heart after feeding partially hydrogenated 
marine oils. Apparently the peroxisomal B-oxida- 
tion system has a limited capacity to oxidize certain 
fatty acids when the influx of these acids are too 
high. 
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Positional Distribution of Fatty Acids in PC and PE 

That dietary ~4C-labeled oleic and palmitic acid 
were asymmetrically distributed into PC of liver, 
intestinal tract and lymph chylomicrons was first 
shown unequivocally by Hanahan and Blomstrand 
(78), then extended using ~4C-labeled stearic and 
linoleic acid in human beings by Blomstrand et al. 
(79). Already in these original experiments, it was 
observed that phospholipase A released nearly all 
the ~4C-labeled linoleic acid but also a significant 
amount of the incorporated labeled oleic acid from 
the PC molecule. It is now generally accepted that 
long-chain dietary saturated fatty acids are prefer- 
entially incorporated into the 1-position of PC and 
PE and that polyunsaturated fatty acids are prefer- 
entially incorporated into the 2-position. Oleic 
acid, however, is distributed between the two 
positions. The mechanisms behind the asymmetric 
distribution of the fatty acids into these two major 
phospholipids has been the matter of intensive 
investigation. When it was found that aracbidonic 
acid was the main precursor for several prostaglan- 
dins, it was realized that a very important problem 
to elucidate was to find out which fatty acids 
originating from the diet were candidates to com- 
pete with linoleic and arachidonic acid about the 
strategic 2-position of these phospholipids. 

It is quite clear from the results of the present 
investigation that, in the experimental rat groups 
fed partially hydrogenated marine oils with an 
adequate amount of linoleic acid, the content of 
linoleic and arachidonic acid in the PC and PE 
molecules was not decreased. On the contrary, 
there was a significant increase in the content of 
arachidonic acid in the PE in the rats fed partially 
hydrogenated marine oils. 

The acyl groups placed in the 2-position of such 
important membrane constitutents as PC and PE 
will depend not only on the molecular structure of 
the fatty acid but also on the relative concentra- 
tions of different fatty acids, the selectivity of the 
enzymes and the rate of transfer of fatty acids (for 
review, see ref. 80). 

The present study shows that isomers of doco- 
senoic acid were incorporated into the 1- and 2- 
positions of PC and PE, the major phospholipids 
in rat heart mitochondria, to a relatively low degree 
as compared to isomeric octadecenoic acids. A 
considerably low rate of activation of docosenoic 
acid in rat liver microsomes have been reported by 
Normann et al. (81). Marchand and Beare-Rogers 
(82) observed that CoA derivatives of cis and t rans  
docosenoic acid did not react with rat liver micro- 
somal acyl-CoA- 1-phosphatidylglycerol-3-phos- 
phate acyltransferase. It is thus possible that these 
observations from in vitro experiments with rat 
liver microsomes also could be valid for the present 
study of rat heart mitochondria. 

Furthermore, the present study shows that t rans  

isomers of octadecenoic acid were preferentially 
incorporated into the l-position of PC and PE 
from rat heart mitochondria mainly replacing 
stearic acid in this position, but were not excluded 
from the 2-position in accordance with the results 
reported by Reichwald-Hacker et al. (26) for the 
positional distribution of cis and t rans  octadecenoic 
acids in PC from rat heart after feeding partially 
hydrogenated soybean oil. The incorporation of 
individual t rans  isomers of octadecenoic acid 
appeared to be selective in a similar way as have 
been reported by other investigators (23-25). Un- 
usual 18:1 cis isomers were mainly incorporated 
into the l-position of the phospholipids. At the 2- 
position, only small amounts of unusual cis isomers 
of octadecenoic acid (mainly to6- and tol0-tol2- 
isomers) were observed. The to8-isomer was dis- 
criminated against, as compared to the other 
unusual cis isomers. This is in accordance with 
recent rePorts on the composition of phospholipids 
in rat heart (23) and rat liver (27) after feeding 
different partially hydrogenated vegetable oils. 
However, Reitz et al. (83) found that 18:lto8 cis was 
transferred to the 1-position of 2-acylglycero-3- 
phosphorylcholine at a considerably high rate in 
vitro. These observations demonstrate that acyl- 
transferase activities measured in vitro under sim- 
plified experimental conditions not always have the 
predictive value with respect to the ultimate dis- 
tribution of fatty acids in phospholipids in vivo as 
suggested by Lands et al. (84). In contrast to 18:lto8 
trans,  which was suggested to be preferentially 
chain-shortened to 16:1 to8 trans,  the metabolic fate 
of 18:1to8 cis is unknown (22). 

It is generally considered that in order to function 
properly a biomembrane should have an appro- 
priate fluidity. The fluidity is to a high extent 
influenced by the physicochemical properties of the 
phospholipid acyl chains within the bilayer. The 
calculated unsaturation index used in this work is 
only a gross estimator of changes in the proportion 
of unsaturated bonds, irrespective of geometry and 
position in the fatty acyl chain in membrane 
phospholipids after different dietary treatments. 
The introduction of one cis double bond into a 
saturated fatty acid will have a profound influence 
on the transition temperature and surface area of 
synthetic phospholipids. The introduction of addi- 
tional cis double bonds beyond the first double 
bond have little effect on the surface area of 
phospholipids (85). Thus, the somewhat higher 
unsaturation index obtained at the 2-position of 
PC in rat heart mitochondria after feeding partially 
hydrogenated oils as compared to the group of rats 
kept on peanut oil does not necessary imply an 
increased membrane fluidity. Furthermore, the 
relatively small amounts of t rans  isomers and 
unusual cis isomers of octadecenoic acid observed 
in the 2-position of the phospholipids after feeding 
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partially hydrogenated oils are not very likely to 
influence the fluidity of the mitochondrial mem- 
branes. 

The fluidity of the membranes is, however, not 
solely influenced by the physicochemical properties 
of the phospholipid acyl chains, but also by the 
specific classes of phospholipids and the content of 
cholesterol. Experiments with monolayers have 
shown that PE have a higher transition temperature 
and lower surface area than PC with the same fatty 
acid composition (85). Furthermore, the addition 
of cholesterol to the monolayer will have a stabiliz- 
ing effect on the film (85). According to these 
physical experiments, the marked reduction of the 
relative concentration of PE and the lower content 
of saturated fatty acids observed in the mito- 
chondrial phospholipids of rat heart after feeding 
RSO are likely to increase the membrane fluidity. 
However, the increased mitochondrial cholesterol 
content found in the RSO group might be a sign of 
a compensatory mechanism in maintaining an 
adequate fluidity of the corresponding membranes. 

Cardiolipin 

In confirmation of earlier studies (12), it was 
shown that erucic acid had a high affinity for 
cardiolipin of rat heart mitochondria after feeding 
rapeseed oil. Docosenoic acid, mainly 22: Itol I cis, 
from partially hydrogenated capelin and herring 
oil was also found in the cardiolipin, but to a less 
extent than erucic acid from rapeseed oil. In 
contrast to PE and PC, cardiolipin was rather 
resistant to incorporation o f t rans  isomers. The cis 
configuration and position of the double bond in 
the erucic and cetoleic acid thus seem to be the most 
important factors together with the chain length 
determining the incorporation into the cardiolipin 
molecule. 

Recently, Vik et al. (86) showed that beef heart 
cytochrome c oxidase requires a small number of 
cardiolipin molecules for optimal activity. A func- 
tional role for these two or three molecules of 
cardiolipin in cytochrome c oxidase activity has 
recently been suggested and it would be of great 
interest to study the influence of cardiolipin with 
different acyl groups on this enzymatic activity. 

In this connection, it is interesting to note that 
the effect on the mitochondrial oxidative activity 
seemed to be larger in rats kept on partially 
hydrogenated herring oil and rapeseed oil which 
contain high amount of docosenoic acids. In these 
two groups of animals, a significant decrease of 
ATP-synthesis was observed using fatty acid sub- 
strate palmitoylcarnitine in the presence of malate. 
It has been shown by Christophersen and Christiansen 
(87) that the inhibitory effect oferucoylcarnitine on 
the mitochondrial oxidation of CoA dependent 
substrates such as pyruvate, acetylcarnitines and t~- 

ketoglutarate may be due to sequestration of free 
CoA in the form of slowly metabolized erucoyl- 
CoA. Alternatively, in the case of acylcarnitines, 
there may be an inhibition at the level of acyl-CoA 
dehydrogenase. In the present study, it was found 
that the neutral fat fraction, mainly free fatty acids, 
of mitochondria isolated from the groups of animals 
kept on HHO and RSO, contained docosenoic acid 
corresponding to 0.7/aM cetoleic acid and 2.1/~M 
erucic acid in the incubation mixture, respectively. 
Regardless of whether or not the major part of 
these free fatty acids were produced by hydrolysis 
during preparation, the possibility cannot be ex- 
cluded that docosenoic acids may interfere with the 
mitochondrial oxidation of palmitoylcarnitine and 
other substrates, during the in vitro conditions 
used. 

On the contrary, isolated liver mitochondria 
from RSO treated rats did not show any tendency 
to decreased oxidative activities in comparison 
with PO fed animals and only trace amount of 
erucic acid could be detected in the neutral fat 
fraction of liver mitochondria (unpublished data). 
Furthermore, considerably less erucic acid was 
incorporated into liver mitochondrial cardiolipin 
as compared to cardiolipin isolated from rat heart 
mitochondria after feeding rapeseed oil. These 
discrepancies observed between liver and heart 
mitochondria support the suggestion that doco- 
senoic acid might act either directly as an inhibitor 
of mitochondrial respiration in rat heart or indirectly 
by altering the fatty acid distribution ofcardiolipin 
which is generally assumed to be required tor 
electron transport and for coupling of this process 
to ATP synthesis (86,88). 

It should be pointed out, however, that the effect 
of the docosenoic acid rich diets on the mito- 
chondrial energy production observed in the pre- 
sent study was of a low magnitude. If the state 3 
oxygen uptake is calculated on a basis of mito- 
chondrial phospholipid content instead of protein 
content, the differences obtained between the 
various dietary treatments in the present study are 
almost abolished. In addition, it was observed that 
the mitochondrial yield, expressed as mg mito- 
chondrial protein/g rat heart was 10-15% higher 
after feeding rapeseed oil and partially hydro- 
genated herring oil. Heart mitochondria isolated 
from rats fed rapeseed oil have been reported to be 
enriched in mitochondria of great size (89). In such 
mitochondria, the relation between phospholipids 
and protein may be different from that in normal 
mitochondria, which may in part explain the 
results of the present study. 

In conclusion, results from the present feeding 
experiments demonstrate that a wide range of 
positional cis and trans isomers of long-chain fatty 
acids derived from partially hydrogenated vegetable 
and marine oils supplemented with an adequate 
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amount of linoleic acid is not only incorporated 
into phospholipids which are important mito- 
chondrial membrane constituents, but also may be 
involved in the regulation of the synthesis of 
polyunsaturated fatty acids. With regard to the 
cardiac energy production, as measured in vitro, it 
seems as only partially hydrogenated herring oil 
containing a high amount of cetoleic acid and 
rapeseed oil, high in erucic acid interfere with the  
ATP synthesis. No effect on oxidative activities 
was observed after feeding HCO. I n  view o f  the 
importance of polyunsaturated fatty acids as regu- 
lators of membrane fluidity and precursors for 
prostaglandin synthesis, we have in an accompany- 
ing paper more extensively studied the influence of 
this type of dietary oils on fatty acid desaturase 
activities in rat liver microsomes (90). 
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The Effect of Dietary Partially Hydrogenated Marine Oils 
on Desaturation of Fatty Acids in Rat Liver Microsomes 
LENNART SMENSSON*, Department of Clinical Chemistry, Huddinge University Hospital, 
Karolinska Institutet, Stockholm, Sweden. 

ABSTRACT 

The influence of dietary partially hydrogenated marine oils on distribution of phospholipid fatty acids in 
rat liver microsomes was studied with particular reference to the metabolism of linoleic acid. Five groups of 
weanling rats were fed diets containing 20% (w/w) peanut oil (PO), partially hydrogenated peanut oil 
(HPO), partially hydrogenated Norwegian capelin oil (HCO), partially hydrogenated herring oil (HHO), 
and rapeseed oil (RSO) for 10 weeks. The partially hydrogenated oils were supplemented with linoleic acid 
corresponding to 4.6 cal % in the diets. Accumulation of linoleic acid and reduced amount of total linoleic 
acid metabolites were observed in liver microsomal phospholipids from rats ted partially hydrogenated oils 
as compared to PO feeding. The most striking effects on the distribution of to6-polyunsaturated fatty acids 
was obtained after feeding HHO, a marine oil with a moderate content of trans fatty acids in comparison 
with HPO but rich in isomers of eicosenoic and docosenoic acids. Liver microsomal A 6- as well as As_ 
desaturase activities as measured in vitro were reduced in rats kept on HHO as compared to PO dietary 
treatment. The results obtained suggest that the dietary influence of partially hydrogenated marine oils on 
the metabolism of linoleic acid might be better related to the intake of isomeric eicosenoic and docosenoic 
acids than to the total intake of trans fatty acids. 
Lipids /8:171-178, 1983. 

INTRODUCTION 

Partially hydrogenated vegetable and marine 
oils are consumed in substantial amounts.  These 
oils contain a wide range ot positional isomers of 
mainly monounsaturated fatty acids with the double 
bond in t r a n s  as well as in cis  configuration (I-3). 

Animal studies have shown that dietary t r a n s  

octadecenoic acids, which constitute the major part 
of the t r a n s  fatty acid content in partially hydro- 
genated vegetable oils, have the ability to exaggerate 
the signs and symptoms of essential fatty acid 
deficiency (4,5). 

Positional cis  and t r a n s  isomers of octadecenoic 
acids which are common constituents of partially 
hydrogenated vegetable oils have been reported to 
inhibit liver microsomal desaturation of 18:2(o6 
and 20:3t06 in vitro (6,7). These fatty acids may also 
be desaturated to some extent by liver microsomes 
to form various isomers of octadecadienoic acids in 
vitro (8- I 0). The inhibitory effect of dietary isomeric 
octadecenoic acids on the conversion of linoleic 
acid to arachidonic acid may, in part, explain the 
aggravation of symptoms of essential fatty acid 
deficiency reported after feeding partially hydro- 
genated oils (11). 

In a recent work by Hill et al. (12), it was shown 
that feeding of rats with diets containing partially 
hydrogenated soybean oil together with reduced 
amounts of linoleic acid affected the metabolism of 
essential fatty acids with consequent changes in the 
pattern of polyunsaturated fatty acids of structural 
lipids in liver and heart. The suppression of 

*Author to whom correspondence should he addressed. 

linoleate metabolism observed was largely due to 
decreased A 6- and AS-desaturase activities. 

Aaes-Jorgensen and Holmer studied the effects 
of partially hydrogenated vegetable and marine 
oils on growth and testis development in rat (13). 
They found that partially hydrogenated herring oil 
devoid of essential fatty acids was more efficient to 
stress essential fatty acid deficiency than partially 
hydrogenated peanut oil. 

However, little is known about the effects of 
partially hydrogenated marine oils when an ade- 
quate amount of linoleic acid is supplied. Previously 
we studied the influence of some partially hydro- 
genated marine oils and peanut oil on the mito- 
chondrial function and membrane phospholipid 
fatty acid composition of rat heart (14). In these 
studies, the amount  of linoleic acid in diet was 
sufficient to avoid symptoms of essential fatty acid 
deficiency. Large amount  of isomeric octadecenoic 
acids were incorporated into the phospholipids 
after feeding the partially hydrogenated oils. The 
amount  of total to6-polyunsaturated fatty acids in 
the mitochondrial phospholipids was not decreased, 
however. 

In the present paper, the effect of dietary partially 
hydrogenated marine and vegetable oils on rat liver 
microsomal A 6- and ALdesaturase activities was 
studied, using conditions similar to those in the 
previous work (14). The results obtained were 
compared to the distribution ot to6-polyunsaturated 
fatty acids in microsomal phospholipids. 

EXPERIMENTAL PROCEDURE 

Materials 
14 [ i- C]Palmitic acid ([ IJ4C] 16:0, sp act 59 mCi / -  
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mmole), [ IJ4C]linoleic acid ([ IJ'C]18:2to6, sp act 
56 mCi/mmol), and [2- C]eicosatrienoic acid 
([2J4C]20:3to6, sp act 55 mCi/mmol) were purchas- 
ed from The Radiochemical Centre (Amersham, 
England), and were 99.0%, 99.8% and 99.2% 
radiochemically pure, respectively, as judged by 
high performance liquid chromatography (HPLC) 
and liquid radioactivity detection. The correspond- 
ing unlabeled fatty acids and palmitoleic acid 
(16: I co7), "y-linolenic acid (18:3co6), and arachidonic 
acid (20:4to6) were obtained from Nu-Chek-Prep. 
(Elysian, MN). ATP, CoA, NADH, glutathione, 
and bovine serum albumin (fraction V, essentially 
fatty acid free) were purchased from Sigma Chem- 
ical Co. (St. Louis, MO). Methanolic sodium 
methoxide was obtained from Applied Science 
Europe B.V. (Oud-Beijerland, The Netherlands) 
and hydrogen chloride from AGA, Special Gas 
(Liding6, Sweden). All other reagents and chem- 
cals were purchased from Merck (Darmstadt, 
GFR). 

Animals and Diets 

Male weanling Sprague-Dawley rats, divided 
into 5 groups of 6 rats each, were fed a semisynthetic 
diet containing 20% (w/w) peanut oil (PO), partially 
hydrogenated peanut oil (HPO), partially hydro- 
genated Norwegian capelin oil (HCO), partially 
hydrogenated herring oil (HHO), and rapeseed oil 
(RSO) for l0 weeks. In order to prevent develop- 
ment of essential fatty acid deficiency in rats fed 
partially hydrogenated oils, the corresponding 
diets were supplemented with safflower oil (4.6 cal 
% linoleic acid in diets). The content of t r a n s  fatty 
acids, linoleic acid, eicosenoic acid (20:!), and 
docosenoic acid (22: I) in the experimental diets is 
summarized in Table I. The complete composition 
of the dietary oils and the basal diet were as 
described previously (14,15). The rats were subject- 
ed to reversed lighting periods (light was auto- 
matically switched on at 6 P.M. and off at 6 A.M.). 
No differences in food consumption and only small 
differences in weight gain (less than 5%) were 
observed between the different groups of rats. The 

animals were fasted overnight prior to sacrifice by 
decapitation and exsanguination at about 9A.M on 
the day of the experiment. 

Preparation of Microsomes end Incubation Conditions 

The livers were immediately removed and rinsed 
in ice cold homogenization solution consisting of 
0.15 M KCI, 5 mM MgCI2, 1 mM EDTA, 0.25 M 
sucrose, 1.5 mM glutathione, 0.05 M potassium 
phosphate buffer (pH 7.0) (7). The livers were 
homogenized in 4 volumes of homogenization 
solution in a Teflon pestle homogenizer. The 
homogenate was centrifuged at 20,000 • g for 10 
min, and microsomes were recovered by centrifug- 
ing the supernatant obtained at 100,000 • g for 1 
hr. The pellet was resuspended in the homogen- 
ization solution to a final concentration of ca. 3 mg 
of microsomal protein/ml as determined by Lowry 
et al. (16). All operations were carried out at 4 C. 

The microsomes were assayed for A 5-, A 6-, and 
Ag-desaturase activities immediately after prepara- 
tion mainly as described by Mahfouz and Holman 
(8). The incubation mixture consisted of 0.15 M 
KCI, 0.25 M sucrose, 5 mM ATP, 0.25 mM CoA, 
1.0 mM NADH, 5 mM MgCl2, 1.5 mM glutathione, 
45 mM NaF, 0.5 mM nicotinamide, and 0.1 M 
phosphate buffer (pH 7.0). The effects of substrate 
concentration, microsomal protein concentration 
and incubation time was investigated for all the 
substrates used for desaturation study (tf. Fig. l). 
In the standard procedure, ca. l mg of microsomal 
protein and 100 nmol of fatty acid substrates 
corresponding to 0.5 #Ci were incubated for 20 min 
at 37C in air. The fatty acids were used as sodium 
salt/albumin complex (I/zg free fatty acid/I  1.5/~g 
bovine serum albumin) (7). The substitution of air 
for 02 had no influence on the rate of conversion. 
The rate of conversion was always compensated for 
the corresponding value obtained from a blank 
incubation. 

Analysis of Fatty Acids 

The incubations were terminated by the addition 

TABI.E I 

l h c  Content ol t r a m  Fatty Acids, Eicoscnoic Acids (20:1), Docosenoic 
Acids (22:1), and l inolcic Acid (18:2t06) as Weight Percent of l o t a l  

Fatty Acids in Dietary Oils" 

Dietary Oil q'c t r a n . ~  c; 20:1 t~; 22:1 18:2o,6 

PO I. I 0 2  37.8 
H P O + 4 . 6  cal e~i 18:2 44.2 1.0 (1.3 11.3 
H(_'O+4.6 cal q~- 18:2 34.6 148 9.8 I 1.0 
HHO.r 4.6 cal c)~ 18:2 24.1 16.8. 23.3 11.5 
RSO 9.7 '*3. I 15. I 

] h e  complete composition of dictar', oils is gi'.en in re[. 14. 
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MARINE OILS AND DESATURASE ACTIVITIES 
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FIG. I. A ~-, A 6-, and A~-desaturase activities as a function of substrate concentration (A-C), 
microsomal protein concentration (D-F), and time of incubation (G-I). Incubations were carried 
out for 20 min (A-F) in the presence of 100 nmol of substrate (D-I), 1.35 mg microsomal protein 
(A,G) or 1.2 mg microsomal protein (B,C,H,I) as described in text. 
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of I ml of 5% HCI in methanol. A mixture of 
unlabeled 16:0+ 16: Ito7, 18:2o~6+ 18:3to6, or 20: 
3to6+20:4to6 was added as carrier and marker 
substances and the lipids were extracted with 
chloroform/methanol (2: I, v/v). Fatty acid methyl 
esters were prepared by transesterification of the 
isolated lipid with methanolic sodium methoxide 
(0.5 M) followed by acidic esterification with 
methanolic hydrogen chloride (1 M) essentially as 
described by Carreau and Dubacq (17). The en- 
zymatic conversion of the fatty acid substrates to 
the corresponding desaturation products were es- 
timated by reversed-phase HPLC with liquid ra- 
dioactivity detection. The fatty acid methyl esters 
obtained were separated using an Optilab 931 
HSRI high performance liquid chromatograph 
(Optilab, V~illingby, Sweden) equipped with a 
Lichroma 200•  mm id stainless-steel column, 
slurry packed with reversed-phase material 5 
Nucleosil C~s (Macherey-Nagel, Diiren, G F R ) a n d  
methanol/water (89: 11, v/v) as mobile phase (3). 
The mass was monitored by an Interference Re- 
fractive Index Detector Multiref 902 and the 

radioactivity by a Berthold BF5026 liquid radio- 
activity detector (Laboratorium Prof. Dr. Berthold, 
Wildbad, GFR). Figure 2 shows a typical chroma- 
togram of fatty acid methyl esters obtained alter 
incubation with [2J~C]20:3to6 as substrate. The 
radioactivity corresponding to substrate and prod- 
uct were measured and thc percent conversion were 
calculated. The sensitivity of the radioactivity 
detector (about 3% dynamic efficiency) did not 
permit accurate measurement of A"- and A ~'- 
desaturase activities. These activities were calcu- 
lated after collection of the appropriate fractions 
and subsequent liquid scintillation counting. 

In order to study the influence of the different 
dietary treatment on the microsomal phospholipid 
fatty acids, the microsomes were extracted ac- 
cording to Fi lch  et al. (18) and the phospholipid 
fraction was isolated by silicic acid chromatog- 
raphy (19). After converting to methyl esters, the 
total fatty acid distribution of the phospholipids 
was determined by glass capillary gas chromatog- 
raphy using Silar-5CP as stationary phase (20) and 
t r a n s  fatty acids by HPLC (3). 
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FIG. 2. HPLC registrations of fatty acid methyl esters 
obtained after incubation with [2-~4(']20:3r (A) Mass 
registration; (B) radioactivity registration. 

RESULTS 

Separation of Substrates end Desaturation 
Products by HPLC 

With respect to assay of fatty acid desaturase 
activity, the use of H P L C  instead of gas liquid 
chromatography (GLC) for the separation of sub- 
strates and desaturation products has certain ad- 
vantages. The separations can be performed at 
room temperature when using HPLC,  thus sub- 
jecting the polyunsaturated fatty acids to very mild 
conditions. In the HPLC]4 procedure used in this 
work, the recovery of C-labeled 16:0, 18:2m6, and 
20:3oJ6 after fraction collectioo was 99%, 98%, and 
103%, respectively. When standard mixtures con- 
taining known amount  of t~C-labeled 20:3oJ6 and 
20:4(o6 were analyzed with the present technique, 
the results obtained were identical to the corres- 
ponding calculated values. Thus, there was no 
tendency to adsorption or breakdown of the fatty 
acid methyl esters under the conditions employed. 
On a reversed phase column, the more unsaturated 
desaturation products are eluted before the sub- 
strates (cf. Fig. 2). The coefficient of variation of 

the total assay was better than 4% as calculated 
from assay of 6 replicate incubations. 

Effect of Substrate Concentration, Microsomal Protein 
Concentration and Incubation Time on Oesaturase 
Activities 

During incubation of liver microsomes with 
fatt~ acid substrates in the presence of ATP,  CoA, 
Mg z+, and NADH,  the fatty acids are not only 
activated to the corresponding CoA derivatives 
with subsequent desaturation but are also incor- 
porated together with desaturation products into 
glycerolipids (2 I), mainly into phospholipids. Thus, 
the incorporation of fatty acids into phospholipids 
are most likely to compete with the desaturation 
process. In view of the complexity of the system 
under study, it is important to find out the optimal 
conditions for the desaturase assays. The require- 
ments of CoA, N A D H ,  and ATP have been 
investigated elsewhere (9). In the present study, the 
effect of substrate concentration, microsomal pro- 
tein concentration and incubation time was inves- 
tigated for all the substrates used. 

The results from this investigation are sum- 
marized in Figure !. The conversion of 18:2m6 to 
18:3(o6 was linear with protein concentrations up 
to 1.2 mg and apparently linear with time up to 20 
min at a substrate level of 100 nmol. Although the 
corresponding curves for the conversion of 20:3m6 
to 20:4(o6 have a tendency to nonlinearity, the 
enzyme seems to be saturated at a substrate level of 
100 nmol. Thus, the conversion obtained during 
incubation of 100 nmol of substrate and ca. 1 mg 
of microsomal protein for 20 min would give 
satisfactory conditions for assay of liver micro- 

5 6 - �9 , somal A - and A -desaturase activities. The con- 
version of 16:0 to 16:ho7 was not linear with 
protein concentration and the enzyme was not 
saturated at a substrate level of 100 nmol. The 
conversion was linear with incubation time, how- 
ever. At a substrate level of 400 nmol, the conver- 
sion was inhibited. The desaturation rate of palmi- 
toyl-CoA did not differ from that obtained for 16:0 
under the conditions used. This observation rules 
out the possibility that the acyl-CoA synthetase 
activity may be limiting under the conditions 
employed (cf. ref. 22). 

Effect of Dietary Oils on Fatty Acid Distribution 
in Liver Microsomal Phospholipids 

The content of t r a n s  monounsaturated fatty 
acids and distribution ofm6-polyunsaturated fatty 
acids in liver microsomal phospholipids isolated 
from rats fed the different experimental diets are 
summarized in Table 2. Also, the total content of 
m6-polyunsaturated fatty acids and 18:2m6 metab- 
olites are included in the table. The rats fed 
partially hydrogenated oils incorporated t rans  fatty 
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TABLE 2 

Trans Fatty acids and e~b-Polyunsaturated Fatty Acids as Weight Percent of Total Fatty Acids 
in Liver Microsomal Phospholipids Isolated from Rats Fed Diets Containing 20% (w/w) 

PO, HPO+4.6 cal % 18:2, HCO+4.6 cal % 18:2. HHO+4.6 cal % 18:2, and RSO for I0 Weeks' 

Fatty acid b PO HPO+4.6 cal% 18:2  HCO+4.6cal% 18:2  HHO+4.6 ¢al% 18:2 RSO 

18:1 t r ans  12.39+ 1.55 7.41 +0.87 6.78+-0.72 
20:1 t r ans  - . 0.25+-0.12 0.26+-0.13 
18:he6 10.26+0.54 ° 11.82+_0.59 * 13.95+-0.36 ~ 14.02+_0.60 h 10.87+0.37' 
18:3a,6 O. 17 +_ 0.02 O. 19_+ 0.03 0.25 -+ 0.02 ~ 0.23 -+ 0.03' 0.22 +- 0.03 r 
20:7.e~ ~ 0.54+0.1)9 0.41 +- 0.05 f 0.42+-0.10' 0.59+-0.10 1.01 +0.13 = 
20:30,*6 0,66 +_ 0.09 1.31 +- O. I0 h 1.60+0.1 I' 2.08 + 0.2Y 1.41 +-0.09' 
2 0 : 4 ~  33.06 +- 0.87 28.78 + 1 . 0 0  h 27.56 + 0.82 h 25.72 +- 0.85' 22.97 + 0.36 ~ 
22:4w6 0.70 + 0.04 0.41 +- 0.04' 0.35 + O.OY 0.24 + 0.02 ~ 0.08 + 0.02 j 
22:5w6 2.21 +0.35 2.71 +_0.41' 2.31 +0.15 I. 16+0.20 ~ traces 

polyun- 47.60 +_ 0.41 45.63 + 0.80 f 46.42 + 0.51 f 44.07 + 0.80 h 36.55 -+ 0.78 J 
saturated 
fatty acids 
~eJ6 metabolites 37.34+0.61 33.82+ 1.0# 32.47+0.79* 30.05 +--0.81~ 25-68+-0.38J 

"The partially hydrogenated diets were supplemented with safflower oil. 
hThe shorthand notation used for the fatty acids indicates chain length: number of double bonds, w=First double bond position 

beginning from the hydrocarbon end; methylene interruption and cis geometry are assumed if not otherwise stated. 
'The trans fatty acid content was not determined. 
dValues are mean_+ standard deviation from 6 rats. 
'TiProbability level as calculated according to Student's t-test; e,f,g,h, i, and j are significantly different from PO values: p <  0.05, 

p<O.OI, p<O.O01, p<O.O001, p<O.O0001, p <  0.000001, respectively. 
t20:3oJ9 coincides with 20:2oj6 in the capillary GC under the conditions used. 

acids mainly 18:1 t r a n s ,  into the phospholipids. 
Small amount  of 20:1 t r a n s  derived from the 
partially hydrogenated marine oils was also in- 
corporated into the phospholipids, but no sig- 
nificant amount  of 22:1 t r a n s .  The content of 18:2 
isomers other than 18:2w6 was found to be 0.18%, 
0.34%, and 0.58% after feeding HPO, HCO, and 
HHO,  respectively (not shown). The identity of 
these isomers was not established. 

The polarity of the column used in the present 
work did not permit separation of 20:2o~6 a n d  
20:3~09. Thus, the presence of 20:3~o9 in the rat 
liver microsomal phosphotipids obtained after the 
various dietary treatments cannot be excluded. 
However, in a recent study on myocardial phos- 
pholipids from rats fed the present diets, these two 
fatty acids could be distinguished in the capillary 
GC (14). The content of 20:2~o6 in the cardiac 
phospholipids showed a similar pattern after t h e  
different dietary treatments as was observed in this 
study on microsomal phospholipids and only small 
amount  of 20:3~o9 (<0.1%) was found. 

The liver microsomes of rats fed RSO contained 
considerably less oJ6-polyunsaturated fatty acids 
than those of the other experimental groups. This 
was to some extent compensated for by higher 
amounts of eicosa-and docosapolyenoic acids with 
¢o3-structure (not shown), most probably derived 
from 18:3co3 in the RSO diet (8.2%) by desaturation 
and elongation. This observation is consistent with 
the higher affinity of the A6-desaturase for 18:3¢o3 
as compared to 18:2¢o6 reported by Brenner (21). 

A small but significant decrease in the total 
content of oJ6-polyunsaturated fatty acids in the 
microsomal ph0spholipids was obtained after feed- 
ing the partially hydrogenated oils (cf. Table 2). In 
comparison with the PO group of rats, the distribu- 
tion of individual w6-polyunsaturated fatty acids 
was altered after feeding partially hydrogenated 
oils. The content of 18:2~o6 and 20:3o~6, the 
substrates for the A 6- and AS-desaturase, respec- 
tively, was significantly increased. The major prod- 
uct in the synthesis of ~o6-potyunsaturated fatty 
acids, 20:4~o6, was significantly decreased. The 
most str iking effect was observed after feeding 
HHO,  a partially hydrogenated marine oil con- 
taining large amounts of isomeric eicosenoic acids 
( 2 0 : 1 )  and docosenoic acids (22; 1). A f t e r  feeding 
H H O  to rats, the content of 22:5co6 was sig- 
nificantly lower in comparison with the corres- 
ponding amount  in rats fed PO, HPO,  and HCO. 
The low content of 22:4o~6 obtained in all groups 
kept on partially hydrogenated oils as compared to 
the group of rats fed PO is consistent with a 
disturbance in the chain elongation process of 
20:4~o6 in  these groups. 

Effect of Dietary Oils on Liver Microsomal 
Desaturase Activities 

The results from the in vitro measurements of the 
&9_, ar_, and aLdesaturase activities in liver micro- 
somes from rats fed the different experimental diets 
are presented in Table 3. The variations of the 
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T A B L E  3 

A ~-, A *-. and AS-Desaturase Activites in Liver Microsomes Isolated from Rats Fed Diets 
Containing 20% (w/w) PO, H PO +4 .6  cal % 18:2, HCO+4.6  cal % 18:2, 

H H O + 4 . 6  cal % 18:2, and RSO for 10 Weeks = 

HHO+4.6 cal/--% 18:2 0.8+0.5 1.7+0.5" 3.0+-0.9' 
RSO 1.2_+0.y 3.4+-0.8 6.0-1"2.6 

"The partially hydrogenated oils were supplemented with safflower oil. 
bValues are mean + - standard deviation from 6 rats. 
~'~Probability level a s calculated according to Student's t-test; c and d are significantly different from PO 

values: p<0 .05  and p<0.005+ respectively. 

values obtained were considerably higher than 
those obtained for the fatty acid distribution in the 
microsomal phospholipids (cf. Table 2). Different 
circadian rhythms have been reported for the A 9- 
and the A6-desaturase activities in mouse liver (23). 
In an attempt to reduce the influence of a possible 
diurnal change on the activities measured, the rats 
in the present study were subjected to controlled 
lighting conditions and were killed at a fixed time. 

Although the Ag-desaturase activity could not be 
measured at saturated substrate level and is not 
directly involved in the metabolism of to6-polyun- 
saturated fatty acids, it was included for com- 
parison. The apparent Ag-desaturase activity in 
microsomes from animals fed HPO, HCO, and 
RSO was elevated as compared to the corres- 
ponding activity in the group fed PO. The dietary 
changes observed for the Ag-desaturase activity in 
the present study could to some extent be attributed 
the content of linoleic acid in the diets. This is in 
agreement with the observations made by Jeffcoat 
and James (24) that high amount of dietary linoleic 
acid have a tendency to decrease the Ag-desaturase 
activity in rat liver. 

In contrast to the A9-desaturase assay, the 
activities of the A 6- and ALdesaturation enzymes 
were measured at saturated substrate levels under 
the conditions used. Generally, the maximal vel- 
ocities obtained for the AS-desaturase were higher 
than the corresponding activities of the A6-desat - 
urase. A tendency to decreased activity of the A 6- 
desaturase was observed in liver microsomes iso- 
lated from rats fed partially hydrogenated oils. 
Feeding HHO to the rats resulted in a significant 
decrease in A 6- as well as AS-desaturase activities in 
comparison with PO feeding. 

D I S C U S S I O N  

In the present work, the diets containing partially 
hydrogenated oils were supplemented with an 
adequate amount of linoleic acid and the rats did 
not show any clinical signs of essential fatty acid 
deficiency (cf. ref. 14). Although, the amount of 
20:3to9 in the liver phospholipids could not be 

determined with certainty, the sum of the content 
of 20:2oJ6 and 20:3oJ9 was low and did not show 
any tendency to increase after feeding partially 
hydrogenated oils. No other desaturation elonga- 
tion products of 18:1 could be detected with the 
exception for the presence of small amount of 18: 2 
isomers other than 18:2o~6, possibly of dietary 
origin. However, the content of 20:3oJ9 as an 
indicator of essential fatty acid deficiency should 
be used with caution when t ra n s  fatty acids are 
dietary constituents in view of the ability of t ra n s  

fatty acids to affect the synthesis of 20:3o~9 (4). The 
significance of 20:3oJ9 in this connection could also 
be questioned when diets containing linolenic acid 
are used in view of the fact that linolenic acid and 
its metabolites strongly suppress the synthesis of 
both 20:3~09 and 20:4¢o6 (25). 

The small but significant decrease in total ~o6- 
polyunsaturated fatty acids observed in the phos- 
pholipids after feeding partially hydrogenated oils 
(cf. Table 2) might be attributed the lower content 
of 18:2oJ6 in the partially hydrogenated oil (11% 
18:2~o6) as compared to PO (38% 18:2~o6). The 
possibility cannot be excluded that the large pro- 
portion of 18:loJ9 (42%) in PO could be inhibitory 
to the synthesis of o~6-polyunsaturated fatty acids if 
the concomitant proportion of 18:2~o6 was of the 
same magnitude as in the partially hydrogenated 
oils. However, Mohrhauer et al. (26) have shown 
that dietary oleic acid fed in proportion as high as 
22 cal % of the diet did not significantly alter the 
conversion of 18:2oJ6 to 20:4to6 if 18~2to6 was fed 
at or above the minimal dietary requirement of ca. 
1 cal %. Thus, the accumulation of 18:2to6 and the 
reduced content of total 18:2to6 metabolites ob- 
served after feeding partially hydrogenated oils is 
consistent with an altered synthesis of to6-polyun- 
saturated fatty acids in these groups of animals as 
compared to rats kept on PO. 

The effects of the partially hydrogenated oils 
obtained in vivo on the distribution of to6-polyun- 
saturated fatty acids in the microsomal phospho- 
lipids do to some extent reflect the effects on the 
microsomal desaturase activities obtained in vitro. 
The accumulation of 18:2to6 and the decreased 
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content  of 20:4to6 observed in the phosphol ip ids  
f rom rats fed partially hydrogenated  oils as com- 
pared to rats fed PO are consistent  with the 
tendency to decreased microsomal  A6-desaturase 
activities obtained in vitro. The significant decrease 
in A m- as well as A~-desaturase activities obta ined in 
vitro after H H O  t rea tment  are in accord with the 
high content  of 18:2to6 and 20:3w6 observed in the 
phospholipids.  

Generally, the AS-desaturase activities obta ined  
in vitro were higher than  those of the A6-desaturase 
(cf. ref. 21). F rom this point  of view, the A 6- 
desaturase is likely to be the main regulatory 
enzyme in the synthesis of polyunsa tura ted  fatty 
acids. However,  the measurement  of the maximal  
velocities in vitro may not  be representat ive for the 
metabol ism in vivo. In fact, the significant accumu-  
lat ion of 18:2to6 and 20:3t06 observed in micro-  
somal phosphol ipids  after feeding partially hy- 
drogenated oils might be indicative of a dis turbed 
regulation of the biosynthesis of polyunsatura ted  
fatty acids not only at the level of the first 
desa tura t ion  step represented by the A%desaturase 
but also at the intermediate  step at the AS-desatura - 
tion. 

In a recent paper  by Pollard et al. (27), it was 
shown that  liver microsomal  AS-desaturase was 
capable  to desaturate  20:3t06 as well as certain 
isomers of eicosenoic acid to a significant degree as 
compared  to corresponding isomers of octadecen- 
oic acid. Al though,  the incubat ions  were per- 
formed with nonsa tu ra t ing  subst ra te  concent ra-  
tions, the possibility cannot  be excluded that  
isomers of eicosenoic acid derived from partially 
hydrogenated mar ine  oils have the capabil i ty to 
compete with the natural  subst ra te  for the A 5- 
desaturase with concomi tan t  decrease fo rmat ion  of 
arachidonic  acid. In the present study, the dietary 
partially hydrogenated marine oils altered the 
metabol ism of to6-polyunsaturated fatty acids to a 
larger extent than  dietary HPO. The most s tr iking 
effect was observed after feeding HHO,  a partially 
hydrogenated mar ine  oil with a modera te  content  
oftrans fatty acids as compared  to HPO but rich in 
isomers of eicosenoic and docosenoic  acids. Fur-  
thermore,  the reduced content  of 22:5to6 observed 
after feeding H H O  might be explained in a similar 
way in that  isomeric docosenoic acids act as 
competi t ive inhibitors on the convers ion of 22:4to6 
to 22:5w6 at the level of a A4-desaturase. With 
regard to the RSO diet, any influence on the 
metabol ism of to6-polyunsaturated fatty acids at- 
t r ibuted to eicosenoic and docosenoic acids would 
most probably  be masked by the interact ion of ot- 
linolenic acid derived from the diet. 

Acyl-CoA desaturases are m e m b r a n e - b o u n d  en- 
zymes and the importance of lipids for maximal  
activity of microsomal  stearic acid Ag-desaturase 
has been shown by Jones  et al. (28) and Holloway 

(29). A l ipoprotein has been suggested by Brenner  
(21) to play a specific role in the desa tura t ion  
process of bo th  A 9- and A~-desaturases. Pugh and  
Kates (30) have presented evidence for a direct 
desa tura t ion  of eicosatrienoyl lecithine at  the A 5- 
posi t ion by rat liver microsomes. In view of these 
facts, it is possible that  dietary long-chain m o n o u n -  
saturated fatty acid isomers not only might  act as 
competi t ive inhibi tors  on the desa tura t ion  of nat- 
ural fatty acid substrates  but also may affect the 
physical propert ies and integrity of a l ipoprotein 
s t ructure  essential for opt imal  desaturase activity. 

However,  it is also possible that  the degradat ion  
of arachidonic  acid might  be under  dietary control .  
Thus, the lower content  of a rachidonic  acid ob- 
served after feeding partially hydrogenated mar ine  
oils might be the result of a preferential  peroxisom- 
al oxidat ion of arachidonir  acid induced by the 
dietary regimes (31,32). 

In conclusion, the results of the present s tudy 
demonst ra te  that  dietary partially hydrogenated  
oils supplied with an adequate  a m o u n t  of linoleic 
acid and in part icular  partially hydrogenated  ma- 
rine oils affect the metabol ism ofl inoleic  acid in rat 
liver microsomes in compar ison  with dietary pea- 
nut oil. It remains to be established, however, if 
these changes are of such a magni tude  that  they are 
able to affect membrane  fluidity or availabili ty of 
precursors for pros taglandin  synthesis. 
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ABSTRACT 

Disrupted human platelets possess a cholinephosphotransferase activity (EC 2.7.8.2) whose properties 
have been studied in this work. The labeling of choline glycerophospholipid (CGP) from radioactive 
cytidine-5"-diphosphate choline (CDP-choline) in vitro shows a maximum at pH 8.0 (using Hepes [4-(2- 
hydroxyethyl)-piperazine-l-ethane-2-sulfonic acid] as a buffer) and is stimulated by Mn 2., Mg '§ and 
diacylglycerol. The enzymic activity is inhibited by Ca ~'. The dependence of human platelet choline- 
phosphotransferase upon CDP-choline concentration does not follow the Michaelis-Menten equation. 
CMP strongly inhibits the reaction. The functional implications of this newly discovered platelet activity are 
briefly considered. 
Lipids 18:179-185, 1983. 

INTRODUCTION 

Choline glycerophospholipid (CGP) represents 
ca. 40% of the total phospholipid of human 
platelets (I). This lipid shares with inositol phos- 
phatide the property of releasing arachidonic acid 
upon platelet stimulation (2-4). For these reasons, 
the catabolic pathways of CGP in human platelets 
have received much attention and enzymic activities 
leading to the release of fatty acids have been 
particularly studied (5-9). On the other hand, 
biosynthetic pathways leading to CGP synthesis 
are less known. 

Platelets have been shown to incorporate ortho- 
phosphoric acid and glycerol into lipids (10, I I); in 
addition, some properties of the enzymes involved 
in the synthesis of ethanolamine and inositol 
glycerophospholipids have been studied (12,13). 
With regard to CGP, the acylation of the corre- 
sponding lyso-compound (14) and the methylation 
of ethanolamine glycerophospholipid (I 5-17) have 
been reported. 

Contrary to ethanolaminephosphotransferase 
(13), cholinephosphotransferase activity (EC 2.7.8.2) 
in platelets has never been described. The reaction 
catalyzed by this enzyme transfers the phospho- 
choline moiety from cytidine-5'-diphosphate choline 
(CDP-choline) to 1,2-diradyl-sn-glycerol (diglyc- 
eride) and is reversible in some tissues (18-20). The 
reversal ofcholinephosphotransferase, followed by 
diglyceride lipasc, may represent a catabolic path- 
way able to release fatty acids from CGP (21). This 
pathway may, therefore, release fatty acids in 
platelets. Moreover, cholinephosphotransferase 
could participate in the synthesis of I-alkyl-2- 
acetyl-sn-glycero-3-phosphorylcholine (platelet ac- 
tivating factor, PAF) in platelets, as observed in 
other tissues (22). 

*Author to whom correspondence should be addressed. 

The aim of the present work is to ascertain 
whether the cholinephosphotransferase activity is 
present in human platelets, and to study its bio- 
chemical properties. 

MATERIALS AND METHODS 

Materials 

Cytidine-5 ' -dipbosphate-[met  hyl-HC]-choline 
(radioactive CDP-choline, specific radioactivity 62 
Ci/mol) was obtained from the Radiochemical 
Centre (Amersham, UK) and tested lor radio- 
chemical purity before use. Other reagents were 
purchased from the common commercial sources. 
Solvents were freshly distilled before use. 

Preparation of Human Platetets 

One hundred to 300 ml of human blood were 
obtained from healthy volunteers fasted for 12 hr 
and abstaining from any drugs for at least 2 weeks. 
Venous stasis was carefully avoided. The blood was 
mixed with 3.8% trisodium citrate (10:1, by vol) to 
prevent clotting. Platelet-rich plasma was obtained 
by centrifugation at 100 • g • 15 min and freed from 
residual erythrocytes by centrifuging 3 times at 
1,000 • g • 15 sec. Platelets were pelleted by centri- 
fugation at 1,000 • g •  20 rain at room temperature, 
gently resuspendcd in 2 ml of isotonic Tris-HCI 
buffer (pH 7.6) containing 2 mM EDTA and 
washed twice with 0.32 M sucrose at 4C. Plastic- 
ware was always used during the described proce- 
dures. 

The purity of the platelet preparation was assess- 
ed by determining the percentage of white and red 
blood cells by phase microscopy. The final suspen- 
sion contained 0.05-0.25% erythrocytes and 0.0- 
0.04% leukocytes. Platelets, resuspended in I ml of 
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0.32 M sucrose were subsequently sonicated 4 
times (10 sec, each time) by means of a MSE 
sonicating apparatus (100 W), keeping the samples 
in melting ice. 

Disrupted platelets were immediately used or 
stored at -20C for not more than 2 weeks. Within 
this period, cholinephosphotransferase activity did 
not vary upon storage. Protein was determined 
according to Lowry et al. (23) using bovine serum 
albumin as a standard. 

Assay of Cholinephosphotransferase Activity 

Disrupted platelets (1-4 mg protein/ml)  were 
incubated with radioactive CDP-choline in the 
conditions described in Results. The final volume 
of the incuation mixture was 0.3 ml, the incubation 
temperature 37C and the reaction was stopped by 
adding 4.6 ml of chloroform/methanol  (2: !, by vol) 
to each sample. 

Extract ion and Analysis of Lipida 

Lipids were extracted fol lowing described pro- 
cedures (24). The final lipid extract was dried under 
vacuum, resuspended in chloroform/methanol (2:1, 
by vol) and quantitatively transferred to Silica Gel 
G plates (0.5 mm, thickness). Chloroform/meth-  
anol/  water (65:25:4, by vol) was used as developing 
solvent. Spots were visualized with I2 vapors and 
identified with pure reference standards. After I2 
sublimation, the spots corresponding to CGP 
were scraped off the plate and transferred to 
scintillation vials; 0.5 ml of ethanol/water  (1 :l, by 
vol) and 10 ml of Emulsifier Scintillator 299 TM 

(Packard, Downers Grove, IL) were added to each 
sample before measuring radioactivity by means of 
a Packard Scintillator (Tri-Carb, mod. 3330), 
using an external standard to calculate efficiency. 

Preparation of 1,2-diacyl-sn-glycerol  

1,2-Diacyl-sn-glycerol (diglyceride) was prepared 
from soybean lecithin according to the method 
described by Binaglia et al. (25) and determined by 
gas chromatographic analysis (25). Diglyceride 
suspensions were prepared sonicating the lipid 3 
times (1 min each time, MSE sonicating apparatus, 
100 W) in a convenient volume of the buffer 
solutions described in Results and containing 0.5% 
Tween-20. 

RESULTS 

General. 

Disrupted human platelets formed radioactive 
CGP upon incubation with labeled CDP-choline in 
various experimental conditions. Labeled CDP- 
choline was not hydrolyzed in our experimental 
conditions. No radioactive CGP was formed using 

platelets which had been boiled for 5 min. The rate 
of CGP formation was quite low (ca. 0.5 nmol X mg 
protein -~ X 30 min -~) with endogenous diglyceride 
as substrate. Enzymic activity was, therefore, 
usually assayed in the presence of added exogenous 
diglyceride. 

Effect of pH 

The highest rates of CG P synthesis were obtained 
at pH 8.0 using Hepes (4-(2-hydroxyethyl)-piper- 
azine-l-ethane-2-sulfonic acid) as a buffer (Fig. 1). 
This is not probably the optimal pH for the 
cholinephosphotransferase reaction, since this 
activity shows a peak at pH 9.2 using glycine- 
NaOH as a buffer; however, this buffer seems to 
inhibit the reaction (Fig. 1) and, for this reason, 
Hepes buffer at p H  8.0 was always used in the 
assays of cholinephosphotransferase activity. 

The effects of pH variations were the same in 
various experimental conditions (concentration of 
CDP-choline from 0.29 to 1.0 mM; concentration 
of diglyceride from 0.79 to 4.0 mM). 

Effect of Protein Concentration 

Figure 2 shows the dependence of CGP formation 
on platelet protein concentration. The enzymic 
activity was linear with protein concentration from 

i I I I 
6 7 8 9 

pH 

.c 

~ 0.5 

E 

c 
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FIG. 1. The effect of pH on cholinephosphotransfcr- 
ase activity. The following bufl~:rs were used: Mops (3- 
(N-morpholino)-propanesulfonic acid)" C]-U]--C~ ; 
Hepes (4-(2- hydroxyet hyl)-piperazine- l-et hane-2-sulfon ic 
acid): A- -A- -A:  Tris-HCl: A--A--A and glycine- 
NaOH: 0 - - 0 - ~  Incubation conditions: 0.29 rnM 
labeled CDP-choline (specific radioactivity 5.8 Ci/mol), 
60 mM buffer, 0.79 mM diglyceride, 0.04% Tween-20, 
0.08 mM dithiothreitol (DTT), 15 mM NaF, 20 mM 
MgCL,. 4.3 mg platelet protein/ml incubation medium. 
Final volume: 0.3 ml; incubation time: 30 min. 
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FIG. 2. The effect of protein concentration on choline- 
phosphotransferase activity. Incubation conditions: 0.25 
mM labeled CDP-choline (specific radioactivity 0.741 
Ci/mol), 60 mM Hepes (pH 8.0), 4.0 mM diglyceride, 
0.04% Tween-20, 0.08 mM DTT, 15 mM NaF, 10 mM 
MnCI2, platelet protein as indicated. Final volume: 0.3 
ml; incubation time: 30 min. 

0 to 3 mg protein • ml incubation mixture -~, a 
deviation from linearity being observed only at 4.5 
mg protein • ml incubation mixture -~ (Fig. 2). 

c 4 
E 
o 

Effect of Divalent Cations 

Divalent cations (Mn 2+ and Mg 2§ affected the 
reaction rate, as shown in Figure 3. Mg 2+ (up to 40 
mM) stimulated the incorporation of CDP-choline 
into CGP, whereas the presence of both 20 mM 

2 +  2 +  - Mg and 2 mM Ca reduced the reaction rate by 
ca. 10 times, compared to 20 mM Mg 2+ alone 
(result not shown in Fig. 3). Mn 2+ also stimulated 
the transfer of phosphocholine from CDP-choline 
to lipid (Fig. 3). At low concentrations, Mn 2+ was a 
better stimulator than Mg 2+, and therefore the 
former ion was used throughout this work. The 
effect of divalent cations remained substantially 
unmodified if the concentration of diglyceride was 
0.79 mM instead of 4.0 mM. 

Effect of Incubation Time 

The amount  of synthesized CGP increased with 
increasing incubation time (Fig. 4). However, the 
slope of lipid labeling depended on incubation 
times, probably as a result of the time required by 
the added diglyceride to interact with platelet 
membranes. 

Effect of Diglycerlde Concentration 

The activity of cholinephosphotransferase de- 
pended upon the concentration of the diglyceride 
added to the incubation mixture (Fig. 5). However, 
the rate of increase was slow at low diglyceride 

A 

I l I I I 
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m M  M g  + +  

I I I I 1 
2 4 6 8 1 0  

m M  M n -  + 

FIG. 3. The effect of divalent cations on cholinephos- 
photransferase activity. Incubation conditions: 0.25 mM 
labeled CDP-choline (specific radioactivity 0.741 Ci/mol), 
60 mM Hepes (pH 8.0), 4.0 mM diglyceride, 0.04% 
Tween-20, 0.08 mM DTT, 15 mM NaF, 1.35 mg platelet 
protein/ml incubation medium, (A) MgCI2 or (B) MnCI2, 
at the indicated concentrations. Incubation volume: 0.3 
ml; incubation time: 30 rain. 

concentrations, rising abruptly above 2 mM di- 
glyceride (Fig. 5A). This may be the result of 
several factors, such as the physical state of the 
added lipid and /or  the action ofa  diglyceride lipase 
(4). 

The ratio diglyceride/detergent during the soni- 
cation of lipids appears to be important for enzymic 
activity (cf. Figs. 5A and 5B). Indeed, varying this 
ratio, an activation by diglyceride on CGP synthesis 
was already detectable at 0.5 mM diglyceride (Fig. 
5B). Moreover, the addition of indomethacin (0.1 
mg/ml incubation mixture), which is known to 
inhibit diglyceride lipase (26), increased the synthesis 
of CGP at low diglyceride concentrations (Fig. 6). 
Therefore, both the physical state of diglyceride 
suspensions and the activity of diglyceride lipase 
could explain the data reported in Figure 5A. 
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FIG. 4. The effect of the incubation time on CGP 
formation. Incubation conditions: 0.32 mM labeled CDP- 
choline (specific radioactivity 2.6 Ci/mol), 60 mM Hepes 
(pH 8.0), 0.84 mM diglyceride, 15 mM NaF, 0.04% 
Tween-20, 0.08 mM D'V[, 10 mM M nCl.~, 2.8 mg platelet 
protein/ml incubation medium. Final volume- 0.3 ml. 
Similar results were obtained with I mM labeled CDP- 
choline and 4 mM diglyceride. 

Effect  of CDP-chol ine Concentrations 

Three experiments, using different piatelet pre- 
parations, have been performed to study the effect 
of CDP-chol ine  concent ra t ion  on the synthesis of 
CGP,  both  in the presence and in the absence of 1 
mM CMP.  The reaction did not follow the Michaelis- 
Menten  equat ion  (Fig. 7) using concent ra t ions  of 
CDP-chol ine  ranging from 0.021 mM to 6.0 mM. 
The same behavior  was observed after  the addi t ion 
of 1 mM CMP.  

Kinetic constants  at various concent ra t ions  have 
been tentatively evaluated by the direct l inear plot 
method (27). F rom 0.021 mM to 0.28 mM C D P -  
choline, the apparen t  KM was ca. 0.045 mM and the 
Vm, was 0.25 nmol • min- '  • mg protein- ~. If C D P -  
choline ranged from 0.28 to 6.0 mM,  the apparen t  
Ks4 was about  0.47 mM and the Vmax 0.65 nmol  • 
min -~ • mg protein -~. In bo th  cases, I mM C M P  
inhibited the reaction. The ratio C M P / C D P -  
choline appeared to be impor tan t  in this con- 
nection. Indeed, the greatest inhibi t ion (ca. 80%) 
occurred when the ratio was higher  than  10 
whereas, at lower values, the inhibi t ion decreased 
to 50%. A negative cooperat ivi ty effect could be 
liable for the anomalous  kinetic behavior  of cho-  
l inephosphotransferase;  indeed, the Hill's coeffi- 
cient was 0.52 (Fig. 8). 
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FIG. 5. The effect of diglyceride concentration on cholinephosphotransferase activity. (A) 
Incubation conditions: 0.39 mM labeled CDP-choline (specific radioactivity: 1.6 Ci/mol), 61) mM 
Hepes (pH 8.0), 10 mM MnCI.~, 0.04~ Tween-20, 0.08 mM I)T-I, 15 mM NaF, 1.5 mg platelet 
protein/ml incubation medium, diglyceride, as indicated. Different diglyceridc conccntrations 
were obtained diluting the initial 48 mM diglyceride suspension (prepared as described in 
Materials and Methods), with convenient amounts of 0.5% Tween-20. (B) Incubation conditions: 
as in (A), except that different diglyceride concentrations were obtained by sonicating separately 
different amounts of diglyceride in the same volume of detergent solution. 
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FIG. 6. The effect of indomethacin on CGP synthesis 
at different diglyceride concentrations. Incubation con- 
ditions: 1 mM labeled CDP-choline(specific radioactivity 
0.82 Ci/mol),  60 mM Hepes (pH 8.0), 10 mM MnCb,  
0.04% Tween-20, 0.08 mM DTT, 15 mM NaF, 1.1 mg 
platelet protein/ml incubation medium. Final volume: 
0.3 ml; incubation time: 30 min. Diglyceride suspensions 
were prepared as described in Figure 5B. No indomethacin 
added: O - - O - - O ;  0.1 mg indomethacin/ml  incubation 
medium: 0 - - 0 - - 0 .  

3�9 

| 

,'o ~o " 

FIG. 7. "lhe effect of CDP-choline concentration on 
choline phosphotransferase activity. Incubation condi- 
tions: 60 mM Hepes (pH 8.0), 0.08 mM I)DT, 15 mM 
NaF, 10 mM MnCb,  4.0 mM diglyceride, 0.04o~ �9 Tween- 
20, I mg platclet protcin/ml incubation medium, labeled 
CDP-choline, as indicated. Final volume: 0.3 ml; incuba- 
tion time: 30 min. No CMP added: s  I mM 
CMP: - - - A - - A  . 
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FIG. 8. Hilrs plot for the activity of cholinephosphotranslerasc vs CDP-choline concentration. 
Incubation conditions: as in Figure 7. V,,~ has been calculated by extrapolating the Lincweaver- 
Burk plot. Hill's coefficicnt :r 0.52; r = 0.99. 
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DISCUSSION 

Various mechanisms seem to be involved in the 
renewal of platelet CGP. In fact, the exchange of 
CGP from plasma lipoproteins to platelets has 
been reported (28) in addition to interconversion 
reactions leading to CGP synthesis (14-17). A 
synthesis ex novo of CGP has been demonstra ted  
in platelets (10,1 l, 15), but the enzymes responsible 
for CGP biosynthesis have not been described. 

In this work, human platelets have been shown 
to possess a chol inephosphotransferase activity 
(EC 2.7.8.2). The alkaline I~H optimum, the acti- 
vation by Mn z* and Mg + and the inhibition 
produced by Ca z" on human pIatelet cho)inepho- 
transferase are properties quite similar to those of 
the enzyme from other sources (29,30). In platelets, 
low concentrat ions of Mn 2§ are a much more active 
stimulator than the corresponding concentrat ions 
of Mg 2§ From this point of view, the enzyme 
resembles e thano l aminephospho t r ans f e r a se  of 
human platelets (13) and of other tissues (31). On 
the other hand, the highest st imulation of human 
platelet cholinephosphotransferase is obtained with 
I-2 mM Mn 2§ whereas 10 mM Mn 2§ is required to 
produce the same effect on e thanolaminephospho-  
transferase (13). 

The content of diglyceride in platelets is low (I), 
which can explain the small amount  of  activity 
found when no diglyceride is added to the incu- 
bation mixture. The time requited by added ex- 
.ogenous diglyceride to interact with platelet mem- 
branes may explain the results shown in Figure 4. 
On the other hand, the effect of the addit ion of 
soybean diglyceride to the incubation mixture is 
rather complicated. Figures 5 and 6 show that both 
the method of preparing diglyceride suspensions 
and the activity of a diglyceride lipase (4) represent 
factors able to influence the stimulatory properties 
of diglyceride on the enzyme. 

It was impossible, in our experimental conditions, 
to calculate both the KM and the Vm~, for CDP-  
choline. ]r~deed, the enzymic activity did not fo}}ow 
the classical Michaelis-Menten equation; for this 
reason, the apparent  Ks1 and Vm,, depended on the 
concentrat ions of CDP-choline.  Increasing the 
concentrat ion of the substrate, the Vm~ apparently 
increased 2- to 5-fold and the Kr, l 10-fold. This 
anomalous behavior can be due to a negative 
cooperative effect, although the presence of two or 
more enzymes possessing different kinetic pro- 
perties cannot be ruled out. Further studies on 
platelet subfractions may help clarify this point. 

The reaction is inhibited by I mM C M P  at any 
CDP-choline concentration; however, the degree 
of inhibition depends on the ratio between the 
concentration of the substrate and that  of the 
inhibitor. Because of the anomalous kinetic be- 
havior of human platelet chol inephosphotransfer-  

ase, it is impossible to state the type of inhibition 
exerted by CMP.  On the other hand, the effect of 
CM P on the reaction rates might be connected with 
a possible reversibility of chol inephosphotransfer-  
ase activity, as shown in other tissues (18-20). 

CGP is an important  source of free fatty acids in 
platelets, and phospholipases (5-9) can certainly 
account for this rote of CGP; however, a reversal of 
cholinephosphotransferase activity followed by the 
action ofa  diglyceride lipase could also produce the 
arachidonic acid required for the synthesis of 
prostaglandin. The possibility that platelets possess 
two pathways (possibly differently regulated) for 
the release of free fatty acid from CGP is certainly 
interesting and should be investigated in future 
work. Moreover,  chol inephosphotransferase could 
also be implied in the synthesis of PAF,  which has 
been shown to be a powerful inducer of platelet 
aggregation (32). 
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Biliary and Fecal Steroid Excretion in Rats Fed Partially 
Hydrogenated Soybean Oil 
MICHIHIRO SUGANO, TAKASHI IDE, MITSUKO KOHNO. MIDORI  WATANABE. YOUNG-J.  CHO and 
YASUO NAGATA, Laboratory of Nutrition Chemistry, Kyushu Universiy School of Agriculture, Fukuoka 812, 
Japan 

ABSTRACT 

Male Wistar rats were fed cholesterol-free or cholesterol-enriched diets containing partially hydrogenated 
soybean oil with different levels of trans-fatty acids or unhydrogenated soybean oil at the 10% level. The 
linoleic acid content of hydrogenated fat diets was adjusted to 3.6% of the total energy. Hydrogenated fat 
diets contained 29% and 41% trans-acids, mainly as t-18: I. Trans-fats exerted no untoward effects on 
growth parameters, but increased liver weight. Dietary hydrogenated fats influenced neither the 
concentration nor composition of bi|iary steroids, irrespective of the presence or absence of cholesterol in 
the diet. In rats fed a cholesterol-free diet, daily fecal output of neutral and acidic steroids was enhanced by 
hydrogenated fats and the magnitude of augmentation was proportional to the dietary level of trans-fatty 
acids. The increased fecal steroid excretion corresponded to an increase in total excreta. Hydrogenated fats 
also tended to enhance bile acid excretion when feeding a cholesterol-enriched diet. The results suggest that 
dietary trans-fatty acids, in relation to c/s-polyunsaturated fatty acids, provoke demonstrable change in 
steroid homeodynamics. 
Lipid.s 18:186-192, 1983. 

INTRODUCTION 

Partially hydrogenated fats usually conta in  con- 
siderable amounts  of trans-fatty acids. Recent 
studies of Canad ian  (1,2) and  Japanese  (3,4) mar-  
garines showed that  most of the trans-isomers were 
monoenes  and only small or negligible amoun t s  of 
trans-dienes were presented. Thus,  trans-isomers in 
average processed fats are composed primari ly of 
trans-octadecenoic acid (t-18: I). A report  submit -  
ted to the US Food and Drug Adminis t ra t ion  in 
1976 concluded that  hydrogenated soybean oil is 
not  hazardous  to the public so far as dietary levels 
that  are now current  or that  might  reasonably  be 
expected in the future (5). An epidemiological  
survey, however, claimed a significant positive 
correlat ion between dietary trans-fatty acid com- 
ponents  and cancer  causat ion (6,7), though  there 
are a number  of  criticisms against  the concept  (8- 
i0). 

Since dietary fat is though t  to enhance  the 
development  of bowel tumors ,  presumably by 
s t imulat ing product ion  of bile acids (1 I, 12), it is of 
considerable interest if dietary trans-fatty acid 
might affect the biliary and  hence, fecal excret ion 
of steroids. The relat ionship of trans-fatty acids in 
diets to the metabol ism of cholesterol  and bile acids 
is still not well unders tood (13,14). 

In this report,  the effects of two types of 
hydrogenated soybean oils conta in ing different 
levels of trans-fatty acids on biliary and fecal 
steroid excret ion as well as serum lipids and 
apol ipoprote ins  in rats were compared  with those 
of unhyd~ogenated soybean oil from which hy- 
drogenated products  were prepared. 

MATERIALS AND METHODS 

Animals and Diets 

Specific pathogen-free male Wistar  rats were 
obtained at about  4 weeks of age from Kyudo Co., 
Kumamoto ,  and  were housed individually in stain- 
less steel cages. After  4-5 days of accl imat ion in an 
air-condi t ioned room (20 C, RH 60%, Biotron) 
with a l ternat ing 12-hr periods of light (08.00-20.00 
hr), the rats (weighing an average of 100 g and 106 g 
for the first and second experiments ,  respectively) 
were then divided into exper imental  groups with 
food and water available ad libitum. Two sets of 
studies were done with diets free of or conta in ing  
cholesterol using soybean oil and two partially 
hydrogenated soybean oils as a fat source. The 
composi t ion of the diet (15) is given in "lable 1, 
together  with the fatty acid composi t ion.  Hydrog-  
enated fats were prepared in the presence of 
stabilized nickel catalyst at hydrogen pressure 3 
kg /cm 2 and at 180-200 C. These fats conta ined c~- 
tocopherol  100 ppm and citric acid 25 ppm. 
Hydrogenated fats are referred to in this paper  as 
high trans-fat and low trans-fat, depending on the 
content  of trans-isomers. When high trans-fat was 
used, 2% out of 10% was replaced with safflower oil 
to avert  essential fatty acid deficiency; hydrogenat -  
ed fat diets thus supplied 3.6% of the total  energy as 
linoleic acid. 

Food intake and body weight were measured 
every 2 days. A small volume of blood was 
wi thdrawn from the tail vein for analysis of serum 
cholesterol and apol ipoprote ins  1-2 days before 
bile collection. After feeding cholesterol-free diets 
for 32-36 days or choles terol-containing diets for 
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TABLE I 

Composition ol Diets 
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Ingredientr 

Soybean oil l.o~, trans-fat High trans-fat 
diet diet diet 
(%) (%) (%) 

Casein 20 20 20 
Soybean oil 10 
I.ow tran.~-lat 10 
High tran.s-fat 8 
Safflower oil 2 
Mineral mixture 4 4 4 
Vitamin mixture 1 I I 
(water soluble) 

Choline chloride 0.15 0.15 0.15 
Cellulose powder 2 2 2 
Sucrose 62.85 62.85 62.85 

Fatty acid composition (e//:) 
16:0 (I.00)" 10.2 10. I 10.4 
18:0 (1.29) 4.5 5.5 12.2 

t-18:l (1.46) 22.9 40.6 
c-18:1 (I.54) 26.3 36.8 16.8 
ct-18:2 (1.79) 6.2 0.2 
cc-18:2 (I.91) 54.2 18.0 17.8 

ccc-18:3 (2.32) 4.7 1.0 

~The diet contained tat soluble vitamins in 0.25 g corn oil~ 100 g(retinyl palmitate 4001 U, cholccalcifero1200 
IU and l)l.-a-tocopheryl acetate 10 rag). Cholesterol (0.5%) was added at the expense ol sucrose. 

"The relative retention time in parenthesis, ct-18:2 includes tc-18:2. ]'he relative retention time oftt-18:2 was 
1.65. 

25-28 days, the bile duct was cannula ted under  light 
ether anesthesia dur ing 10.00-1 1.30 hr. Rats were 
kept in restraining cages and the bile was collected 
for 2 hr by moni tor ing  the flow rate at  30-min 
intervals, and kept frozen until  analyzed. The bile 
drained at the constant  rate was used for steroid 
analysis. Rats were killed by decapi ta t ion immedi- 
ately after te rminat ion  of bile collection, blood was 
collected and the liver and epididymal adipose 
tissue excised. Prior  to blood withdrawal  from the 
tail vein, feces were collected for 2 days and 
lyophilized. 

Lipid and Steroid Analyses 

Blood sera obtained before bile duct cannula t ion  
were analyzed for cholesterol by the enzymatic  
method (Cholesterol  C-Test, Wako Pure Chemi-  
cals Inc., Osaka) and for apol ipoprote ins  A-I, B 
and E by immunoelect rophores is  (16). Lipids f rom 
livers and blood sera obtained after decapi ta t ion 
were extracted with a Folch 's  solvent (17) and 
analyzed for cholesterol, triglyceride and phospho-  
lipid as reported elsewhere (18). Biliary and fecal 
neutral  steroids (19) and acidic steroids (20) were 
analyzed by gas-liquid ch roma tog raphy  (GLC). 
Neutral  steroids were assayed as trimethylsilyl 
ether using 3% OV-17 on Gas -Chrom Q with a 5a-  
cholestane s tandard.  Bile acids were assayed as 
hexaf luoroisopropyl  ester- tr i f luoroacetate deriva- 
tive (21) using 2% QF-I  on Unipor t  HP  and  as 

methyl ester-trimethylsilyl e ther  derivative using 
1.5% SE-30 on C h r o m o s o r b  W AW D M C S  with 
5fl-cholanic acid as a s tandard.  Biliary bile acids 
were also determined by the enzymatic  method as 
taurochola te  s tandard (22). 

Fatty acid composi t ions  of the total  lipid frac- 
t ion of serum, liver and adipose tissue were deter- 
mined by GLC using 10% DEGS (conta in ing  1% 
H3PO4) on Unipor t  HP (3 m m •  2 m glass column). 
These packings were obtained from Gaskuro Kogyo 
Inc., Tokyo. Tissue lipids were also analyzed on 
packed column (15% OV-275 on C h r o m o s o r b  P 
AW, 3 mm • 6 m glass column, Sh imadzu  
Seisakusho,  Kyoto) to separate  cis-  and t rans -  

isomers (23,24). The results obtained with DEGS 
and OV-275 columns agreed reasonably well with 
each other  (4). The GLC analyses were performed 
on Shimadzu  Gas C h r o m a t o g r a p h  4 C M P F .  

Statistical Analysis 

Scheffe's analysis of variance (25) was used to 
evaluate the statistical significance with the proba-  
bility level, 0.05. 

RESULTS 

Effects of Dietary Fats on Serum and Uver Lipids 

In two sets of experiments ,  cholesterol-free and  
cholesterol-enriched diets, different dietary hydrog- 
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TABI.E 2 

Effects o| Dietary Fats on Serum and Liver Lipids" 

l.ipids 

Dietary lats 

Soybean oil Low trans-fat High trans-lat 

Cholesterol-free diet 
Serum" 

Cholesterol (mg/dl )  99.6 +7.8  108 -+3.3 121 -+6.9 
Apolipoproteins (mg!  all) 

A p o A - I  88.8 -+3.7 98.3 -+4.0 101 -+3.6 
Apo B 15.9 -+0.9' 8 .82+0.45  d 12.2 +0 .6  ~ 
Apo E 48.9 _+3.0 59.2 -+4.5 54.2 +4 .0  

Liver 
Weight (g/100 g body wt.) 3.69 -+ 0.01 ~ 3.95 + 0.09 ~ " 4.24 + 0.13 J 
Cholesterol ( rag/g)  2.58 -+ 0.11 234  +- 0.15 2.37 -+ 0.10 
Trig|yceride {rag/g) 17.4 -2_ 1.5' 13.7 +-0.8"'" 11.9 +_0.4' 

Cholesterol-supplemented diet 
Serum d 

Cholesterol (mg/dl )  133 +21.7 '  197 +24.1 ~'" 252 _+ 19.9" 
Apolipoproteins (mg/d l )  

Apo A-I 85.5 + 6.9 86.6 +_ 4.2 93.9 +_ 2.4 
Apo B 12.4 + 0.9 12.6 _+ I.I 13.2 + 1.6 
Apo E 24.6 -4- 1.6 ~ 31.0 + 1.9" 25.7 + 1.1'"' 

Liver 
Weight (g/100 g body wt.) 5 . 0 6 -  + 0.18' 5.43-+ 0.09 d 5 .32_ + 0.14" 
Cho le s t e ro l (mg /g )  32.2 + 4.6 27.1 + 1.6 27.4 + 2.2 
Tr ig lyce r ide (mg/g )  32.9 -+ 6.2' 16.4 -+ 1.3 d 12.1 + 0.7 ~ 

' M e a n  + SE of 7-8 rats per group. 
"Before bile drainage. 
"d"Vatues  in the same line not shar ing the c o m m o n  

enated fats showed no untoward effect on weight 
gain and food intake. The average body weight 
gain of rats fed cholesterol-free and cholesterol- 
containing diets was 6.7 g /day  and 7.2 g/day,  
respectively. Food consumption was 17.5 g /day  for 
the former and 17.2 g /day  for the latter. As shown 
in Table 2, liver weight tended to increase on 
feeding hydrogenated fats, in particular on feeding 
a cholesterol-free diet. 

In rats fed a cholesterol-free diet, the concentra- 
tion of serum cholesterol was virtually the same 
among 3 groups. Cholesterol feeding considerably 
increased the level of serum cholesterol and it was 
most prominent when high trans-fat was fed. 
Serum triglyceride and phospholipid levels stayed 
in the same range among different groups in both 
trials, respectively (data not shown). No demon- 
strable difference due to trans-fat feeding was 
observed in serum apo A-! level. In rats fed a 
cholesterol-free diet, the serum apo E level was 
indistinguishable among 3 groups whereas apo B 
tended to decrease on feeding hydrogenated fats in 
relation to unhydrogenated fat. No such difference 
in apo B was observed in rats fed a cholesterol- 
containing diet, while the apo E level was slightly 
high in animals fed low trans-fat compared to those 
fed soybean oil. 

Hepatic triglyceride decreased in rats fed hy- 
drogenated fats both in cholesterol-free and more 

superscript letters were significantly different at P<0.05. 

markedly in cholesterol-containing diets compared 
to the corresponding animals fed untreated soy- 
bean oil. Consequently, dietary cholesterol-depend- 
ent accumulation of triglyceride was evident only 
in rats fed soybean oil, though the magnitude of 
cholesterol deposition was apparently the same 
among different groups. No differences were ob- 
served on the phospholipid levels in two sets of 
experiments (data not shown). 

Effects of Dietary Fa ts  o n  Biliary Steroids 

As shown in Table 3, in rats fed a cholesterol-free 
diet, dietary fat type did not alter the concentration 
of biliary cholesterol and bile acids, though there 
was an equivocal difference in the rate of bile flow. 
Cholesterol feeding considerably increased the 
concentration of cholesterol and bile acids in the 
bile, but no significant dietary fat-dependent alter- 
ations in these parameters were observed. Dietary 
fat type also did not alter biliary bile acid composi- 
tions in both experiments, though they were cogni- 
tively modified by cholesterol feeding. Main changes 
due to dietary cholesterol were the increase in the 
percentage of fl-muricholic acid and the decrease in 
o~-muricholic acid. 

Effects of Dietary Fa ts  on  Feca l  Steroid Excretion 

The data for fecal steroid excretion are summar- 
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TABLE 3 

Effects of Dietary Fats on Biliary Steroids' 
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Dietary Fats 

Biliary steroids Soybean oil I.ov, truns-lat High trans-iat 

Cholesterol-free diet 
Bile flow (mli hr) 0.84 + 0.04 "'~ 0.69 -+ 0.05 ~ 0.95 -+ 0.06" 
Cholesterol (rag/ml) 0.12 -+ 0.01 0. I I +_ 0.01 0.11 --- 0.01 
Bile acids 
Concentration (mg/ml) ~ 9.97 + 0.86 10.5 +_ 0.8 9,4g + 0.42 
Composition (~ 

l,ithocholic 1.0 + 0.3 0.3 + 0.0 0.3 + 0.0 
Deoxycholic 2.0 +_ 0.3 1.8 _+ 0.3 1.9 +- 0.6 
Chenodeoxycholic 4.6 +0.3 5.0 +0.7 4.0 +-0.5 
Cholic + a-muricholic 49.9 +3.7 47.5 +2.1 45.4 +_2.4 
12-ketolithocholic 11.2 -+4.0 10.4 +0.4 ll.O -+l.0 
fl-Muricholic 5.7 +-1.0 8.2 +-0.9 8.6 +-3.1 
to-Muricholic 10.3 +2.1 10.3 +__1.7 15.1 -+2.0 

Cholcster ol-supplemented diet 
Bile flow (mh hr) 0.74 + 0.09 0.79 _+ 0.06 0.75 +- 0.07 
Cholesterol (mg / ml) 0.22 +_ 0.02 0. 18 _+ 0.01 0.19 -+ 0.0 I 
Bile Acids 
Concentration (mg/ml) b 16.4 + 1.9 16.4 + 2.0 16.8 +_ 2.3 
Composition (%)c 

Lithocholic 0.2 -+0.1 0.1 +0.0 0.1 +-0.0 
Deoxycholic 2.4 +0.6 2.3 +_06 2.6 -+0,5 
Chenodeoxycholic 4.3 +-0.6 3.0 +-0.7 2.3 +-0.5 
Cholic + ct-muricholic 42.7 + 2.0 39.7 +_ 2.2 37.0 +- 1.7 
12-Ketolithocholic 7.3 +0.4 6.9 +_0.4 6.5 -+0.7 
B-Muricholic 14.3 +- 2.1 23.5 +- 2.5 22.9 -+ 2.4 
to-Muricholic 3.3 +_ 1.0 5.1 + 1.6 7.6 -+2.3 

OMean+ SE of 7-8 rats per group. 
has taurocholate. 
'Excludes 3-4 unidentified bile acids. 
~'Walues in the same line not sharing common superscript letters were significantly different at P<  0.05. 

ized in Tab l e  4. T h e  dai ly  neu t r a l  s te ro id  e x c r e t i o n  
ra te  in ra ts  fed a cho les te ro l - f ree  diet ,  bu t  no t  in 
t h o s e  fed a c h o l e s t e r o l - c o n t a i n i n g  diet ,  i nc rea sed  
on  feed ing  h y d r o g e n a t e d  fats  a n d  the  d i f fe rence  
be tween  u n h y d r o g e n a t e d  s o y b e a n  oil a n d  h i gh  
t rans- fat  was  s igni f icant .  T h e  inc rease  was  largely 
asc r ibed  to an  inc rease  in the  e x c r e t a  a n d  the  
c o n c e n t r a t i o n  o f  fecal neu t ra l  s te ro ids  was  c o m p a r -  
able  (8.1-9.3 m g / g  dry  feces). H y d r o g e n a t e d  fats  
ra ised the  c o n c e n t r a t i o n  (5.3 m g / g  d ry  feces for  
u n h y d r o g e n a t e d  fat and  7.4-8,5 m g / g  for  h y d r o g -  
e n a t e d  fats ,  P <  0.05) a n d  da i ly  e x c r e t i o n  o f  fecal 
acidic s te ro ids  s igni f icant ly  in ra ts  fed a choles te ro l -  
free diet. A s imi la r  e x t e n t  o f  the  inc rease  in fecal 
exc r e t i on  o f  acidic  s t e ro ids  was  also o b s e r v e d  in 
ra ts  fed a c h o l e s t e r o l - c o n t a i n i n g  diet ,  t h o u g h  no t  
s ta t i s t ica l ly  s igni f icant .  S e m i q u a n t i t a t i v e  ana l y s i s  
showed  a sl ight  increase  in fecal total  lipids (diethyl-  
e t h e r  ex t rac tab le )  on  h y d r o g e n a t e d  fa ts  pa r t i cu l a r -  
ly in a cho les te ro l - f ree  diet ,  s u g g e s t i n g  the  dif fer-  
ence  in the  ra te  o f  a b s o r p t i o n  o f  d ie t a ry  fats.  

Effects of Dietary Fats and Fatty Acid Composition of 
Tissue Lipids 

In  the  e x p e r i m e n t  wi th  a cho le s t e ro l - f r ee  diet ,  

fa t ty  ac ids  f r o m  the  s e r u m  tota l  l ipids o f  ra ts  fed 
low a n d  h igh  t rans- fa ts  c o n t a i n e d  ca. 5% a n d  10% 
t-18: I, l iver l ipids 13% a n d  17%, a n d  the  a d i p o s e  
t i ssue ,  18% a n d  25%, respect ively ,  in  ra t s  fed a 
c h o l e s t e r o l - c o n t a i n i n g  diet ,  b o t h  s e r u m  a n d  liver 
l ipids f r o m  rats  fed h y d r o g e n a t e d  fa ts  c o n t a i n e d  
s imi l a r  a m o u n t s  o f  t-18: l ,  8% a n d  12% for  fa ts  low 
and  h igh  in t rans- fa t ty  ac ids  a n d  the  a d i p o s e  t i s sue  
c o n t a i n e d  17% a n d  23%, respect ively .  In bo th  
e x p e r i m e n t s ,  the  pe rcen t age  o f  c i s -18:2  a n d  20 :4  
was  c o m p a r a b l e  be tween  low a n d  h igh  t rans- fat  
g r o u p s ,  respect ively.  N o  s ign o f  essen t ia l  fa t ty  acid 
def ic iency was  recogn ized  in ra ts  fed h y d r o g e n a t e d  
fats  f r o m  the  fa t ty  acid profi le  s ince  v i r tua l ly  no  
20 :3n9  was  de tec ted .  

DISCUSSION 

T h e  p re sen t  s t u d y  ind ica ted  tha t  h y d r o g e n a t e d  
fats  c o n t a i n i n g  m a i n l y  t-18: 1, c o m p a r e d  wi th  the  
u n h y d r o g e n a t e d  fat,  a l tered  the  fecal o u t p u t  o f  
s tero ids .  T h e  inc rease  in fecal acidic  s te ro id  excre -  
t ion  was  clearly d e m o n s t r a t e d  in the  a b s e n c e  o f  
d ie t a ry  choles tero l ,  T h o u g h  the  d i f fe rence  was  no t  
s ta t i s t ica l ly  s ign i f ican t ,  a s imi la r  t r end  cou ld  a l so  
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TABI.E 4 

Elfects ol Dietary Fats on Fecal Steroid Excretion ~ 

Dietary fats 

Fecal steroids Soybean oil l.ow trans fat High tratl.~-lat 

Cholesterol-free diet 
Feces (g;day)" 0.57 _t I1.04" 0.77 _+ 0.04" 0.83 + 0.05 ~ 
Neutral steroids (mg/day) 
Coprostanol 3.02 _+ 0.46 4.01 + 0.35 4.54 • 0.56 
Cholesterol 1.72 _+ 0 14" 2.24 _+ 0. IC 3.16 _+ 0.18 ~ 
Total 4.74 + 0.58 J 6.25 ~- 0.460`" 7.70 + 0.59" 

Acidic steroids (mg! day) 
Lithocholic 0.29 4_ 0.02" 0.47 .-+ 0.04 ~ 0.46 -+ 0.08 r 
Deoxycholic 0.60 _+ 0.14 1.05 + 0. 14 0.98 -+ I).20 
Cholic + ot-muricholic 0.18 _+ 0.18 0.411 -+ 0.08 0.44 -+ 0.10 
12-Ketolit hocholic 0.15 +_ 0.02 0.24 _+ 0.04 0.30 -+ 0.06 
/3-M uricholic 0.41 4_ 0.08 0.59 -+ 0.13 1.22 _+ 0.38 
to-Muricholic I. 13 • 0.17 ~ 2.78 -+ 0.23 ~ '~ 3.30 • 0.64" 
Total ~ 3.00 • 0.40'; 5.69 + 0.56 '''~ 7.115 _+ 1.24 ~ 

Cholester ol-supplemcnted diet 
Feces (g: day) 0.72 _+ 0.040 0.95 _+ 0.0Y 0.88 _+ 0.05 '~ '~ 
Neutral stcriods (mg/day) 
Coprostanol 14.3 _+ 1.2 22.0 "+ 2.(l 14.7 _+2.3 
Cholesterol 29.5 + 3.2 33.5 1- 2.3 24.9 -+ 2.2 
Total 43.7 • ~'' 55.6 -+3.Y' 39.8 _+2.9" 

Acidic steroids (mgi day) 
t.ithocholic 3.60 -+ 0.31 ~ 6.10 +_ 0.62 ~ 5.79 +_ 0.61"" 
Deoxycholic 2.39 -+ 0.230 3.93 • 0.29 r 2.82 -+ 0.3Y ~'~ 
Cholic + a-muricholic 3.27 -+ 0.84 4.30 -+ 1.60 3.47 _+ 0.97 
12-Ketolit hocholic 0.78 _+ 0.09 I. 14 _+ 0.22 1.41 + 0.37 
B-Muricholic 2.61 _+_ 1.30 6.51 _+ 0.97 9.85 _+ 3.50 
o~-Muricholic 4.81 -+ 1.20 5.42 -+ 0.80 4.38 -+ 0.61 
Totar 17.6 _+ 1.9 27.6 _+2.7 28.0 _+5.6 

'Mean • SE of 7-8 rats per group. 
"Dry weight. 
'Includes I-2 unidentificd bile acids. 
J"Values in the same line not sharing common superscript lctters were signilicantly different at P< l).05. 

be observed in the presence of  dietary cholesterol .  
Neutral  steroid excret ion also increased in the 
absence of  cholesterol  in the diet. The enhanced  
fecal neutral  steroid ou tpu t  was  ascribed largely to 
the increase in the excreta,  whereas  as to bile acids 
both  the concen t ra t ion  and daily ou t pu t  increased,  
suggest ing a net increase in the fecal excret ion in 
response  to dietary trans-fatty acids. 

The  type of  dietary fat is likely to influence the 
concen t ra t ion  and compos i t i on  of  biliary bile acids 
and hence those  of  the excreta.  Po lyunsa tu ra t ed  
fats in relat ion to the less unsa tu ra t ed  or  sa tura ted  
coun te rpa r t s  are general ly believed to enhance  
biliary bile acid excret ion (26,27). This  act ion is 
t hough t  to be one of  the m e c h a n i s m s  by which 
po lyunsa tu ra ted  fats exert  the hypocho les t e ro lem-  
ic effect. Studies of  Reddy et al. (28) with rats  were, 
however ,  unable  to d e m o n s t r a t e  the effect of 
dietary fat type on the biliary bile acid concen t ra -  
t ion and compos i t ion ,  and  it was  the level of  dietary 
fats tha t  de termined fecal as well as biliary bile acid 
excretion.  Thus ,  enhanced  bile acid excre t ion  due 
to partially hydrogena ted  fat feeding appea r s  to 

represent  a specific biological act ion of  trans-fatty 
acid ra ther  than the effect of  the differences in the 
degree of  unsa tu r a t i on  of  dietary fat. 

Since hydrogena ted  fats s t imula ted  fecal excre- 
t ion of  steroids,  par t icular ly  on  feeding a cholester-  
ol-free diet, wi thout  inf luencing the concen t ra t ion ,  
compos i t i on  and secret ion rate of  biliary steroids,  
it is reasonable  to cons ider  that  hydrogena ted  fat 
feeding results in the reduction of bile acid reabsorp-  
t ion f rom the lower intestine. Accordingly ,  it seems 
plausible that  trans-fatty acid s t imula tes  the bile 
acid p roduc t ion  in the liver. In swine,  however ,  the 
specific activity of  hepatic 3 -hydroxy-3-methy lg lu -  
taryl coenzyme A reductase  and  choles te ro l -7a-  
hydroxy lase  was not influenced by dietary fat 
blend of  var ious  p r o p o r t i o n  of  trans-, cis- and 
sa tura ted  fats (29). R a m e s h a  et al. (26) showed  an 
enhancemen t  of  several pa rame te r s  for cholesterol  
and bile acid synthesis  by saff lower  oil c ompa r e d  
with hydrogena ted  vegetable oils, t h o u g h  no data  
for trans-fatty acid con ten t  of the latter were given. 
The exact mechan i sm for the trans-fat induced 
increase in fecal steroid excret ion remains  to be 
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clarif ied.  
T h e  c o n c e n t r a t i o n  o f  s e r u m  a p o  B a n d  E, but  no t  

a p o  A-I ,  was  modi f i ed  by par t ia l ly  h y d r o g e n a t e d  
fats  in s o m e  occas ions .  T h i s  raises  the  poss ib i l i ty  
t ha t  trans-fats al ter  the  m e t a b o l i s m  of  t r ig lycer ide-  
rich l ipopro te ins .  A p o  B and  E are  k n o w n  to be 
secre ted  in to  the  c i r cu la t ion  as c o m p o n e n t s  o f  
t r ig lycer ide- r ich  l i pop ro t e i n s  (30). At  p resen t ,  it is 
indeed  diff icul t  to predic t  f r o m  the  o b s e r v e d  d a t a  
a lone  h o w  trans-fats affect  the  m e t a b o l i s m  o f  these  
l ipopro te ins ,  s ince  the  c o n c e n t r a t i o n  o f  s e r u m  
a p o l i p o p r o t e i n s  is d e t e r m i n e d  by the  ra tes  o f  en t ry  
in to  a n d  d i s a p p e a r a n c e  ou t  of  the  c i rcu la t ion .  
However ,  f r o m  the  c o m m o n l y  obse rved  dec rease  in 
the  c o n c e n t r a t i o n  o f  hepa t i c  t r ig lycer ide ,  it s e e m s  
t ha t  h y d r o g e n a t e d  fats  at  least  m o d i f y  the  d y n a m -  
ics o f  t r ig lycer ide  m e t a b o l i s m .  M o r e o v e r ,  the  re- 
s p o n s e  to trans-fats o f  s e r u m  a p o l i p o p r o t e i n s  was  
r a the r  d i f ferent  in t wo  e x p e r i m e n t s  wi th  and  
w i t h o u t  choles te ro l .  D i e t a ry  cho les t e ro l  a lso affect  
the  m e t a b o l i s m  o f  a p o l i p o p r o t e i n s  (31). 

The  f ind ing  tha t  trans-fats affec ted  the  fecal 
exc r e t i on  o f  bile ac ids  is o f  in te res t  in the  l ight  o f  
pos tu l a t ed  r e l a t i onsh ip  be tween  c a r c i n o g e n e s i s  in 
the  co lon  a n d  d ie ta ry  fat  (32,33). It h a s  been  
hypo the s i zed  t ha t  a h igh  fat diet no t  on l y  c h a n g e s  
the  c o m p o s i t i o n  o f  bile ac ids  but  a lso  mod i f i e s  the  
act iv i ty  o f  gu t  m i c r o t l o r a  which ,  in t u rn ,  p r o d u c e s  
t u m o r - p r o m o t i n g  s u b s t a n c e s  f r o m  bile ac ids  in the  
l u m e n  of  the  co lon  ( I I, 12). T h u s ,  par t ia l  h y d r o g e n -  
a t i on  m a y  a l so  m o d i f y  the  ca r c i nogen i c  ac t iv i ty  ot 
fat (34). T h o u g h  the  rate o f  bacter ia l  t r a n s f o r m a -  
t ion  o f  cho les te ro l  to c o p r o s t a n o l  was  i nva r i ab l e  in 
bo th  e x p e r i m e n t s ,  the re  was  a cogn i t ive  d i f fe rence  
in the  fecal bile acid c o m p o s i t i o n  in p a r t i c u l a r  in 
ra ts  fed a c h o l e s t e r o l - c o n t a i n i n g  diet .  Even  c o n s i d -  
e r ing  the  poss ib le  d i f fe rence  in the  rate o f  r e a b s o r p -  
t ion  o f  i nd iv idua l  bile acids ,  the  resul ts  s t r o n g l y  
sugges t  m o d i f i c a t i o n  o f  gu t  m i c ro f l o r a  d u e  to 
d ie ta ry  h y d r o g e n a t e d  fats.  

Par t ia l  h y d r o g e n a t i o n  yields a wide  r ange  o f  
b o t h  geome t r i c  and  pos i t i ona l  i somers  o f  u n s a t u r -  
a ted  fa t ty  ac ids  (35). It is t h u s  o f  in teres t  to e x a m i n e  
wha t  type  o f  trans-isomer is mos t  effect ive to 
a u g m e n t  s te ro id  exc r e t i on  (36). S ince  in the  p r e sen t  
s tud ies  we ten ta t ive ly  c o m p a r e d  the  effect  o f  
par t ia l ly  h y d r o g e n a t e d  fats  to t ha t  of  p o l y u n s a t u r -  
a ted  fat f r o m  wh ich  h y d r o g e n a t e d  p r o d u c t s  were 
p repa red ,  the  e x p l a n a t i o n  o f  the  resu l t s  o b t a i n e d  
s h o u l d  be res t r ic ted  to a c o n s i d e r a b l e  ex ten t .  
Howeve r ,  the  obse rved  effects  o f  h y d r o g e n a t e d  fats  
a re  at  least likely to reflect the  specif ic  b io logica l  
a c t i on  o f  trans-fatty acids.  

Ava i l ab le  i n f o r m a t i o n  ind ica tes  t ha t  the  effect  o f  
trans-fats on  the  fa t ty  acid m e t a b o l i s m  is mod i f i ed  
by the  type  o f  d ie t a ry  fat s i m u l t a n e o u s l y  inges ted  
(29,37). M o r e  sy s t emi c  s tud ies  u t i l iz ing  v a r i o u s  fa ts  
with c o m p a r a b l e  fat ty  acid c o m p o s i t i o n s  are,  there-  
fore,  cu r r en t l y  in p rog res s  in o u r  l abo ra t o ry .  T h e s e  

s tud ies  will hope fu l ly  lead t o w a r d  a be t te r  u n d e r -  
s t a n d i n g  o f  the  overa l l  effect  of t rans- fa t ty  ac ids  on  
v a r i o u s  p a r a m e t e r s  o f  cho le s t e ro l  a n d  bile ac id  
m e t a b o l i s m .  
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Sterols of the Sponge Tethya amamensis." Occurrence of 
(24E)-24-Ethylidenecholesta-5,7-dienol, (24E)-24- 
Propylidenecholesta-5,7-dienol, and (24Z)-24- 
Propylidenecholesta-5,7-dienol 
SHIN- ICH I  T E S H I M A  ~ AKIO KANAZAWA.  I C H I M A R O  Y A M A D A  and Y O S H I T O  TANAKA,  
Faculty of Fisheries. University of Kagoshima, 4-50-20 Shimoarata. Kagoshima 890, Japan 

A B S T R A C T  

The spongeTeth)'aarnamensts, collected from Kagoshima Bay, Japan, contained at least 24 sterols, in- 
cluding A'-sterols (82.2% of total sterols) and A r '-sterols (17.8%). "l"he predominant sterols were cholesterol 
(29.0%), cholesta-5,22-dienol (13.8%), 24-methylcholesta-5,22-dienol (10.9%), 24-methylenecholesterol 
(8.3%), 24-methylcholesta-5,7,22-trienol (6.8%), 24-ethylcholest-5-enol (6. I%). and isofucosterol (4 I%). 
Combined gas liquid chromatography-mass spectrometry suggested the presence of 3 uncommon sterols, 
(24E)-24-ethylidenecholesta-5,7-dienol, (24E)-24-propylidenecholesta-5,7-dienol, and (24Z)-24-propylide- 
nccholesta-5,7-dtenol as minor components. The sterols of T. amamen~i.~ also contained small amounts ol 
24-norcholesta-5, 7,22-trienol and (24Zl-24-cthylidenecholesta-5, 7-dienol. 
l.ipids 18:193-197, 1983. 

INTRODUCTION 

Marine invertebrates contain complex mixtures 
of sterols, for example as reviewed by Goad (I,2) 
and Schmitz (3). In particular, primitive inverte- 
brates such as sponges and coelenterates contain a 
variety of types of sterols which often include 
unusual sterols with unprecedented side-chain al- 
kylation patterns (4-19) or unconventional steroid 
ring systems (3,20). We have previously shown the 
diversity of sterol components of Japanese sponges 
(21), indicating the presence of a new C:s sterol, 3,8- 
hydroxymet hyl-24-methylene-A-nor-5a-cholestane 
in Hymeniacidon perlevis (22). 

As part of our studies on marine sterols, we have 
examined the sterols of the sponge Tethya amam- 
crisis (class Demospongiae, order Hadromerinsa ~, 
paying attention to minor components and A ' - 
sterols. We report the sterol composit ion of this 
sponge which includes 3 uncommon A"~-sterols 
with C2~ or C~0 carbon atoms. 

MATERIALS AND METHODS 

Gas liquid chromatography (GLC) was per- 
formed on a Shimadzu GC-3BF with a hydrogen 
flame ionization detector and a column (2 m x 3 
mm id) with 1.5% OV-17 as the liquid phase, 
operated at 260 C (23). Combined GLC-mass 
spectrometry (GLC-MS) was conducted on a Ja-  
pan Electron Optics JEOL-JMS-300  unit as de- 
scribed previously (2 I): ionizing energy, 70 eV or 22 
eV; GLC column, 3.0% OV-I (2 m x 2 m m i d )  at 
285 C. Ultraviolet (UV) absorption spectra were 
measured in methanol. Column chromatography 
on alumina (Brockmann grade II1) with hexane- 
benzene or 20% (w/w) AgNO3-silicic acid with 

*To whom correspondence should be addressed. 

hexane-benzene were carried out as described 
previously (21,24). 

The specimens of T. arnamensis, a small, round 
sponge (3 cm in diameter) with a reddish-pink 
color, were collected at a depth of 1.0-2.0 m in 
Kagoshima Bay, Japan,  during May 1980. Kago- 
shima Bay is located in the southern part of Japan 
and is not highly polluted. The sponges (5.6 kg in 
fresh weight) were chopped and extracted with 
acetone 4 times immediately after sampling. The 
sponges analyzed probably contained some symbi- 
otic organisms, because their surface had many 
tubers (ca. 2 mm in diameter, I mm in height) 
partitioned with narrow grooves. The acetone 
extract was saponified with 10% ethanolic KOH 
for 24 hr at room temperature. Crude sterols were 
isolated from unsaponifiable matter by alumina 
column chromatography and acetylated with pyri- 
dine acetic anhydride (1:1) for 24 hr at room 
temperature. The steryl acetates so obtained (6.0 g) 
were chromatographcd on AgNO~-silicic acid (350 
g) with 1200 ml each of hexane, 10, 15, 20, 25, 27, 
29, 33, 36, 40, 45, 50, 55, 60, 70, 80% benzene in 
hexane, and benzene. Eighty-three fractions were 
collected and analyzed by GLC and /o r  GLC-MS 
to identify the steryl acetates of each fraction. The 
details of procedures for isolation and identifica- 
tion of stcrols were described previously (24). 

RESULTS 

Preliminary GLC on 1.5% OV-17 of the steryl 
acetates from T. arnamensis showed 8 peaks. The 
prominent peaks gave relative retention times 
(R RT) identical with those ofcholesta-5,22-dienyl, 
cholesteryl,  24-methylcholesta-5,22-dienyl,  24- 
methylenecholesteryl, 24-ethylcholesteryl. and iso- 
fucosteryl acetates. The UV spectra of the steryl 
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acetate mixture showed absorption maxima at 260, 
272, and 282 nm, indicating the presence of A 5'7- 
steryl acetates (17.8% of total steryl acetates). The 
steryl acetates were fractionated by .argentation 
column chromatography. The subsequent GLC 
and GLC-MS analyses of the fractions from argen- 
tation column chromatography made possible the 
identification of  the sterols, including the minor 
components.  Conventional  sterols were identified 
by direct comparison of R R T  in GLC on 1.5% OV- 
17 and 3.0% OV-I and mass spectra with those of 
authentic samples (24,25). In this text, R R T  are 
relative to cholesteryl acetate in GLC on 1.5% OV- 
17 unless otherwise specified. Table 1 shows the 
sterol composition of T. amamensis determined in 
the present study. 

Fractions 11-20, eluted with 25-27% benzene in 
hexane by argentation column chromatography, 
afforded cholesteryl (RRT 1.00), 24-methylcholest- 
5-enyl (RRT 1.28), 24-ethylcholest-5-enyl ( R R T  
1.59), and 24-ethylcholesta-5,22-dienyl ( R R T  1.41) 
acetates. Fractions 21-32, eluted with 29-33% ben- 
zene in hexane, gave 24-methycholesta-5,22-dienyl 
( R R T  1.14), cholesta-5,22-dienyl ( R R T  0.94), and 
24-norcholesta-5,22-dienyl ( R R T  0.67) acetates. 
Fractions 33-43, eluted with 36-40% benzene in 
hexane, yielded isofucosteryl acetate ( R R T  1,76) as 
a prominent component and small amounts  of 
fucosteryl ( R R T  1.66), desmosteryl ( R R T  1.20), 
unknown C29 diene steryl (RRT 1.59), and 2 C30 
steryl (RRTs 1.99 and 2.12) acetates. These C26, 
C27, C28, and C29 sterols have been widely found in 
various phyla of marine invertebrates (1,2). 

The C30 steryl acetates gave R R T  in GLC and 
mass spectra (22 eV) identical with those of authen- 
tic (24E)-24-propylidenecholest-5-enyl (3a, R R T  
1.98) and (24Z)-24-propylidenecholest-5-enyl (4a, 
R R T  2.10) acetates (Fig. 1), respectively, which 
had been isolated from the oyster Crassostrea 
virginica (24). The hydrolysis of the C30 steryl 
acetates with 5% ethanolic KOH gave free sterols, 
3a and 4a, the mass spectra (70 eV) of which were 
similar to each other. The mass spectra of 3a 
showed a molecular (M § at mte  426 (15%, relative 
intensity) and other prominent ions at m / e  408 
(4%, M* - HOH),  314 (10%, M + - C-23 to C-30 - 
1H), 299 (14%, m / e  314 -CH3) ,  296 (14%, m / e  314 
- HOH),  281 (12%, m/e  3 1 4 - C H 3  - HOH),  271 
(6%, M + -R-2H, R = side chain), 255 (2%, M + -R- 
HOH), 229 (8%, M + - R - 2 7  - HO), and 213(5%, 
M § - R -  42 - HOH). The GLC and G L C - M S  data 
indicate that the 2 C30 sterols from T. arnamensis 
are (24E)-24-propylidenecholest-5-enol and (24Z)- 
24-propylidenecholest-5-enol. 

After 24-methylenecholesteryl acetate ( R R T  1.33 
was eluted with 45-50% benzene in hexane, further 
elution with 55-80% benzene in hexane (fractions 
55-81) gave a number of AS"7-steryl acetates (Table 
1). During the argentation column chromatogra-  

] 2 3 4 

5 6 7 g 

R R 

a b 

FIG. 1. 

phy, however, some AS'7-steryl acetates seemed to 
decompose, since the yield of AS"7-steryl acetates 
was low as compared with the quantity determined 
by UV spectral analysis of total sterols. Fractions 
55-69 afforded 24-methylcholesta-5,7,22-trienyl 
acetate (RRT 1.26) as the ma jo r  component  and 
small amounts of cholesta-5,7-dienyl ( R R T  1.13), 
24-methylcholesta-5,7-dienyl ( R R T  1.44), 24-eth- 

T A B L E I  

Sterol Composi t ion of the Sponge, T. amamensis 

Sterol R R T  ~ (%) 

As-Sterols 
24-Norcbotesta-5.22-dien ol 0.77 1.4 
Cholesta-5,22-dienol 0.94 13.8 
Cholesterol 1.00 29.0 
24- Met hylcholesta-5,22-dienol 1.14 10.9 
Desmosterol 1.20 0.7 
24-Met hylch olest-5-enol 1.28 2.8 
24-Met hylenecholester ol 1.33 8.3 
24-Et hylcholest a-5,22-dienol 1.41 2.0 
24-Ethylcholest-5-enol 1.59 6.1 
Unknown C~ sterol 1.59 0.5 
Fucosterol 1,66 1.1 
lsofucosterol 1.76 4. I 
(24E)-24-Propylidenecholest-5-enol 1.99 Trace 
(24Z)-24-Propylidenecholest-5-enol 2.12 1.1 

A ~ ,V_Sterols b 
24-N orcholest a-5,7,22-t rienol 0.77 1.4 
C holesta-5,7,22-t rienol 1.06 2.6 
Cholesta-5,7-dienol 1.13 1.8 
24-Methylcholesta-5,7,22-trienol 1.26 6.8 
24-Met hylcholesta-5,7-dienol 1.44 0.6 
24-Et hylcholest a-5,7,22-t rienol 1.56 1.4 
24-Et hylcholest a-5,7-dienol | .77 I. 1 
(24E)-24-Et hylidenecholesta-5,7-dienol 1.88 1.3 
(24Z)-24-Et hylidenecholesta-5,7-dienol 1.99 0.4 
(24E)-24-Propylidenecholesta-5,7-dienol 2.22 Trace 
(24Z)-24- Propylidenecholesta-5,7-dienol 2.38 0.4 

a R R T i n  G L C  on 1.5% OV-17 of sterols (as acetate derivatives). 

~The quanti ty of A 5'7-sterols was determined by UV spectrome- 

try and GC. 
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y lcho les t a -5 ,7 -d ieny l  ( R R T  1.77), cho le s t a -5 ,7 ,22 -  
t r ienyl  ( R R T  1.06), a n d  24 -e thy lcho les t a -5 ,7 ,22 -  

'~7 S t r ienyl  ( R R T  1.56) ace ta tes .  T h e s e  A ,  - t e ro l s  have  
been  widely  e n c o u n t e r e d  in mo l l u sc s  ( I ,2 ,24)  a n d  
s p o n g e s  (26-28). 

F r a c t i o n s  69-72 c o n t a i n e d  a Cz6 s teryl  ace t a t e  
a l o n g  wi th  sma l l  a m o u n t s  o f  2 4 - m e t h y l c h o l e s t a -  
5 ,7 ,22- t r ienyl  a n d  cho les ta -5 ,7 ,22- t r i eny l  ace ta tes .  
T h e  C26 s teryl  a ce t a t e  ( R R T  0.77) was  c h a r a c t e r -  
ized as 24 -no rcho le s t a -5 ,7 ,22 - t r i eny l  ace t a t e  on  the  
bas is  o f  m a s s  spec t ra l  d a t a  (70 eV): m / e  410 (18%, 
M ' ) ,  350 (100%, M* - A c O H ) ,  335 (60%, M § - 
A c O H  - CH3),  309 (16%, M ~ -  C - l  to C - 3 -  IH - 
A c O H ) ,  253 (95%), 251 (9%), 227 (20%), 226 (17%),  
211 (45%), 157 (95%), 143 (90%), a n d  123 (52%). 
2 4 - N o r c h o l e s t a - 5 , 7 , 2 2 - t r i e n o l  h a s  been  i so la t ed  
f rom t he  oys t e r  C. virginica as  a new s tero l  (25). 

F r a c t i o n s  73-81, e lu ted  wi th  70-80% b e n z e n e  in 
hexane ,  con ta ined  (24Z)-24-e thy l idenecholes ta -5 ,7-  
d ienyl  (2b,  R R T  1.99) and  3 u n c o m m o n  steryl  
ace ta tes  ( l b ,  3b,  a n d  4b). T h e  ace ta t e s  o f  l b  ( R R T  
1.88) and 2b were s l ight ly  m o r e  po l a r  in a r g e n t a t i o n  
c o l u m n  c h r o m a t o g r a p h y  t h a n  t h o s e  o f  3b  ( R R T  
2.22) a n d  4b ( R R T  2.38). T h e  m a s s  s p e c t r u m  of  2b 
f r o m  7". amarnensis was a l m o s t  the  s a m e  as tha t  o f  
(24Z) -24 -e thy l idenecho le s t a -5 ,7 -d i eno l  w h i c h  ha s  
been  isola ted f r o m  the  s p o n g e  Dysidea herbacea by 
De l se th  et al. (27), as s h o w n  in T a b l e  2. T h e  c o m -  
ponen t  i b  gave  a mas s  s p e c t r u m  s imi lar  to 2 b ( T a b l e  
2). T h e  m a s s  s p e c t r u m  of  I b  exh i b i t ed  a m o l e c u l a r  
ion  at m / e  410 c o r r e s p o n d i n g  to a C2,~ t r iene s te ro l  
a n d  ions  d i agnos t i c  for  the  AS '7 -d iunsa tu ra t ed  
nuc l eus  at m / e  351 due  to the  c l eavage  at  C ( I ) -  
C(10) a n d  C(3)-C(4)  b o n d s  p lus  one  h y d r o g e n  
t r an s f e r  (29,30). The  p resence  o f  the  A 5"7 b o n d s  was  
a lso  s u b s t a n t i a t e d  by the  ions  at  m / e  128, 143, a n d  

158 (31). T h e  ions  at  m / e  312 due  to the  c l eavage  
of  C(22)-C(23)  b o n d  wi th  one  h y d r o g e n  t r a n s f e r  
by M c L a f f e r t y  r e a r r a n g e m e n t  (32), 294 (m / e 312 - 
H O H ) ,  and  279 ( m / e  312 - H O H  - CH3),  a l o n g  
wi th  the  ions  at m / e  269, 253, a n d  211, were 
ind ica t ive  o f  24-e thy l idene  g roup .  T h e  R R T  of  l b  
ace ta te  agreed  wi th  the  ca lcu la ted  va lue  ( R R T  
1.88) on  the  bas is  o f  the  R R T  of  l a ,  2a ,  a n d  2b 
ace ta tes .  C o n s i d e r i n g  the  a b o v e  m e n t i o n e d  d a t a  on  
G L C  and  G L C - M S ,  the  c o m p o n e n t  l b  was  ident i -  
f ied as ( 2 4 E ) - 2 4 - e t h y l i d e n e c h o l e s t a - 5 , 7 - d i e n o l  
w h i c h  ha s  no t  been  i so la ted  f r o m  n a t u r a l  p r o d u c t s .  

O n  the  o the r  h a n d ,  the  ace ta t e s  o f 3 b  ( R R T  2.22) 
a n d  4b ( R R T  2.38) were  ident i f ied as  (24E)-24-  
p r o p y l i d e n e c h o l e s t a - 5 , 7 - d i e n o l  a n d  (24Z) -24 -p ro -  
py l idenecho le s t a -5 ,7 -d i eny l  ace ta tes ,  respect ively ,  
on  the  bas is  o f  the  R R T  in G L C  a n d  m a s s  spec t ra l  
da ta .  T h e  R R T  of  3b a n d  4b  ace ta t e s  a l m o s t  agreed  
wi th  the  ca lcu la ted  va lue s  for  3b (R R T  2.24) a n d  4b 
( R R T  2.39), on the  basis  o f  the  R R T  of  l a ,  2a, 3a,  4a, 
Ib ,  and  2b acetates.  The  mass  spec t ra  (22 eV) of  3b 
and  4b  aceta tes  were s imi lar  to each  other .  T h e  m a s s  
s p e c t r u m  of  3b ace ta te  gave  a m o l e c u l a r  ion at m / e  
466 (10%) a n d  o the r  ions  at  m / e  406 (100%, M + - 
A c O H ) ,  391 (40%, M ~ - A c O H  - CH3) ,  365 (4%, 
M § - C- I  to  C-3 - IH - A c O H ) ,  294 (15%, 
M a c L a f f e r t y  r e a r r a n g e m e n t ) ,  253 (9%), 226 (9%), 
21 ! (13%), 158 (46%), a n d  143 (23%). F u r t h e r m o r e ~  
the  m a s s  s p e c t r u m  (70 eV) of  3b gave  a m o l e c u l a r  
ion at m / e  424 and  o the r  d i a g n o s t i c  ions  at  m / e  365 
(M ~ - C - I  to  C - 3 -  IH) ,  312 (M § - C-23 to C - 3 0 -  
l H),  294 ( m / e  3 1 2 -  H O H ) , 2 7 9  ( m / e  3 1 2 -  H O H  
- CH3),  157, a n d  143 for the  s terol  wi th  A 5"7"~4"t2~ 
b o n d s  (29-31), i nd ica t ing  s imi la r  c r a c k i n g  p a t t e r n s  
with those  of  l a  and  2a. The  mass  spec t rum of  3b was  
s imi la r  to tha t  o f  4b.  Th i s  s u g g e s t s  t ha t  bo th  

"1 ABLE 2 

Mass Spectral Data for the Sterols from the Sponge 72 amamen.six 

Sterol 

Fragmentation Ib 2b 3b 4b 

M" 410 (100)* 410 (100) 424 (100) 424 (100) 
M" - CH3 395 (8) 395 (5) 409 (I) 409 (I) 
M' - HOH 392 (16) 392 (26) 406 (ll) 406 (14) 
M" - HOH - CH~ 377 (75) 377 (86) 391 (79) 391 (86) 
M ~ - C(1~C(3) - IH 351 (20) 351 (18) 365 (I I) 365 (9) 
M' - CA23)-C(29 or 30)- l H 312 (3) 312 (5) 312 (5) 312 (6) 
m/e 312 - HOH 294 (9) 294 (16) 294 (10) 294 (14) 
m/e 312 - HOH - CH~ 279 (6) 279 (7) 279 (1) 279 (I) 
M ~ - R; R = side chain 271 (11) 271 (8) 271 (8) 271 (4) 
M' - R - 2H 269 (12) 269 (12) 269 (7) 269 (6) 
M" - R - HOH 253 (16) 253 (22) 253 (22) 253 (31) 
M" - R - 2H - HOH 251 (15) 251 (10) 
M* - R - 27 - HOlt 226 (6) 226 (8) 226 (6) 226 (8) 
M r - R - 42 - HOH 211 (18) 211 (23) 211 (8) 211 (10) 
Otherions 157 (25) 157 (30) 157 (18) 157 (27) 

143 (36) 143 (51) 143 (34) 143 (55) 

"Relative intensity (%). 
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compounds  have a similar structure. Kokke and 
coworkers (8,13) have shown that the C30 diene 
sterols such as stelliferasterol, strongylosterol,  ver- 
ongulasterol, and 24-isopropenylcholesterol afford- 
ed mass spectra qualitatively identical but quanti- 
tatively slightly different from each other, indicat- 
ing that all these sterols gave the 2 MacLafferty 
rearrangement peaks at m/e  314 and 328 which are 
indicative of the presence of A"5-bonds (I 2,33). The 
absence of a m / e  326 peak, corresponding to m / e  
328 peaks in the mass spectra of 3b and 4b, excluded 
the possibilities of the side-chain structures like the 
4 C30 sterols mentioned above. The side-chain struc- 
tures of 5, 6, 7, and 8 are also plausible alternatives 
for 3 and 4. Although the failure to isolate sufficient 
amounts  of 3b and 4b did not allow definative 
determination of the side-chain structures by nu- 
clear magnetic resonance (NMR) spectrometry,  
the occurrence of various A~'7-sterols with the same 
side chains as those of AS-sterols in T. amamensis 
suggests that the components  3b and 4b possibly 
have the same side chains as 3a and 4a, respectively. 
Therefore, 3b and 4b were tentatively identified as 
(24E)-24-propylidenecholesta-5,7-dienol and (24Z)- 
24-propylidenecholesta-5,7-dienol, respectively. The 
2 C30 sterols have not been isolated from natural 
sources. 

DISCUSSION 

The sponge T. amamensis contained consider- 
ably large amounts  of A~'7-sterols with C26 to C~o 
carbon atoms in addition to the AS-sterols occur- 
ring commonly in marine environments.  A 5'7- 
Sterols are the major sterols in some microorgan- 
isms such as yeast and protozea, but they are 
generally present as only minor components  in 
marine invertebrates except for some molluscan 
species (I,2). However, AS"7-sterols have been 
found as the principal sterols in the sponges 
belonging to the order Dictioceratida such as 
Spongia nitens (26), Spongia officinalis (26), lrcin- 
ia mttwarum (26), lrcinia spinosula (26), Dysidea 
avara (26), Dysidea herbacea (27), Axinella canna- 
bini (26), and Axinella acuta (26). The characteris- 
tic sterol composit ions of the order Dictioceratida 
have been of interest from the viewpoint o fchemo-  
taxonomy. De Rosa et al. (26) have proposed that 
the family Spongidea can be discriminated from 
other sponges by the occurrence of large amounts  
of A~"~-sterols. It seems impossible to generalize on 
this criterion, however, as shown by the present 
study of T. amamensis (order Hadromerina)  and 
by the work on Biemmafortis (order Poeciloscler- 
ida) by Delseth et al. (28). 

During the present study, we have detected 3 
uncommon sterols, (24E)-24-ethylidenecholesta- 
5,7-dienol (lb),  (24E)-24-propylidenecholesta-5,7- 
dienol (3b), and (24Z)-24-propylidenecholesta-5,7- 

1. YAMADA AND x/'. TANAKA 

dienol (4b) in T. amamensi.s. -lhe A~-sterols with the 
same side chains as the above A 5"7-sterols have been 
found in several marine invertebrates. (24E)-24- 
Ethylidenecholest-5-enol occurs widely in marine 
invertebrates among the minor components  (I,2). 
(24Z)-24-Propylidenecholest-5-enol (4a) was first 
isolated from the scallop Placopeclen magellanicus 
(34), and later from the sponges Tethya aurantia 
(35) and PetrosiaficiJbrmis (17). Its 24E-isomer (3a) 
also occurs in the same scallop (36), the oyster,: C. 
virginica (24), and the sponge P. ficiJbrmis (17) as a 
minor component .  Interestingly, Rohmer  et al. (37) 
have demonstrated that a cultured Chrysophyte of 
the Sarcinocrisis group contained 4a as the major 
sterol. The present study gives no clear answer of 
the origin of Ib, 3b, and 4b. We assume that these 
sterols are possibly derived from either de novo 
synthesis or from the modification of correspond-  
ing AS-sterols, la,  3a, and 4a by the symbiotic 
organisms such as algae and fungi. The cooccur- 
rence of AS-sterols and AS':-sterols with the same 
side chains in T. amamensis (Table 1) may give a 
little support  to the latter assumption. 
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Lipid Deterioration: / -Carotene Destruction and Oxygen 
Evolution in a System Containing Lactoperoxidase, 
Hydrogen Peroxide and Halides 
JOSEPH K A N N E R  ~' and JOHN E. K I N S E L L A ,  Institute of Food Science, Stocking Hall, 
Cornell University, Ithaca, NY 14854 

A B S T R A C T  

A model system containing lactoperoxidase/H202/halide decomposed 3-carotene in a reaction 
greatly affected by the concentration of H 202 . The optimal concentrations of H 2 O 2 for activation of 
iodide and bromide were 2 mM and 10 ~M, respectively. The oxidation of chloride by a lactoperoxi- 
dase, using/3-carotene destruction as a sensitive method to determine the activity of the enzyme, is re- 
ported herein. In the presence of optimal amounts of H 2 02, therate of 3-carotene destruction increases 
slowly until a critical concentration of the halides, followed by a rapid increase in the rate when halide 
concentrations were furthere increased. A lactoperoxidase/H 2 O 2/iodide and/or bromide system gener- 
ates oxygen in the presence of high H 20~ and halide concentrations. 3-Carotene inhibited the evolu- 
tion of oxygen. A possible mechanism of 3-carotene destruction and triplet unexcited oxygen evolution 
by a lactoperoxidase/H 2 O 2/halide system are proposed. 
Lipids 18:198-203, 1983. 

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

The peroxidase catalyzed peroxidation of 
halides is established as being an important step 
in the biosynthesis of the hormone thyroxine 
(1,2) and in biological defense mechanisms (3-5). 
More recently, these peroxidase systems have 
also been shown to be toxic to tumor cells (6-8). 

Singlet oxygen, a reactive excited oxy~gen, 
has frequently been postulated as the principal 
microbiocidal agent, primarily on the basis of 
experiments with singlet oxygen trapping agents 
and chemiluminescence of these systems (9,10). 
Piatt and O'Brien (10) found a great similarity 
between the activity of a lactoperoxidase (LPO)/ 
H202/Br-  system and that published previously 
by Rosen and Klebanoff (9) for the chemilu- 
minescence of myeloperoxidase (MPO). Recent- 
ly, it has been demonstrated that most 102 
trapping agents are not  10  2 specific and can 
react with a variety of oxidants including HOC1 
(11-13) and that the chemiluminescence derived 
from peroxidase/H202/halide system is not 
specific to singlet oxygen. Therefore, the postu- 
lation that singlet 02 is involved in initiating 
the killing process must now be questioned. 

Early studies postulated that the MPO/H202/  
C1- system could generate HOC1 (14,15); how- 
ever, the presence of this compound and chlor- 
ine were only recently confirmed (16). The 
HOC1 or halide equivalents are now believed to 
be the microbiocidal agent (17,18) derived from 
activated neutrophils in the MPO/H2 02/C1- sys- 
tem, or OSCN- derived from the LPO/H202/  

~Current address: Department of Food Technol- 
ogy, ARO Volcani Center, PO Box 6, Beit-Dagan 
50250, Israel. 

SCN- system (19,20). 
Peroxidase catalyzed peroxidation of halo- 

gens has been recognized also as a valuable tool 
for the study of proteins, their cellular location, 
and metabolism. In several studies, it has been 
shown that LPO catalyzed iodination of intact 
cells labels not only surface proteins, but also 
several classes of membrane lipids (21-23). 

The interaction of active halogen compounds 
with lipids may be of  general biological signifi- 
cance since there are many peroxidases with the 
capacity to peroxidize halogens, e.g., peroxidase 
from salivary, mammary, thyroid glands and 
ooctyes, and the MPO which is produced by 
neutrophils and eosinophils (2). 

The mechanism of peroxidase catalysis can 
be accommodated within the classic concepts 
of Chance (24) and George (25). This implies 
that the initial steps of the reaction invariably 
involve oxidation of peroxidase by peroxides 
and that the resulting derivative (compound I) 
is the oxidant of the halide ions. Such a reaction 
may result either in the formation of free halo- 
gens, hypohalous acids, halogenation of the en- 
zyme apoprotein, decarboxylation of proteins, 
oxidation of reducing compounds and SH 
groups (2,26) or oxygen evolution (10). 

Although the peroxidase generated com- 
pound I oxidizes halides at different rates (I-> 
Br'>C1-), compound I formed by different per- 
oxidases may have different redox potentials. 
All peroxidases studied were found to catalyze 
the oxidation of iodide; MPO oxidized chloride, 
while horseradish peroxidase and LPO were 
never observed to oxidize chloride, and none of  
these enzymes was capable of  oxidizing fluoride 
(2) 
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In our previous study (27), we developed a 
sensitive-method to determine the cooxidation 
of/S-carotene by an activated halide using mye- 
loperoxidase from fish leukocytes. The sensitiv- 
ity of the method is in the range of one nmol of 
/~-carotene. 

In this study, we demonstrated the facile co- 
oxidation of ~carotene by a LPO/H202/halide 
(1-, Br-, CI-) model system and determined some 
characteristics of the reaction. 

MATERIALS AND METHODS 

Materials 

Hydrogen peroxide (30%), sodium chloride, 
potassium bromide, sodium acetate, and the 
potassium mono- and diphosphate were pur- 
chased from Mallinckrodt (St. Louis, MO). The 
LPO (60-80 Sigma units/mg), ~-carotene, pyro- 
gallol, purpurogaltin and sodium iodide were 
from Sigma Chemical Co. (St. Louis, MO). 

Methods 

Carotene destruction. The discoloration of 
carotene was used to determine the cooxidation 
reaction resulting from the oxidation of halide 
ions by the LPO/H202 complex. The oxidative 
equivalents derived from the halides could co- 
oxidize other molecules. We developed a method 
based on the destruction of/3-carotene, (28). 

Briefly, the technique consists of monitoring 
the decrease in absorbance at 460 nm in a cuvette 
containing the enzyme system. The sample con- 
tained 1.5 ml of buffered carotene solubilized 
using Tween-20, 0.1-0.4 ml active fractions (en- 
zyme, H202 and halides), and distilled water to 
a final volume of 2.0 ml. The concentrations of 
the initial reaction mixture were: r-carotene, 14 
/aM; Tween 20, 0.05%; and sodium acetate buf- 
fer, 0.1 M. The sample in the control cuvette 
contained all the reagents except/~-carotene. The 
initial linear rate of decrease in absorbance was 
computed from a recorder tracing and converted 
into the rate of carotene disappearance in nmol/ 
min. 

Protein concentration was determined by 
the Lowry procedure (29) using bovine serum 
albumin as standard. 

The LPO concentration was calculated from 
an extinction coefficient of Eg~V~nm = 114 (30). 

Oxygen evolution. Oxygen generation from 
a reaction mixture containing similar concen- 
trations of reactants as the model system for 
/~-carotene destruction was monitored with a 
Clark-type oxygen electrode at 25 C in a reac- 
tion vessel of 2.0 ml capacity. The initial rate 
of oxygen evolution was recorded and converted 
into nmol 02 evolved. 

RESULTS 

The rate of /3-carotene destruction by the 
LPO/H202/halide system depended on the con- 
centration of H202 but varied with each halide. 
The optimal concentration of H202 for activa- 
tion of LPO in the presence of I-, Br- and C1- 
were 2 raM, 5 and 10 /aM, respectively. The 
maximal rate of ~-carotene destruction for every 
halide was determined at concentrations of hy- 
drogen peroxide that were neither limiting nor 
inhibitory (Fig. 1). 

The dependence of LPO activity on the con- 
centration of halide ions is shown in Figure 2. 
It was found that, in the presence of the opti- 
mal amount of H202, the rate of /S-carotene 
destruction was first order at low concentration 
of the halide (2-5 /aM), followed by a rapid in- 
crease in the rate when halide concentration 
was further increased ( 10-50/aM). 

The rate of ~carotene destruction was found 
to have a pH optimum of 5.0 in the presence of 
iodide and 4.0 in the presence of Br- and CI- 
ions (Fig. 3). 

The effect of LPO concentration in the pres- 
ence of optimal concentration of H202 and 
halides on ~carotene destruction is shown in 
Figure 4. 

The enzyme preferentially oxidized iodide 
and was significantly less effective with bromide 
and chloride. However, in the presence of 1 mM 
tryptophan,/~-carotene destruction by the LPO/ 
H202/chloride system increased almost 16-fold. 
This particular effect was observed only with 
chloride ions. Other amino acids were tested as 
activators or inhibitors of the reaction of LPO/ 
H202/NaCI. Serine stimulated t-carotene des- 
truction ahnost 3-fold, and only cysteine, gluta- 
thione, methionine, or histidine inhibited ~- 
carotene destruction (data not shown). Cysteine 
and gluthathione produced a total inhibition 
for a very short time (induction period), which 
depended on the concentration of both of these 
compounds in the reaction mixture (Kanner 
and Kinsella, in preparation). /~-Carotene des- 
truction by the LPO/H202/halide system was 
not inhibited by antioxidants such as BItT or 
BHA. 

In the presence of relatively high amounts of 
1-1202 and l- or Br-ions LPO generated oxygen. 
The rate of oxygen evolution in the presence of 
these two halides is shown in Figures 5 and 6. It 
was found that only iodide and bromide stim- 
ulated the production of oxygen. No oxygen 
evolution was obtained during the interaction 
of LPO system in the presence of chloride. 

/~-Carotene inhibited and even eliminated the 
evolution of oxygen. This inhibition was less 
affected in a system containing iodide than in 
those containing bromide ion (Figs. 5 and 6). 
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FIG. 1. The effect 'of H202 concentration on /3- 
carotene destruction by a LPO/H 202/halide system. 
Reaction mixture contained LPO (160 nM), iodide 
(5 uM), bromide (5/~M) or chloride 225 raM, #-caro- 
tene (14 #M), Tween 20 0.05% in 2 ml acetate buffer 
(0.1 M), pH 4.0 at 25 C., (n = 3). 

DISCUSSION 

The LPO/H202/hal ide system cooxidizes 
/3-carotene in a reaction strongly affected by the 
concentration of H202. The opt imal  concen- 
trations of H202 were high (i.e., 2 mM) with 
iodide ions and low with chloride and bromide 
(10 uM). 

It has not previously been reported that LPO 
oxidizes chloride ions. These results were ob- 
tained by using a sensitive method to identify 
the destruction o f  the chromaphore, e.g., less 
than 1 nmol of /3-carotene destruction was 
enough to identify significant differences (in 2- 
ml reaction mixture). The optimization of  the 
system, especially with respect to H202concen- 
tration, enabled us to observe the condition 
under which such oxidations occurred. The de- 
crease in the activity of the peroxidase at high 
HzO2 concentration was previously observed 
using MPO (9,10,15,27,31) or LPO (32,33). This 
may be caused by the generation of the peroxi- 
dase compound III (34,35) which is almost 1/ 
300- as active as compound II (36). It is also 
possible that compound III is inactivated more 
rapidly by the halide oxidizing species. The in- 
activation of MPO by the byproducts of its 
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FIG. 2. The effect of halide concentration on g- 
carotene destruction by a LPO/H2 02 /halide system. 
Reaction mixture contained LPO (180 nM), H20 ~ 
(for iodide 100/~M; for bromide and chloride 6.2 I~M), 
#-carotene and other conditions as Figure 1. Error I 
bars denote standard deviation (n = 3). 

reaction with C1- have been observed by others 
(37,38). 

In the presence of the optimal amount of 
H202,  the rate of ~carotene destruction was 
first order for low concentrations of the halides 
followed by a rapid increase in the rate when 
halide concentration further increased. These 
results could be explained from the data pre- 
sented by Naskalski (37) and Matheson et al. 
(38), in which high concentrations of the halide 
prevented autoinactivation of the enzyme. In 
our system, increasing halide concentration not 
only increased the rate of the reaction but may 
also have prevented the inhibition of the enzyme 
by byproducts, such as HOC1. 

The rate of/~-carotene destruction showed a 
pH optimum of 5.0 with iodide and maximal 
activity of 4.0 in the presence of  Br- and C1- 
ions. The decrease in activity accompanying 
changing pH was low with iodide and chloride; 
but much greater in the presence of bromide, 
when pH was shifted from pH 4.0 to 5.0. Several 
researchers reported that the optimal pH for 
halide oxidation by MPO or LPO is between 4.0 
and 4.5 (9,10). However, other researchers found 
that the optimal pH for the cytotoxic effect of  
MPO is in the range of 6.5-8.0 (8,39,40). At 
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FIG. 3. The effect of pH on B-carotene destruction by 
LPO/H 2 O 2/halide system. Reaction mixture contained 
LPO (145 nM), iodide (25 taM), bromide (25 taM), 
chloride (225 mM), H202 (for iodide and bromide 
100 taM, for chloride 10 ,uM), B-carotene and other 
conditions as in Figure 1. 

low 11202 concent ra t ions  (39) and at high con- 
centrat ion of  the halides (38,40), the op t imum 
pH shifted to a more alkaline pH. 

The L P O / H 2 0 2 / B r "  system generated oxy- 
gen (10). in our  model  system the evolut ion  of  
oxygen  was observed in the presence of  high 
H202  concent ra t ion  and with iodide and bro- 
mide only. No evolut ion  of  oxygen occurred 
during the interat ion of  LPO system with chlor- 
ide ions. fl-Carotene inhibited the evolu t ion  of  
oxygen and this inhibi t ion was lcss with iodide 
than with bromide  ions. 

We conclude that one  of  the possibilities is 
that the inhibi t ion is produced by the act ion of  
~-carotene with halide radicals or  hypohali tes ,  
which prevented the in teract ion of  these com- 
pounds with H202  and the subsequent  genera- 
tion of  O2. More recently,  it was reported that 
chloroperoxidase  catalyzed the peroxida t ion  of  
chloride and bromide  ion to molecular  chlorine 
and bromine  (34). The same results were pub- 
lished by Virion et al. (34) and Harrison and 
Schultz (16) for tyroid peroxidase and MPO, 
respectively. The  mechanism of  interact ion o f  
g-carotene with halide radicals has been discussed 
(27). 

Fol lowing several studies with chemilumi-  
nescence, singlet oxygen  quenchers  or  t rapping 
agents (9,10,41),  the evolved oxygen was ten- 
tat ively identif ied as singlet oxygen.  

The mechanism for the format ion  of  t O2 was 
based in the action of  hypochlor i te ,  which is 
formed during the enzymat ic  reactions with 
H202  (16). 

.~ lo 

~ 2 

0 
0 

CI "  r r  yl)toDhan 

LPO (nM) 

FIG. 4. The effect of LPO on B-carotene destruction 
by LPO/H702/halide system. The reaction mixture 
contained iodide (25 ,uM), bromide (25 t~M), chloride 
(225 mM), tryplophan (1 mM), and H~O 2 (for iodide 
and bromide 15 taM; for chloride 5 uM), B-carotene 
and other conditions as Figure 1. Error i bars denote 
standard deviation (n = 3). 

peroxidase 
H 2 0 2  + CI" - -  > -OCI + H ~ O  I I I 
"OCI + H202 - -  > H 2 0 + C I ' +  IO2 [21 

Recent ly ,  it has been realized that  most  of  
the l O 2 traps are nonspecif ic  and can react 
with a variety of  oxidants,  including HOCI ( 1 1- 
13). 

LPO/H202 /ha l i de  system emits  light at the 
range of  433 nm, but  this is not  specific for sing- 
let oxygen (10) and H202 /CI  2 does not  pro- 
duce chemi luminescence  in acid media in the 
range of  t 02  emission (42). 

/3-Carotene acts as an efficient  singlet oxygen  
quencher  in nonaqueous  solut ion wi thout  itself 
being oxidized (43). If singlet oxygen  was gen- 
erated in our  model  system and/3-carotene acts 
as a quencher ,  then the evolut ion  of  oxygen  
should not  be inhibited and even should increase. 
However ,  we found that /3-carotene inhibited 
oxygen evolut ion and during this react ion the 
/3-carotene molecule  was destroyed.  It was also 
shown that /3-carotene in miceIlar water  disper- 
sion failed to quench singlet oxygen  (44). 

Our data support  the previous conclusion 
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FIG. 5. Oxygen evolution by a LPO/H~ O:/iodide sys- 
tem. 1-control; 2, 3, 4, in the presence of B-carotene 
3.25, 6.5 and 13.0 uM, respectively. Reaction mixture 
contained LPO (205 nM), H~O 2 (50 ~M), iodide (50 
~M), Tween 20, 0.05% in 2 ml acetate buffer 0.1 M, 
pH 4.5 at 25 C. 
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FIG. 6. Oxygen evolution by a LPO/H~O2/bromide 
system. I-control; 2, 3, 4 in the presence of B-carotene 
of 3.25, 6.5 and 13.0 vM, respectively. Reaction mix- 
ture contained LPO (205 nM), H202 (500/zM), bro- 
mide (500 uM), Tween 20 0.05% in 2 ml acetate buf- 
fer 0.1 M pH 4.5 at 25 C. 

that,  in the LPO/H202 /ha l i de  system, ~ca ro -  
tene behaves as a halide (X- )  quencher  or  trap- 
per (27) and by this activity it prevents  the 
interact ion of  halide radicals with a second mol- 
ecule of  H 2 0 2 .  

We propose that the evolut ion of  tr iplet  un- 
exci ted oxygen could be generated in our  model  
system by the fol lowing reactions:  

LPO+H202 +2X- 2H+ L P O + 2 H 2 0 + 2 X -  [3] 
2X" + 2H202 ~ 2HO~ + 2X" [4] 
HO~ + HO~ ~ H~O 2 +0~ [51 

(LPO = lac toperoxidase;  X- = halide ion or  X- = 
halide radical; HOE = perhydroxyl  radical). 

The s to ich iomet ry  of  this pa thway is in agree- 
ment  with the results published by Piatt and O'  
Brien (I 0) in which the react ion generated 0.5 
tool oxygen /mo l  of  H202  consumed.  It is well 
known that  chlorine radicals, molecular  chlorine 
or hypoch lorous  acid can oxidize H 2 0 2  (42). 
This one electron oxida t ion  by a chlorine radi- 
cal could init iate perhydroxyl  radicals which by 
dismutat ion will produce triplet oxygen  and 
HzO2 (45). We showed that  the peroxida t ion  
o f  chloride ion occurred only in the presence of  

very low amounts  of  H202  where the oxygen  
02 evolved was very low. Increasing the concen- 
t rat ion of the H~O: inhibi ted the reaction. Both 
of  these observat ions could explain the inabil i ty 
o f  the system to produce oxygen  in the presence 
of  chloride ion. 

This study shows by using a sensitive me thod  
of  ~ c a r o t e n e  destruct ion,  that  LPO could oxi- 
dize the chloride ion. /3-Carotene could be des- 
t royed very rapidly by the activated halide. The 
capacity of  ~ c a r o t e n e  to inhibit  oxygen  evolu- 
t ion during the react ion seems to arise f rom its 
ability to quench or trap chlorine or  o ther  ac- 
tivated halide radicals and thereby prevent  their 
in teract ion with o ther  funct ional  molecules.  

Krinsky (46) showed that a mutan t  micro- 
organism devoid of  carotenes was rapidly killed 
by po lymorphonuc lea r  leukocytes ,  unlike the 
wild-type strain containing carotenoids.  Our 
work has shown that  13-carotene seems to be a 
very efficient  halide quencher .  The methods  we 
used are sensitive enough to detec t  destruct ion 
of  one double bond;  however ,  based on the 
high unsaturat ion of  ~-carotene (11 double 
bonds and 8 allylic hydrogens) ,  we hypothes ize  
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t h a t  m o r e  t h a n  o n e  s i t e  is ava i l ab le  f o r  r ad i ca l  
a t t a c k .  I f  t h i s  h y p o t h e s i s  is t r u e ,  t h e n  i t  s e e m s  
t h a t  c a r o t e n o i d s  a n d  v i t a m i n  A m a y  f u n c t i o n ,  
in  v ivo ,  as p r o t e c t o r s  a g a i n s t  f r ee  r ad ica l  d e s t r u c -  
t i o n  o f  m e m b r a n e s .  

U s i n g  t h i s  s y s t e m ,  ( L P O / H 2  0 2 / h a l i d e s )  u n d e r  
o p t i m a l  c o n d i t i o n s ,  we  h a v e  d e m o n s t r a t e d  t h e  
c o o x i d a t i o n  o f  l i n o l e a t e ,  w h i c h  will b e  d e s c r i b e d  
in  a s u b s e q u e n t  p a p e r  (47) .  
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Initiation of Lipid Peroxidation 
by a Peroxidase/Hydrogen Peroxide/Halide System 

JOSEPH KANNER 1 and JOHN E. KINSELLA, Institute o f  Food Science, Stocking Hall, 
Comell University, Ithaca, NY 14853 

ABSTRACT 

A lactoperoxidase/Et202/halide system caused the initiation of linoleate peroxidation as indicated 
by diene conjugation. Coupled lipid peroxidation was accelerated by iodide, chloride and bromide ions 
at pH 4.0 and 6.2. No peroxidation occurred in the presence of H202 or lactoperoxidase alone. The 
rate of linoleate peroxidation by lactoperoxidase in the pre~nce of chloride depended on the concen- 
tration of tt202. Linoleate peroxidation by the enzymatic system was inhibited by high concentration 
of H202 by methionine, tryptophan and BHT. Oxygen was absorbed during peroxidation and the 
major products were the 13-hydroperoxides. The mechanisms of the initiation of lipid peroxidation 
by a peroxidase/H202/halide system are discus~d. 
Lipids 18:204-210, 1983. 

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

Oxidation of polyunsaturated fatty acids in 
living tissues causes membrane damage and 
cellular death (1). Lipid peroxidation has been 
implicated in mammalian cell injury caused by 
chemicals such as CC14, various oxidants, 
hemolytic agents, and air pollutants such as 
NO2 (2). 

The oxidation of lipids in foods is one of 
the most important and complex deteriorative 
reactions. These reactions develop rancid off- 
flavors, cause destruction of vitamins and pig- 
ments, reduction of the biological value of 
proteins, and can ultimately result in accumu- 
lation of compounds toxic to mammalian cells 
(3). 

With regard to lipid oxidation, one of the 
most important questions concerns the source 
of the primary radicals that initiate peroxida- 
tion in vivo and autoxidation in vitro. 

The initiation of lipid peroxidation by reac- 
tive oxygen species has been reported by several 
authors (4-8) and reviewed by Tien et al. (9). 
Recently, it was stated that the perhydroxide 
radical (HO2) acts as an efficient chain initiator 
in forming the aUylic linoleic acid radical (10). 
The mechanisms by which the NO2 radical 
initiates lipid peroxidation were presented 
recently ( 11 ). 

During phagocytosis, phagocytic cells gen- 
erate powerful oxidizing agents by the partial 
reduction of oxygen to superoxide radical and 

tCurrent address: Department of Food Technol- 
ogy, ARO Volcani Center, PO Box 6, Beit-Dagan 
50250, Israel. 

hydrogen peroxide (12-14). Evidence for the 
formation of the hydroxyl radical has also been 
presented (15,16). Those oxygen species have 
been implicated as the 'r~icrobicidal agents in 
phagocytosis. The microbicidal activity of 
H202 was found to be considerably increased 
by myeloperoxidase (MPO) and a halide (17- 
19) by a mechanism which involved chlorine 
and hypochlorite as the killing factors (14,20). 

MPO has many properties similar to those of 
lactoperoxidase (21-23) and we showed that 
both MPO and lactoperoxidase (LPO) cause 
~carotene destruction, probably via an initial 
addition mechanism (24,25). 

During phagocytosis, lipid peroxidation 
occurs (26,27) possibly via a free radical mech- 
anism generated by the peroxidase/hydrogen 
peroxide (H202) system. In vitro, a peroxidase/ 
H202/halide system rapidly degrades/~-carotene 
(25). In the present paper, we report the capa- 
city of this system to cause peroxidation of 
linoleic acid. 

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

Materials 

Hydrogen peroxide (30%), sodium chloride, 
potassium bromide, sodium acetate, acetic acid, 
tetrahydrofuran and acetonitrile were pur- 
chased from Mallinckrodt (St. Louis, MO). The 
LPO (60-80 units/mg), lipoxygenase (type I 
from soybean containing 150,000 units/mg) 
linoleic acid (18:2), sodium iodide, Tween 20, 
butylated hydroxytoluene (BHT), tryptophan 
and methionine were from Sigma Chemical Co. 
(St. Louis, MO). Ethyl acetate and hexane were 
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purchased from Fisher Scientific Co. (Fair 
Lawn, N J) and Silica Gel 60H from E. Merck 
(Darmstadt, West Germany). 

Methods 

LPO/H202/halide model system was pre- 
viously described fully (25). A typical assay 
contained 0.1 ml of enzyme (50-500 nM LPO), 
0.1 ml H202, 0.1 ml halide solution in 1.7 ml 
of sodium acetate buffer (0.05 M) and incu- 
bated at 25 C. 

Linoleate diene conjugation. Linoleic acid 
(18:2) was purified according to a modification 
of the method developed by Gardner (28). The 
linoleic acid (18 mg) was dissolved in hexane 
containing 1% acetic acid, layered on the top of 
a mini column (0.5 x 5.0 cm packed with Silica 
Gel 60 H), and eluted with 7 ml of the same 
solvent system. The fraction eluted from the 
column, i.e., pure 18: 2, was reduced to dryness 
under vacuum at 20 C. 

The assay of linoleate diene conjugation was 
done as described (29). The reaction mixture 
contained 18:2 (200 /aM) and Tween-20, 
(0.005%), in a 0.1 M buffer acetate at pH 4.0 
and 6.2. The initial rate of increase in absorb- 
ance was measured with a Cary DB-19 UV- 
visible spectrophotometer, computed from a 
recorder tracing and converted into nmol of 
conjugated dienes using a molar extinction 
coefficient of 25,250 at 233 nm (30). The 
results are the mean of triplicates and, in the 
figures, the error I bars deonte standard 
deviation. 

Oxygen absorption. Oxygen uptake from a 
reaction mixture containing similar concentra- 
tion of reactants as the model system for lino- 
leate diene conjugation was monitored with a 
Clark-type oxygen electrode at 25 C in a reac- 
tion vessel of 2.0 ml capacity. The initial rate 
of oxygen uptake was recorded and converted 
into nmol 02. 

The LPO concentration was calculated from 
an extinction coefficient of E412n mmM = 114 (31). 

Separation of acylhydroperoxides by high 
pressure liquid chromatography (HPLC). Aque- 
ous dispersions of linoleate were incubated in 
the presence of various prooxidants. After in- 
cubation, these were prepared for HPLC by 
extraction with 1.5 vol of ethyl acetate contain- 
hag 0.005% BHT. Each system (2 ml) was ex- 
tracted twice. After each addition of ethyl 
acetate, the mixture was mixed in a thermolyne 
specimix (Supelco, Inc., Bellefonte, PA) for 10 
rain. The aqueous and organic solvent layers 
were separated by centrifugation at 7000 rpm 
for 5 min. The top ethyl acetate layer was 
transferred to scintillation vials and evaporated 
to dryness by nitrogen at room temperature 

(32). The lipids were redissolved in 1 ml of 
tetrahydrofuran/acetonitrile/H20 (25:35:45, 
vol/vol) and 10 /al from this solution was in- 
jected onto the HPLC column. The fatty acid 
hydroperoxides were separated by HPLC 
(Waters Associates Inc., Millford, MA)us ing  
30 cm x 40 mm/a-Bondpak's packed fatty acid 
(Waters Associates) column. The hydroperox- 
ides were eluted with a mobile phase identical 
to the solvent mixture used for dissolving the 
lipids. The flow rate was 1 ml/min. The conju- 
gated dienes separated from the column were 
detected at 233 nm with a Waters UV detector 
sensitive to 0.002 difference in absorbance; the 
response was recorded continuously. 

R ESU LTS 

LPO/H202/halJde system initiated linoleate 
diene conjugation. This was obtained in the 
presence of iodide, chloride and bromide ions 
at both pH 4.0 and 6.2 (Fig. l). The optimal 
conditions for activation of the system were as 
found previously when studying /~-carotene 
destruction by the same system (25). No perox- 
idation occurred when H202 or the enzyme 
was omitted. A significantly lower rate and 
extent of peroxidation (ca. 25%) were obtained 
when the system contained the enzyme and 
hydrogen peroxide but lacked the halide. The 
rate of linoleate peroxidation by LPO in the 
presence of chloride ions was dependent on the 
concentration of H202. The optimal rate of 
peroxidation was found between 5 and 10/aM 
H202. Increasing the concentration of H202 
to 500 /aM strongly inhibited the oxidation 
(Fig. 2). 

The rate of linoleate peroxidation increased 
with increasing enzyme concentration up to 
250 nM (Fig. 3). Conjugation of 18:g by the 
LPO/H202/Cl- system was inhibited in the 
presence of 20 /aM of methionine, tryptophan 
or BHT, by 50, 80 and 90%, respectively (Fig. 
4). Lipid peroxidation was inhib i ted  also by 
other amino acids like alanine, glycine and 
valine, but only at concentrations above 1 mM. 

During conjugation in the system containing 
LPO, H202 and chloride ions, a significant 
absorption of oxygen occurred. After an induc- 
tion period of 2 rain the level of oxygen de- 
creased by 60 nmol during 10 min. The enzyme 
in the presence of only H202 also generated 
oxygen but to a lower extent. A similar effect 
was found during the formation of conjugated 
dienes. No absorption of oxygen occurred in 
the other controls (Fig. 5). 

HPLC was performed to separate and iden- 
tify the conjugated diene compounds formed 
after autoxidation of pure linoleic acid, of 
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FIG. 1. Diene conjugation of linoleate by an LPO/H20~/halide system. (a) LPO and 
H202; (b) LPO; (c) LPO and halides; (d) 11202 or halides. Reaction mixture contained LPO 
(150 nM), iodide (50 uM), bromide (500 taM) and chloride (225 mM), tJ20 ~ concentration 
for iodide and bromide (200pM)and for chloride (10pM), linoleic acid (200,uM), Tween-20 
0.005% in 2 ml of 0.1 M buffer acetate, pH 4.0 or 6.2. 
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FIG. 2. The effect of H202 concentration on diene 
conjugation of linoleate by an LPO/H20~/CI- system. 
The reaction mixture contained LPO (220 riM), 
chloride (225 raM), linoleic acid (200 taM), Tween-20 
0.005% in 2 ml of 0.1 M buffer acetatc, pH 4.0 or 6.2. 
Error I bars denotes standard deviation (n = 3). 

FIG. 3. The effect of LPO concentration on lino- 
leate diene conjugation of linoleate by an LPO/H202/ 
C1- system. The reaction mixture contained H202 
(10 taM), chloride (225 raM), linoleic acid (200 taM), 
Tween-20 0.005% in 2 ml of 0.1 M buffer acetate, pH 
4.0. Error I bars denotes standard deviation (n =3). 
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FIG. 4. Diene conjugation of linoleate by an LPO/H2OJCI- system in the presence of tryptophan and BHT. 
The reaction mixture contained LPO (320 nM), H202 (15/aM), chloride (225 raM), methionine, tryptophan and 
BHT were (a) 2/aM, (b) 20/aM; (c) 200/aM, linoleic acid (200/aM), Tween-20 0.005% in 2 ml of 0.1 M buffer 
acetate, pH 4.0. 
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FIG. 5. Oxygen absorption in the presence of LPO/ 
H202/C1- system and linoleate. The reaction mixture 
contained LPO (220 nM), H202 (10 /aM), chloride 
(225 nM), linoleic acid (200/aM), Tween-20 0.005% in 
2 ml of 0.1 M buffer acetate, pH 4.0; (c) controls of 
LPO/H202/CI-; LPO/CI-, H202 and CI-, or the same 
controls without linoleate. 

aqueous linoleate dispersions, and of the system 
containing linoleate activated by LPO/H202/C1- 
or lipoxygenase at 25 C (Fig. 6). The separation 
of the conjugated dienes by HPLC revealed that 
autoxidation of bulk linoleic acid resulted in 
one major peak, the retention time (8.5 min) of 
which was the same as that of the peroxidized 
product formed in the system activated by the 
LPO. Soybeap. lipoxygenase type A preponder- 
antly generates cis-trans 13-hydroperoxide (28). 
The freshly dispersed aqueous linoleate solution 
showed only traces of a peak that coincided 
with the 9-hydroperoxide. This peak increased 

significantly after and incubation of the solu- 
tion at 25 C for 2 hr. After prolonged incuba- 
tion, 2 additional peaks were obtained, one 
with a retention time corresponding to the 13- 
hydroperoxide (13-ROOH). The LPO/H202/C1- 
system resulted in the formation of mainly the 
13-hydroperoxide (and another minor peak 
with a re ten t ion  time of 7 rain). This minor 
peak could be a trans-trans isomer of the 13- 
hydroperoxide (33). Increasing incubation time 
to 15 min resulted in the generation of a peak 
with a retention time similar to that formed 
during the incubation of the control aqueous 
linoleate solution, i.e., 13-ROOH (Figs. 6A 
and B). 

DISCUSSION 
in an earlier study, we showed very rapid 

destruction of /3-carotene by a fish leukocyte 
MPO/H202/halide system (24). To test the 
hypothesis that during the phagocytosis proc- 
ess, an MPO/H202/halide could initiate lipid 
peroxidation, we performed experiments with 
LPO which behaves like MPO (23,34,35) and is 
available commercially as a pure enzyme. LPO 
can peroxidize chloride ions (25), an activity 
which was known to be unique for MPO and 
chloroperoxidase (21,36). 

LPO in the presence of optimal concentra- 
tion of H202 and halides cooxidized linoleate 
to conjugated diene compounds. The highest 
activity was found for iodide followed by 
chloride and bromide. The cooxidation of lino- 
leate decreased almost 30-50% when the pH of 
the system was changed from 4.0 to 6.2. A 
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FIG. 6. HPLC of diene conjugated compounds derived from the interaction of LPO/H202/CI- and other 
prooxidants with linoleic acid. A (I) pure linoleic acid (0.5 nmol) incubated at room temperature for 24 hr; 
(2) aqueous linoleate dispersion, 0 time; (3) linoleate aqueous dispersion incubated for 30 min; (4) linoleate 
aqueous dispersion incubated for 2 hr; (5) linoleate aqueous solution in the presence of LPO/H202]CI- incu- 
bated for 5 min; (6) the same as (5) after incubation for 15 min; (7) lipoxygenase soybean type 1 (100 units, 
incubated for 3 min with linoleate. The first two peaks on the chromatograms are artifacts of the solvent system. 

similar effect of the pH on this system was 
found and discussed in our previous study (25) 
and also by other researchers studying LPO and 
MPO halogenation (23,34). 

The destruction of/3-carotene by MPO-like 
enzyme from fish and by LPO (24 ,25)was  
highly sensitive to H202 concentration. The 
decrease in activity by those enzymes in the 
presence of high I-I202 concentration was also 
shown by others (23,24,35,37). In this study, 
we found that lipid peroxidation by LPO/chlor- 
ide is activated by very low concentrations of  
H202 and inhibited by high concentrations. 
The optimal H202 concentration for increasing 
diene conjugation was the same as caused 
carotene destruction. 

LPO/H202/halide system produced oxygen 
(23,25). The evolution of  oxygen was found 
only in the presence of iodide and bromide ions 
when H202 was at a high concentration. Evolu- 
tion of oxygen did not occur in the presence of  
chloride, probably because of the inactivation 
of the enzyme at high H20:  concentrations 
(25). 

In the present study, oxygen was absorbed 
during the interaction of  LPO/H202/chloride 
system with linoleate. Conceivably, this oxygen 
could interact with alkyl radicals and produce 
the conjugated dienes observed in our model 
system. 

The diene conjugation of linoleate by LPO/ 
H202/C1- was inhibited at low concentrations 
of BHT, tryptophan and methionine. In con- 
trast, 13-carotene destruction by the same sys- 
tem was not inhibited by BHT even at high 
concentrations, and tryptophan actually en- 
hanced the reaction. These results reflect the 
differences on the mechanisms by which these 

two molecules,/~-carotene and linoleic acid, are 
altered by the LPO/H202/halide system. It 
seems that /3-carotene was destroyed by the 
enzymatic system via an addition reaction, 
whereas linoleic acid was peroxidized via an 
abstraction reaction, a reaction which was 
inhibited by BHT, tryptophan and methionine. 
It is known that amino acids interact with 
chlorine or HOCI derived from the MPO/H202/ 
CI- system via reactions which deaminate and 
decarboxylate the amino acids (38). These 
interactions could obstruct hydrogen abstrac- 
tion from the lipid substrate. 

Extensive research has been undertaken to 
identify the primary free radical which initiates 
lipid peroxidation (4-6,9-11). We found evi- 
dence that chlorine or activated chlorine (or 
other halides), oxidized compounds that are 
generated during the reaction of a peroxidase] 
H202/C1- system (36,39), can initiate lipid 
peroxidation. These results are supported by 
the observation that, during enzymatic iodina- 
tion of membrane proteins, lipids are also 
peroxidized (40). 

Lipid peroxidation is known to be mediated 
by a free radical chain reaction. Initiation is 
thought to occur when linoleic acid reacts with 
an oxidizing compound which abstracts an 
allylic hydrogen from carbon-11 to produce a 
pentadienyl radical. This intermediate radical 
reacts at both ends with dioxygen to produce a 
mixture of  conjugated 9- and 13-dienes (41). 

However, there is another possibility by 
which a free radical (e.g., NO2 [ 11,42]) will 
interact with the electrons of  the double bond 
(Scheme 1, reaction 1). This addition reaction 
forms a free radical which can interact with 
other radicals or with oxygen to form a peroxy 
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radical ( 11 ). 
The peroxy radical generated could then 

initiate an allylic hydrogen abstraction from 
linoleate which can form an alkyl radical and 
a hydroperoxide (Scheme 1, reaction 2). Both 
of these compounds could then initiate lipid 
peroxidation. Diene conjugated compounds, 
however, can be formed in this reaction only 
after allylic hydrogen abstraction. 

The increase in the diene conjugation of 
linoleate reflects hydrogen abstraction during 
the interaction of the LPO/H202/halide system 
with linoleate. Possibly this hydrogen abstrac- 
tion could result from direct interaction of a 
halide radical with the allylic hydrogen or by an 
indirect interaction of a peroxy radical (ROO-) 
(derived by an addition reaction on the double 
bond by a halide radical and oxygen [reactions 
1 and 21 ) with linoleate. 

Compounds such as N-chlorosuccinimide 
43) and N-bromosuccinimide (44), which can 
serve as a source of chlorine and bromide in low 
concentrations, can abstract an allylic hydrogen 
from alkenes. The activation energy for the 
addition of chlorine or bromine and especially 
iodine to a double bond is lower than that of 
the corresponding hydrogen abstraction step. 
However, at very low concentrations, substitu- 
tion is the dominant reaction (45-47). The 
allylic radical thus formed is not appreciably 
reversible. 

Recently, Pryor and Lightsey (.11) reported 
that the mechanisms by which NO2 reacts with 
cyclohexane or unsaturated fatty acid was 
dependent on the concentration of the radical. 
At very low concentration of NO2, allylic 
hydrogen abstraction was the dominant reac- 
tion and, in the presence of oxygen, NO2 ini- 
tiated peroxidation of polyunsaturated fatty 
acids. 

The absorption of oxygen by our enzyme 
system reflected the formation of hydroperox- 
ides. Thus, another possible mechanism of ini- 
tiation of linoleate oxidation could have in- 
volved singlet oxygen. Such a reaction should 
produce the 9, 10, 12 and 13 hydroperoxides 

of 18:2 in a ratio of 2: 1: 1:2, respectively, from 
linoleic acid (48); however, we did not obtain 
this pattern of hydroperoxides (Fig. 6). 

Originally, Allen et al. (49)hypothes ized 
that the antimicrobial effect resulting from the 
action of MPO/H202/halide was singlet oxygen 
(IO2). During recent years, many attempts have 
been made to prove this hypothesis (1-3,6,50). 
However, there is growing evidence against the 
generation of tO2 by the MPO/ or LPO/H202/ 
halide systems (20,51,52). Our conclusion from 
the earlier reports (24,25) are in agreement 
with those which question the generation of 
102 in this system. The pattern of isohydroper- 
oxides from the reaction of the LPO/H202/CI- 
system with linoleate gave peaks with retention 
times similar to those produced by lipoxy- 
genase, i.e., mainly the 13-hydroperoxide. We 
failed to get the pattern suggested by Frankel 
(48) and hence, it appears that singlet oxygen 
was not involved. 

Thus, it appears that the peroxidation of 
linoleate by a peroxidase/H202/halide system 
is via a mechanism of hydrogen abstraction 
and/or radical addition which in the presence 
of oxygen form the conjugated dienes and 
hydroperoxides. 

MPO, H202 and halides form a potent anti- 
microbial system which is operative in the 
phagocytic cells, e.g., neutrophils. Lipid perox- 
idation apparently occurs during phagocytosis 
(26,27). Conceivably, under certain conditions, 
e.g., injury and infection, MPO and H202 may 
be released from the leukocytes (17) and ini- 
tiate peroxidation of lipids in continguous 
tissues and thereby disrupt normal functions. 
We recently observed that mammalian MPO 
could cause linoleate peroxidation in vitro. 
Further research to establish the nature of the 
radicals or activated species (CI" or HOCI) 
which may initiate lipid peroxidation in vivo or 
in vitro is warranted. 
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ABSTRACT 

DOA (di[ 2-ethylhexyl] adipate, dioctyladipate), a plasticizer used in the manufacture of polyvinyl- 
chloride plastic products, has been considered as a suitable substitute for di(2-ethylhexyl)phthalate 
(DEHP) in some applications, in the present studies, hepatic lipid metabolism was examined in liver 
mince preparations from rats fed 0.5% or 1.0% DOA in the diet for 2 weeks. By studying patterns 
of lipid synthesis from [I'C] acetate, [~4C] oleate, I ~*CI mev.,donate, and [J4C] octanoate, it was con- 
cluded that DOA feeding inhibits hepatic cholestcrolgenesis and alters the pattern of phospholipids 
synthesized by the liver. DOA also exerted a cholesterol-lowering effect at the 1% level but did not 
affect plasma triglyceride levels. The restdts suggest that the biological effects of DOA in the rat are 
similar to those produced by DEHP. 
Lipids 18:211-215, 1983. 

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

Di(2-ethylhexyl)phthalate (DEHP) is the 
most widely used commercial plasticizer, both 
domestically (USA) and worldwide, with global 
production of ca. 4x l09 lb annually (1). In 
recent years, there has been rising concern over 
the safety of DEHP. This concern emanates 
from a wide variety of biological studies which 
indicate that DEHP is mutagenic (2), terato- 
genic (3,4), displays cytoxicity (5,6), alters 
lipid metabolism (7-10), inhibits various en- 
zymes (11-13), and alters tissue ultrastructure 
(14). Additionally, DEHP contaminates virtu- 
ally all ecosystems (1) and has been found in 
human tissue (15-17) and in the food supply 
of man (18-20). In view of what has been stated 
above, there has been an interest in using less 
toxic substitutes for DEHP in certain applica- 
tions such as in the production of polyvinyl- 
chloride plastic medical devices (e.g., plastic 
blood storage bags, catheters, etc.). Di(2-ethyl- 
hexyl)adipate, also known as dioctyladipate or 
DOA, is a plasticizer that is gaining attention 
as a DEHP-substitute in certain applications. 
Since we have previously shown that DEHP is 
an inhibitor of hepatic cholesterolgenesis in the 
rat and is capable of modifying other aspects of 
rodent lipid metabolism (7-10,21,22), it seemed 
important to study the effects of DOA feeding 
on lipid metabolism in the rat. The studies 
presented here indicate that DOA shares similar 
biological properties with DEIIP in that DOA is 
an inhibitor of hepatic cholesterolgenesis, 
possesses plasma cholesterol-lowering activity, 
and modifies hepatic phospholipid metabolism. 

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

Male rats (Upjohn:TUC(SD)spf) weighing 
150-160 g were individually housed with free 
access to food and water. The animals received 
either a stock diet (Purina Laboratory Chow) or 
the stock diet supplemented with 0.5% or 1.0% 
(w/w) di(2-ethylhexyl)adipate (Eastman Chem- 
ical Products, Kingsport, TN). The DOA was 
mixed into the diets dissolved in diethylether 
(7); the diets were then placed under an ex- 
haust hood and stirred in order to permit the 
ether to evaporate. The rats were killed be- 
tween 9 A.M. and 10 A.M. and liver minces were 
prepared (9) for incubation in 3.5 ml Krebs- 
Ringer bicarbonate buffer (pH 7.4) which 
contained either [134C]oleate (sodium salt, 
sp act 56.0 Ci/mol), [1-14C]acetate (sodium 
salt, sp act 56.0 Ci/mol), [1-1ac]octanoate 
(sodium salt, sp act 25.1 Ci/mol) or [2-14C] DL- 
mevalonic acid (dibenzylethylene diamine salt, 
sp act 50.1 Ci/mol). The labeled precursors 
were obtained from New England Nuclear 
Corp., Boston, MA, and were present in the 
incubation mixtures at levels from 1.1 /aCi to 
3.0 /2Ci; levels used in a particular experiment 
are given in the table footnotes. 

The tissue minces were incubated for 90 min 
at 37 C. After the incubation period, the tissues 
were either homogenized in chloroform/meth- 
anol as previously described (7) and the lipid 
extracts washed according to Folch et al. (23), 
or KOH and ethyl alcohol were added to the 
incubation mixtures to give final concentrations 
of 11% and 82%, respectively. In the latter case, 
hydrolysis of the tissue and saponification of 
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the  l ipids t o o k  place at  60  C for  60  min  (8)  and  
was fol lowed by e x t r a c t i o n  of  the  nonsapon i f i -  
able l ipids (s terols  and  squa lene )  wi th  n - h e x a n e  
(8). In some  e x p e r i m e n t s ,  c h l o r o f o r m / m e t h a n o l  
ex t rac t s  and n -hexane  ex t rac t s  were frac- 
t i o n a t e d  by  th in  layer  c h r o m a t o g r a p h y  on  
Silica Gel G-coa ted  glass plates  in a so lvent  
sys tem consis t ing  of  n - h e x a n e / d i e t h y l  e t h e r /  
acet ic  acid ( 1 4 6 : 5 0 : 4 )  (7,8).  The  var ious  l ipids 
were visualized u n d e r  UV l ight  a f te r  sp ray ing  
the  c h r o m a t o p l a t e s  wi th  r h o d a m i n e  6G (0 .05% 
in e t h a n o l )  (7 ,8) .  The  lipid bands  were scraped  
f rom the  plates  in to  vials con ta in ing  scint i l la-  
t ion  fluid (Liqui f luor ,  New England  Nuclear  
Corp. ,  Bos ton ,  MA) and  assayed for  radio- 
act ivi ty  in a l iquid sc in t i l la t ion  s p e c t r o m e t e r  
(Packard  Tri-Carb,  Model  3375 ,  Packard  
I n s t r u m e n t s ,  Downers  Grove,  IL). Q u e n c h  
co r rec t ions  were made  by the  ex te rna l  s tan-  
da rd iza t ion  m e t h o d .  In e x p e r i m e n t s  us ing 
[ 1 J a c ] o l e a t e ,  a l iquots  of  the  c h l o r o f o r m /  
m e t h a n o l  ex t r ac t s  of  the  t issues were also chro-  
m a t o g r a p h e d  in the  sys tem of  Skipski  et  al. 
(24)  in o rde r  to  f r ac t iona te  the  t issue p h o s p h o -  
lipids. Since this  sys tem does  n o t  readi ly  sepa- 
ra te  phospha t idy l se r ine  f rom phospha t idy l -  
inosi to l ,  these 2 f rac t ions  were c o m b i n e d  for  
analysis.  In some expe r imen t s ,  d ig i ton in-  
prec ip i tab le  s terols  (sterols  possessing a 313- 
h y d r o x y  g roup)  were o b t a i n e d  f rom ex t r ac t s  
o f  nonsapon i f i ab l e  l ipids (25)  and  assayed for  
rad ioac t iv i ty  (25) .  

Plasma choles te ro l  and  p lasma t r ig lycer ides  
were measured  by  a u t o m a t e d  m e t h o d s  (26 ,27) .  

RESULTS AND DISCUSSION 

The abil i ty of  rat  l iver minces  to  syn thes ize  
squa lene  and s terols  f rom [ t 4 C ] a c e t a t e  and 
[t4C] meva lona te  was af fec ted  by  feeding DOA 
at a level of  1.0% in the  d ie t  (Table  1). The  
i n c o r p o r a t i o n  o f  [ t 4 C ] a c e t a t e  in to  choles te ro l  
was r educed  62% (p < 0 .001)  in livers f rom the  
DOA-fed rats and  paral le led a decrease (67%, 
p < 0 .001)  in [ t 4 C ] a c e t a t e  i n c o r p o r a t i o n  i n to  
the  s te ro l -precursor ,  squalene .  In s imilar  s tudies  
c o n d u c t e d  wi th  [14C]meva lona te ,  no  signifi- 
can t  (p > 0 .05)  change  in the  f o r m a t i o n  of  
labeled  choles te ro l  (or  d ig i ton in -prec ip i t ab le  
s terols)  was observed .  There  was, however ,  a 
s igni f icant  decrease (32%, p < 0 . 0 2 ) i n  the  
i n c o r p o r a t i o n  of  [14C]meva lona te  in to  squa-  
lene.  The s t rong  inh ib i t i on  of  squalene  and  
choles te ro l  syn thes i s  f rom [ t 4 C ] a c e t a t e  in 
DOA-fed rats  and  the  failure o f  DOA feeding to  
af fec t  choles tero lgenes is  f rom [14C] meva lona t e  
suggests t h a t  DOA affects  s terol  b iosyn thes i s  at 
a site or  sites p r io r  to  the  f o r m a t i o n  of  meva- 
Ionic acid. This be ing  the  case, the  part ial  in-  
h i b i t i o n  of  { 14C] meva lona te  i n c o r p o r a t i o n  i n t o  
squa lene  observed in livers o f  the  DOA-fed rats  
may be exp la ined  i f  one or  more  of  the  en- 
zymes  be tween  meva lona te  and squalene  is 
subs t r a t e - induced  and,  hence ,  d imin ishes  in 
ac t iv i ty  as e n d o g e n o u s  meva lona te  syn thes i s  is 
r educed .  It appears  t ha t  squa lene  synthes is  
f rom meva lona te  is adequa t e  to  susta in  s terol  
syn thes i s  in DOA-fed rats despi te  a 32% decl ine  
in squa lene  p roduc t i on .  These resul ts  are s imilar  

TABLE 1 

Effect of Feeding 1.0% DOA on the Formation of Nonsaponifiable Lipids 
from [J4C] Acetate and 114CIMevalonate in Minces from Rat Liver a 

[ 14C I Acetate [ l*C I Mevalonate 

Control DOA Control I)OA 

(dpm/g wet wt) 

Cholesterol 555 _.t 55 b 210 -+ 30 c 32605 -+ 2660 31850 --- 2780 
Squalene 725 +- 85 240 *-. 35 c 74120 +- 6640 50180 +-- 2660 d 
Digitonin-precipitable sterols -- - 34785 -+ 2175 35365 + 2610 

aRats were fed either Purina Chow alone (control) or supplemented with DOA for 2 
weeks. Liver minces (500 mg) were incubated for 90 min at 37 C in a total volume of 3.5 ml 
Krebs-Ringer bicarbonate buffer, pH 7.4, containing either 2 #Ci DL-mevalonic 12J4CJacid, 
or 3 pCi [ l-l*Clacetic acid. The samples were hydrolyzed and sap(miffed as described under 
Methods and the nonsaponifiable lipids (sterols, squalene) were extracted with n-hexane. 
One portion of the extracts was evaporated under N 2 and applied to Silica Gel G-coated 
plates in a small amount of chloroform]methanol (2: l,  v/v) to isolate cholesterol and squa- 
lene as described under Methods; another portion of the extracts was evaporated, redis- 
solved in acetone/ethanol (1: 1, v/v), and treated with digitonin in order to precipitate the 
digitonin-precipitable sterols. 

bValues are means-+ SEM of 8 animals per group in the I~*C]acetate studies and of 6 
animals per group in the 114C] mevalonate studies. 

c,dsignificantly different from control values by Student's independent t-test (c, p < 
0.001; d, p < 0.01). 
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to  ou r  previous  obse rva t ions  wi th  DEHP-  
feeding in the  rat  where  i t  was observed t h a t  
i n h i b i t i o n  of  choles terolgenes is  f rom [14C]- 
ace ta te  occur red  a b o u t  one  week before  signifi- 
can t  i nh ib i t i on  of  cho les te ro l  synthes is  f rom 
labeled  meva lona te  occurred .  It seems likely 
t h a t  the  rats  fed 1% D O A  in this  s t udy  would  
have d e m o n s t r a t e d  i n h i b i t i o n  o f  choles terol-  
genesis f rom meva lona te  i f  c o n t i n u e d  b e y o n d  
2 weeks on  the  diet  (8 ,9 ,21) .  

The  feeding of  lower  levels (0 .5%) of  D O A  
for  2 weeks  also resul ted  in s ta t is t ical ly  signifi- 
cant  i n h i b i t i o n  of  [14C] ace ta te  (p < 0 .02)  and  
[ 14C] meva lona te  (p < 0 .01)  i n c o r p o r a t i o n  i n t o  
squa lene  by  liver minces  (Table  2). Choles te ro l  
syn thes i s  f rom [14C]ace ta te  t e n d e d  to be 
r educed  as well bu t  the  r educ t i on  was n o t  
s ta t is t ical ly  s igni f icant  suggest ing t h a t  the  feed- 
ing of  0 .5% DOA for  2 weeks  y ie lded  a th resh-  
old  response  wi th  respect  to  s terol  syn thes i s  
t h a t  re f lec ted  the  dose of  D O A  and the  dura-  
t ion" of  exposure .  Jus t  as was observed wi th  
feeding 1% DOA, 0.5% D O A  feeding did n o t  
af fec t  the  i n c o r p o r a t i o n  o f  [14C]meva lona te  
i n t o  choles te ro l  (Table  2). 

Feed ing  of  1.0% DOA was also associa ted 
wi th  a decrease in p lasma choles te ro l  f rom 76 
mg/d l  to  66 mg /d l  (p < 0 .02,  Table  3); al tera- 
t ions  in p lasma choles te ro l  did n o t  occu r  at  the  
0.5% level of  DOA (Table  3). These  resul ts  are 
s imilar  to  those  observed in DEHP-fed rats  
where  r educ t ions  in hepa t i c  choles tero lgenes is  
were also accompan i ed  by  lower  c i rcula t ing  
levels o f  p lasma choles te ro l  (21) .  A l t h o u g h  i t  
is t e m p t i n g  to cons ider  t h a t  the  r e d u c t i o n s  in  
p lasma choles te ro l  ref lect  the  r educ t i on  in 
hepa t i c  choles terolgenesis ,  i t  is possible  t ha t  
o t h e r  m e c h a n i s m s  such as increased Lipoprotein 
c learance could  be involved.  

One p o t e n t i a l  p r o b l e m  in us ing labeled  ace- 
t a t e  to  measure  s terol  synthes is  involves the  
poss ib i l i ty  of  u n d e r e s t i m a t i n g  s terolgenesis  
u n d e r  cond i t ions  in  which  an admin i s t e r ed  
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TABLE 3 

Effect of Feeding DOA on Plasma Cholesterol 
and Triglyceride Levels in the Rat a 

Plasma lipid levels (mg/dl) 
Dietary level 

of DOA Cholesterol Triglyceride 

0 (control) 76 • 2 b 126 • 12 
0.5% 71 • 3 147 • 16 
1.0% 66 +- 3 c 1 0 9  • 10 

aRats were fed Purina Chow alone (control) or 
supplemented with 0.5% and 1.0% DOA for 2 weeks. 
Total cholesterol and total triglyceride values were 
determined on heparinized plasma derived from blood 
that was drawn by cardiac puncture. 

bValues are means -+ SEM of values from 8 animals/ 
group. 

CSignificantly different from the control value 
(p < 0.02) by Student's independent t-test. 

c o m p o u n d  can be a source  of  acetyl  un i t s  
wh ich  di lqte  the  specif ic  act ivi ty  of  the  ace ta te  
pool .  In the  case o f  the  rat ,  DOA is metabolized 
in  the  gut  and  o t h e r  t issues to  yield the  m o n o -  
ester ,  adipic acid (28) ,  and  p re sumab ly  2-ethyl-  
h e x a n o l  (28 ,29) .  Whereas 2 - e thy lhexano l  is 
un l ike ly  to genera te  ace ta te  (29) ,  the re  is evi- 
dence  t ha  t ad ipa te  can unde rgo /3 -ox ida t i on  to 
some e x t e n t  (28 ,30)  and  migh t ,  t he re fo re ,  con-  
t r i bu t e  to  the  e n d o g e n o u s  ace ta te  pool .  Fo r  this  
reason ,  liver minces  were p repa red  f rom 1% 
DOA-fed  rats  as in  Table  1 and  i n c u b a t e d  w i th  
2 ~Ci  [1-14C]octanoate which readi ly  pene-  
t ra tes  the  m i t o c h o n d r i a  (31) .  The rapid  genera-  
t ion  o f  ace ty lCoA f rom the  exogenous  octa-  
n o a t e  reduces  the  relat ive c o n t r i b u t i o n  of  
e n d o g e n o u s  sources  of  ace ta te  to  s terol  syn the -  
sis (31).  In these  expe r imen t s ,  the  incorpora -  
t ion  of  [ 14C] o c t a n o a t e  i n to  the  to ta l  n o n s a p o n -  
if iable l ipid f r ac t ion  was r educed  ca. 50% in 
t issues f rom the  DOA-fed rats  ( d p m / g  wet  wt :  
con t ro l ,  1 7 1 7 5 + 4 0 5 0  [n=8]  vs 1% DOA, 8 7 2 5 -  + 

TABLE 2 

Effect of Feeding 0.5% DOA on the Formation of Nonsaponifiable Lipids 
from [ 14C] Acetate and [ ~4C] Mevalonate in Minces from Rat Liver a 

[ 14C1 Acetate [ laC] Mevalonate 

Control DOA Control DOA 

(dpm/g wet wt) 

Cholesterol 2510 • 785 b 1470 • 260 1,8615 -+ 2180 14590 • 775 
Squalene 835 • 215 170 • 35 c 26270 • 2835 14500+ 590 d 

aSame as footnote to Table 1, with the exception that 0.5% DOA was fed and DL- 
mevalonic [2-~4C] acid was present at a level of 1.1 ~Cifincubation. 

bValues are means +- SEM of 6 animals per group in all experiments. 
c,dsignificantly different from control values by Student's independent t-test (c, p < 

0.02; d, p < 0.01). 
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1 3 7 5  I n = 8 ] ) .  T h e s e  d a t a  f u r t h e r  s u p p o r t  t h e  
c o n t e n t i o n  t h a t  D O A  f e e d i n g  r e s u l t s  in  i n h i b i -  
t i o n  o f  s t e r o l  s y n t h e s i s .  

In  r a t s  f ed  1% D O A  fo r  2 w e e k s ,  t h e  i n c o r -  
p o r a t i o n  o f  [14C] o l ea t e  a n d  [14C] a c e t a t e  i n t o  
l iver  p h o s p h o l i p i d s ,  t r i g l y c e r i d e s  a n d  s t e r y l  
e s t e r s  were  n o t  s i g n i f i c a n t l y  a f f e c t e d  ( T a b l e  4) .  
T h e  f ac t  t h a t  f ree  f a t t y  ac id  f o r m a t i o n  f r o m  
[ 1 4 C ] a c e t a t e  was  a lso  u n a f f e c t e d  ( T a b l e  4 )  
o f f e r s  a d d i t i o n a l  e v i d e n c e  aga i n s t  a s i g n i f i c a n t  
e x p a n s i o n  o f  t h e  e n d o g e n o u s  a c e t a t e  p o o l  aris-  
i n g  f r o m  D O A  m e t a b o l i s m  in  t h e  t i s s u e .  F r a c -  
t i o n a t i o n  o f  t h e  p h o s p h o l i p i d s  ( T a b l e  5) ,  h o w -  
ever ,  i n d i c a t e d  t h a t  t h e r e  was  a c h a n g e  in  t h e  
p a t t e r n  o f  t h e  p h o s p h o l i p i d s  s y n t h e s i z e d .  In  
l ivers  f r o m  t h e  D O A - f e d  ra t s ,  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  [ 1 4 C ] o l e a t e  a n d  [ 1 4 C ] a c e t a t e  
i n c o r p o r a t e d  i n t o  p h o s p h a t i d y l c h o l i n e  fel l  f r o m  
4 3 . 0 %  to  3 5 . 8 %  (p < 0 . 0 1 ) ,  a n d  f r o m  3 2 . 9 %  to  
19 .1% (p  < 0 . 0 5 ) ,  r e s p e c t i v e l y  (T ab l e  5). 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  [ 1 4 C ] a c e t a t e  i n t o  

s p h i n g o m y e l i n  was  a lso  r e d u c e d  b e l o w  c o n t r o l  
v a l u e s  w i t h  D O A  f e e d i n g  ( 6 . 8 %  vs  2 .8%,  p < 
0 . 0 5 ) ,  w h e r e a s  t h e  p e r c e n t a g e  o f  [ 1 4 C ] a c e t a t e  
a p p e a r i n g  in t h e  p h o s p h a t i d y l e t h a n o l a m i n e  
f r a c t i o n  i n c r e a s e d  f r o m  3 7 . 9 %  to  5 3 . 3 %  (p < 
0 . 0 1 ) .  T h e s e  e f f e c t s  o f  D O A  o n  ra t  l iver  p h o s -  
p h o l i p i d s  c lo se ly  pa ra l l e l  t h e  e f f e c t s  t h a t  we re  
o b s e r v e d  in l ivers  o f  r a t s  f ed  0 . 5 - 1 . 0 %  D E H P  
( 7 , 3 2 ) .  

In  c o n c l u s i o n ,  t h e  b i o l o g i c a l  e f f e c t s  o f  D O A  
in  t h e  ra t  as t h e y  re la te  to  l ip id  m e t a b o l i s m  
are  s t r i k i n g l y  s im i l a r  t o  t h e  e f f e c t s  o b s e r v e d  
w i t h  D E H P  in  t h e  ra t .  T h e s e  e f f e c t s  i n c l u d e :  
(a)  i n h i b i t i o n  o f  h e p a t i c  c h o l e s t e r o l g e n e s i s ;  (b )  
r e d u c t i o n  o f  p l a s m a  c h o l e s t e r o l ;  a n d  (c)  m o d i f i -  
c a t i o n  o f  h e p a t i c  p h o s p h o l i p i d  s y n t h e s i s .  

T h e  s t u d i e s  p r e s e n t e d  h e r e  s u g g e s t  t h a t  fu r -  
t h e r  b io log i ca l  e v a l u a t i o n  o f  D O A  is w a r r a n t e d  
b e f o r e  it  b e c o m e s  w i d e l y  e s t a b l i s h e d  as a s u b -  
s t i t u t e  f o r  D E H P  as a p l a s t i c i z e r  in  s y n t h e t i c  
p r o d u c t s .  

TABLE 4 

Effect of  1% DOA Feeding on the Incorporation of  [14C] Oleate and [14C]Acetate 
into Lipids in Minces from Rat Liver a 

[ 14C] Oleate [ 14C] Acetate 

Free 
Phospholipids Triglycerides Steryl esters Phospholipids fatty acids Triglycerides 

(dpm/g wet wt) 

Control 74120 + 8000 b 219170 + 22055 7880 + 1660 1295 -+ 195 1975 -+ 575 990 +- 140 
DOA 58265 -+ 2695 174570+  11940 5275 -+ 405 1025 +- 85 2320-+ 475 630 + 55 

aRats were fed either Purina Chow alone (control) or supplemented with 1.0% DOA for 2 weeks. Liver 
minces (500 mg) were incubated for 90 min at 37 C in 3.5 ml Krebs-Ringer bicarbonate buffer,  pH 7.4, contain- 
ing either 2 #Ci [ 1-14C] oleic acid or 2 #Ci [ 1A4C] acetic acid. After incubat ion,  tissue lipids were extracted and 
fractionated by thin layer chromatography as described under  Methods,  and assayed for radioactivity. 

bValues are means  -+ SEM of  4 animals per group. 

TABLE 5 

Effect of  1.0% DOA Feeding on the Percentage Distribution of  [ 14C] Oleate and [ 14C] Acetate 
into Individual Pbospholipid Classes in Minces from Rat Liver a 

Lyso Sph PC PS+PI PE 

[14C]Oleate Control 1.0 -+ 0.1 b 1.0 -+ 0.1 43.0 +- 1.1 18.5 -+ 0.7 36.6 +- 0.8 
DOA 1.1 + 0.1 0.9 + 0.1 35.8 + 1.6 c 21.4 + 1.3 40.9 -+ 2.7 

[~4C]Acetat e Control 5.9 + 1.4 6.8 -+ 1.2 32.9 +- 5.4 16.6 -+ 2.0 37.9 -+ 2.6 
DOA 4.4 -+ 0.9 2.8 + 0.8 d 19.1 -+ 1.4 d 20.3 + 2.0 53.3 +- 2.5 c 

aSee footnote  to Table 4. Phospholipids were fractionated according to the method  of  Skipski et al. (24). 
Lyso, lysolecithin; Sph, sphingomyelin;  PC, phosphat idylchol ine;  PS+PI, phosphatidylserine plus phosphatidyl-  
inositol; PE, phosphat idyle thanolamine.  

bValues are the mean + SEM of  4 animals/group. 
c,dsignificantly different from control values by Student ' s  independent  t-test (c, p < 0.01; d, p < 0.05). 
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Polycyclic Hydrocarbon and Polychlorinated Biphenyl 
Solubilization in Aqueous Solutions of Mixed Micelles 
J.M. LAH E R and 3.A. BAR ROWMAN*,I, Memorial University of  Newfoundland, Faculty 
of Medic ine-  Basic Sciences, St John's, Newfoundland, Canada 

ABSTRACT 

To determine the physiochemical behavior of xenobiotic hydrocarbons in simulated intestinal 
content, we examined the partition of 7,12-dimethylbenzanthracene (DMBA), 3-methyl cholanthrene 
(MC), benzo(a)pyrene, and a polychlorinated biphenyl compound (PCB, Aroclor 1242) between an 
emulsified oil phase and a mixed micellar solution. In a mixed lipid-bile salt system, negligible amounts 
of hydrocarbon were present in aqueous solution below the critical micellar concentration (CMC) of 
sodium taurocholate. Once the CMC was obtained, the 4 hydrocarbons exhibited nearly identical par- 
titions from the lipid into the micellar system which was enhanced by increased concentrations of bile 
salt, reduction of triglyceride concentration and the formation of mixed rather than pure bile salt 
miceUes. The partition of DMBA and MC into micelles was optimized by long-chain monounsaturated 
oleic acid and monooleoylglycerol as compared to their octanoic or linoleic counterparts. Linoleic acid 
and monolinoleoylglycerol maximized the partition of PCB from the oil into the micellar phase. In a 
mixed micellar system excluding an oil phase and an excess of DMBA, a molar saturation ratio (tool 
hydrocarbon:mol bile salt) was calculated by regression analysis to be 0.162. This indicates that more 
than one molecule of hydrocarbon is solubilized per mixed micelle and that the aqueous solubilization 
of hydrocarbon may be attributed to true miceUar solubilization. 
Lipids 18:216-222, 1983. 

Many toxic  substances in the envi ronment ,  
including certain well recognized carcinogens, 
are highly lipophilic.  Some of  these substances 
exist in significant amounts  in the food chain (1, 
2). Thus, the gastrointestinal  tract  is directly 
exposed to these compounds  and also serves as 
a major  portal  of  entry to the organism. It is 
established that  the absorpt ion of  trace lipid 
nutrients  such as sterols and the fat-soluble vita- 
mins is in t imate ly  dependen t  on the normal  
processes of  fat digestion and absorpt ion and 
that  bile salts, which play a faci l i tatory role in 
tr iglyceride absorpt ion,  are obligatory for ab- 
sorpt ion o f  these trace lipids (3). It seems likely 
that  l ipophil ic  xenobiot ics  will be handled in a 
similar fashion to trace nutr ient  lipids in the 
early stages of  assimilation by the small intes- 
tine. In order  to  s tudy factors governing the in 
vivo intestinal  absorpt ion of  hydrocarbon  car- 
cinogens and polychlor ina ted  biphenyls,  an ini- 
tial s tudy of  the  behavior  of  selected examples  
of  these compounds  in mode l  intestinal  con ten t  
was carried out  using mixtures  of  bile salt, tri- 
acylglycerols,  monoacylglycerols ,  fat ty acids 
and phospholipids.  

*To w h o m  c o r r e s p o n d e n c e  s h o u l d  be  addressed. 
1Faculty of Medicine, Health Sciences Centre, 

Memorial University of Newfoundland, Canada A1B 
3V6. 

Abbreviations : 7,12-dimethylbenzanthracene 
(DMBA); 3-methylcholanthrene (MC), benzo(a)pyrene 
(BaP); polychlorinated biphenyls (PCB); polycyclic 
aromatic hydrocarbons (PAH); critical micellar con- 
centration (CMC). 

MATERIALS AND EXPERIMENTAL METHODS 

All reagents used were of  the highest puri ty 
available and were used as such. Sources were as 
follows: 7 ,12-d imethylbenzanthracene  (DMBA), 
3-methylcholanthrene  (MC), benzo(a)pyrene  
(BaP), oleic (cis-9-octadecenoic) acid and sodium 
taurochola te  were purchased f rom Sigma Chem- 
ical Co., St. Louis, MO. Trioleoylglycerol ,  1- 
monooleoy lg lycero l  and the  1-monoacylglycer-  
ols, tr iacylglycerols and fa t ty  acids of  l inoleic 
(cis, cis-9,12-octadecadienoic) acid and of  octa- 
noic acid were obta ined f rom NuChek Prep Co., 
Elysian, MN, and were greater than 99% pure as 
conf i rmed by gas l iquid chromatography  (GLC). 
Phosphat idylchol ine  ( 1,2-diacyl-sn-glycero-3- 
phosphochol ine)  f rom egg was purchased f rom 
Serdary Research Laboratories,  London,  Ontar- 
io. Aroclor  1242 (PCB), an isomeric  mix ture  of  
polychlor ina ted  biphenyls  containing 42% chlor- 
ine by weight,  was obta ined f rom F o x b o r o  Can- 
ada Inc., LaSalle, Quebec.  (G-3H)-7,12-dimeth-  
y lbenzanthracene  and (G -3H)-3-methylcholan-  
th rene  were purchased f rom Amersham Corp.,  
Oakville, Ontar io  and (1,3,6 -a H)-benzo(a)pyrene 

14 and (U- C)-polychlor inated biphenyls  (Aroclor  
1242) were obtained f rom New England Nuclear 
Canada Ltd., Lachine, Quebec.  

A, Preparation of Micellar Solutions 

The lipids in heptane  were combined  with  
phosphat idylchol ine  in ch loroform and the hy- 
d rocarbon  (DMBA, MC, BaP or PCB) and its 
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radiolabeled tracer in toluene. The solvents 
were evaporated under a steady stream of nitro- 
gen to yield an oil droplet containing the hydro- 
carbon. Buffered sodium taurocholate solution 
and a 0.1 M sodium phosphate buffer (pH 6.3, 
0.15 M with respect to sodium) were added to 
give final volumes of 3 ml test mixtures. Specific 
activity of radiolabeled tracer in each flask was 
0.5 /a (Ji 3H or 0.13/~ Ci 14C per 3.0 ml. The bi- 
phasic mixture in each flask was then sonicated 
for exactly 1 rain with a Sonifier Cell Disrupter 
(Model W185, Branson Sonic Power Co.) 
equipped with a standard microtip at power out- 
put 3 to yield an emulsion which was then incu- 
bated at 37C for 30 rain. Samples (50/21) were re- 
moved for scintillation counting. The emulsions 
were then centrifuged in a Beckman type 75Ti 
rotor at 106,000 x gav (40,000 rpm) in a Beck- 
man L2-65B Ultracentrifuge for 18 hr at ambient 
temperature to produce a supernatant oily phase 
and a clear aqueous infranatant bile salt solu- 
tion. This latter phase was carefully drained and 
analyzed for solubilized hydrocarbon by liquid 
scintillation counting. 

The liquid scintillation counting procedure 
entailed combining appropriate amounts of 
emulsion or micellar solution with 10 ml Aqua- 
sol-2 Cocktail (New England Nuclear). They 
were then subjected to direct scintillation count- 
ing in a Beckman LS 8100 Scintillation Counter. 
Quenching was corrected by means of an exter- 
nal standard to allow counts per minute to be 
converted into absolute activity. 

B. Determination of Sodium Taurocholate 
Micellar Solubilization Capacity 

Appropriate volumes of a 0. l M sodium tauro- 
cholate solution and 0.1 M phosphate buffer 
(pH 6.3) were added to the lipids in each flask 
to give final lipid concentrations of 7.5 mM oleic 
acid, 2.5 mM monooleoylglycerol, 1.13 mM 
trioleoylglycerol, 0.68 mM phosphatidylcholine, 
100/l M hydrocarbon (BaP, MC, DMBA or PCB) 
and final sodium taurocholate concentrations 
of 0, 1, 2, 3, 4, 5, 6, 8, 10 and 12 mM. Subse- 
quent procedures were as outlined in Section A. 

MiceUar:oil ratios of the hydrocarbon were 
calculated as 

DPMaqueous/(DPMemulsion - DMPaqueous) 
infranatant before eentri- infranatant 

fugation 

for each bile salt concentration studied and rep- 
resent the mean + SEM for at least 4 replicate 
experiments. Data were also calculated as nmol 
hydrocarbon solubilized in the miceUar phase 
per bile salt concentration. The slope of the 
straight portion of the resulting plot, above the 
inflection point, was calculated by regression 

analysis and used to determine a partition ratio 
(mol solute solubilized in aqueous phase/mol 
bile salt) for the system. 

C. Effect of Simulated Triacylglycerol Hydrolysis 
on Micellar:Oil Partition of Hydrocarbon 

Oleic acid, trioleoylglycerol and monooleo- 
ylglycerol were combined to give final concen- 
trations as follows: trioleoylglycerol 20, 18, 16, 
15, 10 and 5 mM, monooleoylglycerol conceN- 
trations corresponded to (20 mM - trioleoyl- 
glycerol concentration), and oleic acid concen- 
trations were twice that of the monooleoylgly- 
cerol. Sodiumtaurocholate, phosphatidylcholine 
and DMBA concentrations were held constant 
at 12 mM, 0.68 mM, and 100/J M, respectively. 
Conditions and procedures were as outlined in 
Section A. Micellar:oil ratios and percentages of 
hydrocarbon solubilized at each stage of simu- 
lated triacylglycerol hydrolysis were calculated 
and represent the means + SEM for 4 replicate 
experiments. 

O. Determination Of Abil ity of Fatty Acid 
Saturation and Chain Length to Influence 
Hydrocarbon Oil-Aqueous Partition 

The monoacylglycerol, triacylglycerol and 
fatty acid of either the octanoic (8:0), oleic 
(18:1) or linoleic (18:2) series with phospha- 
tidylcholine were the lipids used. In this series 
of experiments, the amount of triacylglycerol 
was increased from 1.13 mM to 5 mM to give 
a more definite lipid supernatant phase. Fixed 
final concentrations of fatty acid (7.5 mM), 
monoacylglycerol (2.5 mM), phosphatidylcho- 
line (0.68 mM) and hydrocarbon (Me, DMBA 
or PCB; 100/~M) were usedwith conditions and 
procedures as detailed in Section A. Micellar: 
oil ratios and percentage of hydrocarbon (DMBA, 
MC, PCB) solubilized in the aqueous phase were 
calculated and represent the means + SEM for 
8 replicate experiments. 

E. Determination of a Molar 
Saturation Ratio for D M B A  

Appropriate volumes of an 18 mM sodium 
taurocholate mixed micellar solution contain- 
ing 7.5 mM oleic acid, 2.5 mM monooleoylgly- 
cerol, and 0.68 mM phosphatidylcholine were 
added in combination with 0.1 M sodium phos- 
phate buffer (pH 6.3, 0.15 m Na § to total 2.5 
ml in flasks containing 10 mg crystalline DMBA 
and its radiolabeted tracer. Final sodium tauro- 
cholate concentrations ranged to 15 mM. The 
flasks were then sealed and sonicated in an ultra- 
sonic water bath (Cole Parmer) for 1 hr at am- 
bient temperature. They then were shaken in 
the dark for 18 hr at 37 C and subsequently 
centrifuged for 30 min at 3,000 rpm (Sorvalt 
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GLC-2 Benchtop Centrifuge). The supernatant 
solution was then filtered through Whatman 42 
filter paper to retain crystalline DMBA. Aliquots 
of 100/~1 of the miceUar solutions were removed 
for liquid scintillation counting to determine 
solubilized hydrocarbon. 

Statistical analysis for all experiments was 
performed by Student's t-Test. 

RESULTS 

The miceUar:oil ratio is indicative of the abil- 
ity of a typical bile salt, sodium taurocholate, 
to influence the partition of DMBA, BaP, MC 
and PCB from an oil phase into a miceUar phase. 
The 4 hydrocarbons exhibit similar micellar:oil 
ratios which are dependent on bile salt concen- 
tration. When no bile salt was present in the 
system, the average micellar:oil ratio for the 
hydrocarbons was 0.005 + 0.002. At 4, 8 and 
12 mM sodium taurocholate, the micellar:oil 
ratios were 0.053 _+ 0.007, 0.6 + 0.1 and 4.3 +- 
1.2, respectively. The difference in micellar:oil 
ratio between 0 and 12 mM sodium taurocho- 
late, the latter, a physiological concentration of 
bile salt, represents nearly a 1,000-fold increase 
in partition of hydrocarbon from the lipid into 
the aqueous phase. 

Below 4 mM sodium taurochotate, there are 
insignificant quantities of hydrocarbon present 
in the aqueous phase. In the absence of bile salt, 
only an average of 0.45 + 0.22% of the 300 
nmoles of hydrocarbon present in the system is 
found in the aqueous phase. This value increases 
to 5.2 + 0.6% at 4 mM, 37 + 5% at 8 mM and 
79 -+ 4% at 12 mM sodium taurocholate. 

This ability of bile salt to enhance the solu- 
bility of the representative polycyclic aromatic 
hydrocarbons and polychlorinated biphenyl is 
shown in Figure 1. At 4 mM sodium taurocho- 
late, there occurs an inflection point below 
which very little hydrocarbon is found. Above 
this 4 mM value, which is the apparent critical 
micellar concentration (CMC) for our system, 
the amount of hydrocarbon solubilized in the 
aqueous phase is directly proportional to the 
amount of bile salt present. Determination of 
the slopes of these curves above the inflection 
points by regression analysis allows calculation 
of a partition ratio for each compound in this 
system (tool solute solubilized in the mixed mi- 
cellar phase/tool bile salt). These values were 
determined by regression analysis to be DMBA 
0.0096, MC 0.010, BaP 0.010, PCB 0.0094. 

The influence of the degree of simulated tri- 
acylglycerol hydrolysis on the oil:micellar par- 
tition of DMBA is depicted in Figure 2. When 
no monooleoylgiycerol or oleic acid was in- 
cluded in the system (i.e., 20 mM trioleoylgly- 
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FIG. 1. Effect of bile salt concentration on the 

aqueous solubilization of DMBA, MC, BaP and a PCB 
in a 2-phase system composed of supernatant lipid 
phase and clear micellar infranatant phase. Solubility 
expressed as nmoles hydrocarbon solubilized in 3.0 
mt of a sodium taurocholate solution at specified con- 
centrations (n=4). Composition of mixtures as given in 
Methods, Section B. 

cerol), 4.9 + 0.4% of the DMBA was located in 
the micellar infranatant. The partition of DMBA 
into the aqueous phase from the oil phase pro- 
gressed as the trioleoylglycerol was gradually 
replaced by monooleoylglycerol and oleic acid. 
Maximal micellar solubilization occurred at 40% 
"hydrolysis" (i.e., 12 mM trioleoylglycerol, 8 
mM monooleoylglycerol, 16 mM oleic acid) 
where 13 + 2% of DMBA had partitioned into 
the aqueous phase. After this 40% hydrolysis 
point, the amount of hydrocarbon present in 
the micellar phase decreased to 10 + 1% at 50% 
"hydrolysis" and 0.9 + 0.1% at 75% "hydroly- 
sis" (5 mM tri-, 15 mM monoo!eoylglycerol, 30 
mM oleic acid). When the amount  of fatty acid 
was fixed at 7.5 mM and monooleoylglycerol 
fixed at 2.5 mM but only the quantity of trio- 
leolyglycerol varied, the percentage of hydro- 
carbon present in the micellar phase was in- 
versely related to the quantity of trioleoylgly- 
cerol (Table 1). 
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FIG. 2. Influence of simulated triacylglycerol hy- 
drolysis on the partition of DMBA from a lipid into a 
mixed bile salt miceUar solution. Partition is expressed 
as percentage of D M B A  (+_ SEM) present in an aqueous 
bile salt micellar solution (n--4). Composition of mix- 
tures as given in Methods, Section C. 

TABLE 1 

E f f e c t  o f  T r i a c y l g l y c e r o l  C o n c e n t r a t i o n  on  the  
P a r t i t i o n  o f  DMBA,  MC, PCB ( A r o c l o r  1 2 4 2 )  

b e t w e e n  an  Oil Phase  a n d  a Mixed  Micel lar  S o l u t i o n  a 

P e r c e n t a g e  o f  3 0 0  n m o l  o f  
h y d r o c a r b o n  so lub i l i zed  

T r i o l e o y l g l y c e r o l  in 3 .0  ml  a q u e o u s  p h a s e  

c o n c e n t r a t i o n  ( raM)  D M B A  MC PCB 

1.13 74 • 4 87 • 4 71 -+ "7 
5 .00  21 • 3 2 0 •  1 25  +- 2 

a D M B A ,  MC a n d  a PCB w e r e  e a c h  c o m b i n e d  w i t h  
2 .50  m M  m o n o o l e o y l g l y c e r o l ,  7 . 5 0  m M  oleic  ac id ,  
0 . 6 8  m M  p h o s p h a t i d y l c h o l i n e  a n d  e i t he r  1 .13 mM or  
5 .0  m M  t r i o l e o y l g t y c e r o l  in a O. 1 M s o d i u m  p h o s p h a t e  
b u f f e r  s o l u t i o n  (pH 6 .3 ,  0 .15  m Na*) c o n t a i n i n g  12 
m M  s o d i u m  t a u r o c h o l a t e .  (n = 4).  

The effect of fatty acid saturation and chain 
length on the oil:micellar partition of DMBA, 
MC and PCB was investigated using the long- 
chain monounsaturated oleic acid and its 1- 
mono- and triacylglycerol, the long-chain di- 
unsaturated linoleic acid, its 1-mono- and tri- 
acylglycerol and the medium-chain saturated 
octanoic acid and its 1-mono- and triacylgly- 
cerol. The abilities of the various lipid classes 
to influence the micellar partitions of the hydro- 
carbons are reflected in Figure 3. DMBA was 
solubilized in the aqueous phase of the octanoic 
system in amounts only 55% of that solublized 

40 

:35 

30' 

cl 2 

15" 

10" 

5, 

C 
OLE|N 
(18q) 

[ ]  PCB 

I 

Llb~LEIN ~TANOIN 
08:2) (8,0) 

FIG. 3. Influence of fatty acid saturation and chain 
length on the partition of DMBA, MC and a PCB from 
a lipid into a bile salt micellar phase. Partition expressed 
as percentage of hydrocarbon (+- SEM) present in 
aqueous solution (n=8). Composition of mixtures as 
given in Methods, Section D. 

when the oleic system was used (p<0.005). Dif- 
ferences in the aqueous solubilization of DMBA 
between the linoleic system and the oleic or 
octanoic systems were not statistically signifi- 
cant (p>0.05). Likewise, MC solublization in 
the aqueous phase with the medium-chain sys- 
tem was only 54% of that solubilized in the 
aqueous phase of the oleic system (p<0.0005). 
There was no significant difference in the 
amount of  MC solubilized betweert the linoleic 
and octanoic system (p>0.05), but the oleic 
system exhibited significantly more (p< 0.0025) 
hydrocarbon in the aqueous, miceUar phase 
than did the linoleic system. 

Likewise for the PCB, the amount of  hydro- 
carbon present in the micellar phase with the 
octanoic system was 54% (p<0.0025) of that 
seen with the oleic system. However, the lino- 
leic system was able to increase the amount of 
PCB present in the micellar solution by 146% 
(p<0.0005) over that seen with the medium- 
chain octanoic series and by 34% (0.05< p< 0.10) 
over that seen with the long-chain monounsat- 
urated oleic acid system. 

Using a mixed lipid-bile solution system and 
an excess of DMBA as described in Methods, 
Section E, a molar saturation ratio (mol hydro- 
carbon/tool bile salt) was calculated by regres- 
sion analysis to 0.162 for DMBA in the mixed 
miceUes when no lipid phase was present. 
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DISCUSSION 

In the gastrointestinal tract, ingested lipids, 
nutrient  or nonnutr ient ,  exist in an aqueous en- 
vironment. Since lipid absorption is passive, suf- 
ficient quantities of lipid in monomolecular solu- 
tion must exist close to the enterocyte membrane 
to create the diffusion gradient responsible for 
absorption. Patton (4) has suggested a scheme 
of fat digestion which provides a continuous 
hydrocarbon domain for the transfer of lipids 
from the lumen to the enterocyte. A nondisper- 
sible mixed triacylglycerol phase is hydrolyzed 
by the action of pancreatic lipase to monoacyl- 
glycerol and fatty acid. These form a viscous 
isotropic phase which is subsequently solubilized 
by bile salts, producing an aqueous micellar sol- 
ution. Trace tipids are able to flow from the bulk 
dietary oil into the viscous isotropic phase to be 
eventually solubilized in the hydrophobic in- 
teriors of the mixed miceUes. The micelles serve 
to carry the products of fat digestion and trace 
lipids through the aqueous phase to the absorb- 
ing enterocyte. 

Although it might be assumed that lipophilic 
xenobiotics such as PAH and PCB in intestinal 
content may behave in a similar fashion to trace 
nutrient lipids, there have been few studies to 
examine their physiochemical behavior in the 
intestinal situation. Early studies by Ekwall and 
associates (5,6) showed several PAH carcinogens 
to undergo aqueous solubilization in the pres- 
ence of high concentrations of bile salt (in ex- 
cess of 100 mM). Norman (7) demonstrated MC 
solubilization in solutions of conjugated and 
unconjugated bile salts beginning at 12 mM. 

During fat digestion, intestinal lipids partition 
between an oil phase containing mainly higher 
glycerides and a bile salt micellar phase contain- 
ing monoacylglycerol and fatty acid (8). Since 
bile salt lipid miceUes are generally thought to 
be of great importance as a medium for delivery 
of trace nutrient  lipids to the absorptive epithe- 
lial cells of the small intestine, and since similar 
considerations probably apply to lipophilic 
xenobiotics, factors governing the distribution 
of PAH and PCB between an oil phase and an 
aqueous phase were examined. Due to the high 
lipid solubility of these compounds, they are 
probably ingested in association with dietary 
fats. PCB are deposited in the fatty tissue of 
fish (2), are excreted in breast milk (9) and resi- 
dues have been detected in human adipose tis- 
sue (10). It has been suggested that a major off- 
gin of PAH in food is by the pyrolysis of fat. 
PAH content of charcoal-broiled meat is at least 
partially dependent on the fat content (11). 
Once these hydrophobic compounds are in- 
gested in dietary fat, their absorption probably 

depends on those systems which disperse and 
absorb nutrient lipid. Our simulated intestinal 
system was modeled after that used by E1-Gorab 
and Underwood (12) at physiologica2 pH (6.3) 
and contains concentrations of fatty acid, 
monoacylglycerol, triacylglycerol, phospholipid 
and sodium ion likely to be found postprandially 
in the small intestine. Although the majority of 
monoacylglycerol present in the luminal con- 
tents of the small bowel after a meal is in the 
form of 2-monoacylglycerol, it is expected that 
the use of 1-monoacylglycerol would not alter 
the physiochemical behavior of the system. 

The mixed micellar system, which was gen- 
erated progressively from a mixed lipid phase 
by increasing the concentration of bile salt (Fig. 
1), efficiently transferred PAH and PCB com- 
pounds from an oil to an aqueous phase. The 
addition of 12 mM sodium taurocholate into 
the lipid/buffer system increased the partition 
of hydrocarbon from the oil into the aqueous 
phase by a factor of ca. 1,000. The pattern of 
hydrocarbon solubilization as bile salt concen- 
trations increase (Fig. 1) with a sharp inflection 
point at ca. 4 mM sodium taurochotate suggests 
that aqueous solubilization of hydrocarbon de- 
pends on bile salt micelle formation. Only trace 
amounts of the 4 hydrocarbons were detected 
in the aqueous phase below the apparent CMC 
of sodium taurocholate (4 mM) in the system 
studied. Above this value, the solubilization of 
each hydrocarbon was directly proportional to 
the bile salt concentration. As these compounds 

exhibit like partition ratios in this in vitro sys- 
tem, it is probable that they have similar be- 
havior in intestinal content. 

For true micellar solubilization, it is necessary 
for each miceUe to contain at least one mole- 
cule of solute. It is accepted that bile salt mi- 
celles are composed of ca. 15 bile salt molecules 
at 20 C and 0.15 M sodium chloride (13). In 
pure bile salt micelles, Norman (7) found that 
ca. 1,000 molecules of bile salt were required to 
solubilize 3 molecules of MC. Ekwall et al. (6) 
obtained similar results for DMBA in pure bile 
salt solutions. For these reasons, Carey and 
Small (13) concluded that these ~ompounds are 
not  true micellar solutes in pure bile salt solu- 
tion. In the lipid mixture employed in this study, 
calculated partition ratios indicate that 100 
molecules of bile salt in the presence of fatty 
acid and monoacylglycerol are required to 
cause one PAH molecule to partition from the 
oil into the aqueous phase. Partition ratios are 
a measure of relative affinity of the hydrocarbon 
for the lipid phase vs the hydrophilic core of 
the micelle and, alone, this data does not prove 
that " true" micellar solubilization is occurring. 

To determine the capacity of mixed micelles 
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to solubilize a PAH (DMBA) in the absence of a 
competing lipid phase, a molar saturation ratio 
was determined utilizing an excess of hydrocar- 
bon and solutions with increasing concentrations 
of mixed sodium taurocholate micelles. Our 
apparent saturation ratio for DMBA was cal- 
culated (tool DMBA solubilized/mol bile salt) 
to be 0.162, which corresponds to ca. 6.2 mol- 
ecules of sodium taurocholate in the presence 
of oleic acid, monooleoylglycerol and" phospha- 
tidylcholine being necessary to promote the 
aqueous solubilization of 1 molecule of DMBA. 
Given the inflection point from Figure 1, which 
occurs at the estimated 3.1 mM CMC of sodium 
taurocholate (13), and the observation that ca. 
6 molecules of bile salt can solubilize one mol- 
ecule of hydrocarbon when allowed to form 
mixed fatty acid-monoacylglycerol-bile salt mi- 
celles, it appears that a "true"micellar solubili- 
zation is occurring, and the principle of at least 
one molecule of solute per micelle is maintained. 

As DMBA, MC, BaP and PCB demonstrated 
similar behaviors in the bile salt-lipid mixture, 
as shown by their partition ratios, one com- 
pound (DMBA) was selected to determine the 
influence of simulated triacylglycerol hydrolysis 
on the oil-aqueous partition of a hydrocarbon 
(Fig. 2). When both fatty acid and monoacyl- 
glycerol were excluded from the system, and 
triacylglycerol and phosphatidylcholine were 
the only lipids present, ca. 5% of the 100 p M 
DMBA in the system were present in the aque- 
ous phase. As "hydrolysis" proceeded, increas- 
ing quantities of DMBA partitioned into the 
aqueous phase, reaching a maximum of 13% of 
the hydrocarbon in the aqueous phase at 40% 
"hydrolysis." It appears that the increased mi- 
cellar volume, due to expansion of the phos- 
pholipid-bile salt micelles with monoacylglycer- 
ol and fatty acid, is responsible for an increased 
partition of hydrocarbon into the aqueous phase 
of the system. Beyond 40% "hydrolysis," the 
hydrocarbon favors the lipid phase. This is par- 
ticulafly evident at 75% hydrolysis, where it 
appears that the ability of bile salt micelles to 
solubilize fatty acid and monoacylglycerol has 
been exceeded, and a substantial oil phase is 
visible following ultracentrifugation. This ex- 
panded oil phase, composed of triacylglycerol, 
monoacylglycerol and fatty acid in molar pro- 
portions of 5:10:20, is able to retain greater 
than 99% of the hydrocarbon. In a normal phy- 
siological situation, a constant reduction of the 
oil phase would occur as the products oftriacyl- 
glycerol bydrolysis would be rapidly absorbed 
by the enterocytes and would not contribute to 
expansion of the oil phase. From Table 1, it is 
evident that depletion of the triacylglycerol 
content at fixed fatty acid and monoacylglycer- 

ol concentrations will significantly promote the 
partition of PAH and PCB from an oil into an 
aqueous micellar solution. Triacylglycerol hy- 
drolysis, therefore, is necessary for the apprecia- 
ble partition of hydrocarbon from an oil phase 
into an aqueous dispersible bile salt solution. 

In 1967, BorgstrSm (14) demonstrated that 
cholesterol partitioned more in favor of an aque- 
ous phase when the fatty acid species was oleic 
rather than linoleic acid. This is consistent with 
our observations regarding the effect of satura- 
tion on the partition of DMBA and MC between 
the oil and aqueous phases (Fig. 3). Conversely, 
PCB appeared to favor aqueous solubilization 
when the polyunsaturated rather than the 
monounsaturated fatty acid and monoacylgly- 
cerol were present. These contradictory obser- 
vations, in spite of otherwise similar behaviors 
in the simulated intestinal system, are difficult 
to interpret at present. If a true micellar solubil- 
ization is occurring, the differences might be 
explained by stereochemical "fit" into the lipid 
cores of the mixed micelles. It is likely that 
various lipids expand the micellar core to differ- 
ent degrees. The PAH studied might have a better 
"fit" when the oleic lipids are incorporated 
into the micelles rather than linoleic acid and 
monolinoleoylglycerol. The PCB compound 
might be better accommodated in the mixed 
micelles when linoleic rather than oleic acid and 
monooleoylglycerol are present. 

Fatty acids and monoacylglycerols of medi- 
um-chain length lipids form micelles with a 
poorer capacity to solubilize the hydrocarbons 
than the corresponding long-chain lipids (Fig. 3). 
Similarly, Takahashi and Underwood (15) found 
that aqueous solubilization of a-tocopherol was 
increased when lipids of medium-chain length 
were incorporated into a bile salt micellar sys- 
tem but that this effect was 3- to 7-fold less 
than for a corresponding long-chain mixture. If 
the hydrocarbons do undergo solubilization in 
the lipid cores of the mixed bile salt micelles, 
then perhaps greater expansion of this hydro- 
phobic interior by long-chain lipids is responsi- 
ble for the observed differences. 

From the foregoing data, it can be supposed 
that PAH and PCB following ingestion will par- 
ticipate in the same digestive and dispersive pro- 
cesses as trace nutrient  lipids in the intestinal 
lumen. Because we have demonstrated a require- 
ment for mixed bile salt micelles to promote 
the solubilization of hydrocarbon in an aqueous 
environment simulating intestinal lumenal con- 
ditions, it is probable that mixed micelles are 
the vehicles responsible for delivery of hydro- 
carbon to the absorptive epithelial cells of the 
small bowel. The nondiscriminating "hydrocar- 
bon cont inuum" necessary for the efficient ab- 
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sorption of  essential micronutrients,  such as fat 
soluble vitamins, may also serve to compromise 
the health of the organism by the delivery of 
lipid toxins to the absorptive cell. 
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ABSTRACT 

Tritiated water was used to measure the rate of fatty acid synthesis in the main tissues and organs 
of 7-week old Wistar male rats in order to determine the relative contribution of each tissue to body 
fatty acid synthesis. We reached the following conclusions: (a) the liver is the main site of fatty acid 
synthesis, it alone synthesizes 42% of the newly synthesized fatty acids in the body. (b) The dissect- 
able white adipose tissues synthesize 27% of the fatty acids in the body. This group of tissues is 
heterogeneous because the mesenteric adipose tissue alone contains 40% of the labeled fatty acids 
present in the white adipose tissues. (c) Besides the intestines, organs other than the liver play a negli- 
gible role (2% of the total) in fatty acid synthesis. (d) The skin contributes 7% of the body fatty acid 
synthesis. (e) The rest of the carcass, essentially composed of the musculature and the skeleton, con- 
tributes 18% of body fatty acid synthesis and accounts for 33% of the extrahepatic tissue fatty acid 
synthesis. 
Lipids 18:223-228, t983. 

For a long time, the relative contribution of 
the main tissues and organs to fatty acid syn- 
thesis in the body has been difficult to assess, 
due to methodological problems. A method was 
needed for measuring the total rate of fatty 
acid synthesis in each tissue independently of 
the origin of the carbon atoms incorporated 
into the fatty acids. The measurement of  the 
incorporation of the 3H of 3H20 into fatty 
acids meets this need (1,2). Using this tracer, 
liver contribution to body synthesis of fatty 
acids was estimated as 10-50% in rats (3-5) and 
mice (6-9), depending on the nutritional 
conditions. 

By measuring the rate of fatty acid synthesis 
in the main tissues and organs of the mouse, it 
has been determined that the muscles are the 
main site of fat synthesis (some data 8,9). On 
the contrary, in rat, the role of the principal 
extrahepatic tissues and organs in fatty acid 
synthesis is still not  well known; only the white 
adipose tissues have been widely studied (4,5, 
9-11). These studies reported (a) that, at equal 
weight, the adipose tissues synthesized less fat 
than the liver (4,5,9-11); and (b) that they con- 
tributed little to body fatty acid synthesis, at 
least in nonobese rats (4). Consequently, it 
seems that tissues other than the liver and white 
adipose tissues play an important part in lipo- 
genesis in rats. In this study, we wished to 
determine accurately the main sites of fat syn- 
thesis in the rat by measuring the rate of  the 
incorporation of  the 3H of 3H20 into fatty 
acids in many tissues and organs. 

*To whom correspondence should be addressed. 

METHODS 

Animals and Diets 

We used 7-week old Wistar male rats having a 
mean live weight of 228 g. From weaning at the 
age of 21 days, they are fed a semisynthetic 
diet containing 0.3% fat and 18% protein. The 
composition of the diet and the daily food 
intake of the animals has already been pub- 
lished (12). With this low-fat diet, we created 
the best conditions for observing de novo fatty 
acid synthesis (13,14). 

The rats were reared in a room on a 12 hr 
dark/12 hr light cycle at a temperature of 22 C. 
The dark period extended from 3 A.M. to 3 
P.M., SO that when the animals were killed at 
9-10 A.M., fat synthesis was at its highest in the 
tissues and organs (15). 

Many studies have shown that catechol- 
amines induce or stimulate lipolysis in different 
tissues (liver, muscle, adipose tissues). It is quite 
probable that simultaneously they check or 
inhibit tipogenesis. Therefore, when rats are 
stressed by handling and injection of 3H20 , 
causing increased catecholamine secretion, the 
synthesis of  tissue and organ lipids studied may 
be affected. To keep the influence of this puta- 
tive factor at a minimum, the rats used in this 
study were handled every day; moreover, intra- 
peritoneal injection of 3H20 was chosen, as it 
is almost painless, easy and quick to practise, 
and therefore least perturbing for the animals. 

In vivo Measurement of Fatty Acid Synthesis 

For measuring the rate of 3H incorporation 
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into the fatty acids of the main tissues and 
organs, each animal was given one intraperi- 
toneal injection of 3H20 (2.5 mCi in 0.4 ml of 
a 0.9% solution of NaC1), immediately returned 
to its cage, and killed by decapitation 10 min 
later. 

We chose to leave a 10-min interval between 
the time the radioactive tracer was injected and 
the time the animals were killed; this choice 
was based on the following observations: (a) 3H 
incorporation into the fatty acids of the tissues 
studied (liver, adipose tissues and rest of car- 
cass) varied almost linearly in time for at least 
60 min after injection (16), proving that 3H 
specific radioactivity of water remained con- 
stant in each of these tissues during that time. 
These conditions are characteristic of the tech- 
nique of radioactive tracer perfusion. (b) More- 
over, 3H specific radioactivity of plasma water 
became very similar to mean aH specific activ- 
ity of body water (obtained by lyophilization) 
in the 3 min following injection and remained 
that way for at least 120 min (Fig. I). This let 
us presume that 3H specific radioactivity of 
water could be considered to be uniform in all 
tissues during this interval of 3-120 min. (c) As 
to the question of fatty acid exchange among 
the tissues, the profile of 3H specific radioactiv- 
ity in plasma total fatty acids in relation to 
time (Fig. 2) shows that the export of labeled 

"8 

l l l l  i 
0.571015 310 6WO 120 Time (m,n} 

FIG. 2. Kinetics of specific total fatty acid radio- 
activity in plasma. Lots of 6-8 rats were decapitated 
immediately, 3, 7, 10, 15, 30, 60 and 120 min after 
intraperitoneal injection of a single dose (2.5 mCi/ 
animal) of tritiated water. Specific fatty acid radio- 
activity is shown in t~g of 3H incorporated into fatty 
acids/ml of plasma at each time. Each point is the 
mean +- SD of 6-8 assays. 
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FIG. 1. Time-course of specific 3H radioactivity in 
plasma water relative to 3H radioactivity in body 
water. Lots of 6-8 rats were decapitated immediately, 
3, 7, 10, 15, 30, 60 and 120 min after intraperitoneal 
injection of a single dose (2.5 mCi/animal) of tritiated 
water. Specific radioactivity of plasma and body water 
was determined by direct counting of 25 pl of water in 
scintillating liquid. The specific radioactivity is shown 
in dpm/1 /~g of 3H at each time. 

fatty acids into blood was minimal during the 
10 min following tracer injection and would 
not  modify the estimate of the amounts of 
lipids synthesized in situ in each tissue. After 
15 min, the quantity of plasma labeled fatty 
acids increased rapidly, making possible impor- 
tant exchange among the different tissues. 

Finally, considering all data, the chosen 10- 
minute interval appeared to be sufficient to 
obtain uniform distribution of 3H20 in the rat 
organism and linearity of 3H incorporation into 
fatty acids over tissue. However, it appeared as 
well that it is not  advisable to exceed this time 
lapse by too much, to avoid a risk of inter- 
cellular exchange. 

Sampling of Tissues and Organs 

After bleeding, the animal was skinned. The 
liver, heart, kidneys, lungs, pancreas, thymus, 
stomach, small and large intestines, brain and 
testes were dissected out and weighed. Depend- 
ing on their anatomical location, the white 
adipose tissues were divided into 2 groups: 3 
inner tissues (mesenteric, perirenal, epididymal) 
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and 3 outer tissues (dorsal subcutaneous and 
inguinal, other adipose tissues). "Other adipose 
tissues" included the whole of the cover fat 
remaining after the dorsal subcutaneous and 
inguinal adipose tissues were taken. The rest of 
the carcass included the musculature and the 
skeleton. The tissues and organs were immersed 
in liquid nitrogen as soon as they were dissected. 

Measurement of 3H Incorporation into Fatty Acids 

The skin and carcass were ground under 
nitrogen stream. Except for the white adipose 
tissues, the tissues, organs, skin and rest of the 
carcass were freeze-dried to eliminate most of 
the tritiated water. The total lipids were ex- 
tracted from tissue or organ lyophilisates and 
from the fresh adipose tissues using the method 
of Folch et al. (17). The lower phase (chloro- 
form) was thoroughly washed in distilled water 
to avoid any 3HzO contamination of the fat. 
The weight and fat content of the liver, skin, 
adipose tissues and the rest of the carcass were 
enough to permit individual measurement of 
the specific radioactivity of the fats. For all the 
other tissues and organs, the fat was extracted 
from pools containing equal quantities of dry 
matter taken from the same organ of each 
animal. 

After chloroform evaporation, we saponified 
100-500 mg of the total lipid extract in an 
alcoholic solution of 10% potassium hydroxide 
(w/w). The nonsaponifiable lipid was extracted 
by hexane and discarded. After acidification, 
the fatty acids were extracted by 3 x 50 ml of 
hexane. The 3 extracts were grouped and the 
hexane evaporated. The fatty acids were dis- 
solved in 4 ml of hexane and transferred quan- 
titatively into counting vials. After 8 ml of scin- 
tillation fluid (Unisolve I Koch Light) was 
added, the radioactivity of each vial was mea- 
sured in a "liquid scintillation counter." The 
quench corrections of each measurement was 
using the channel ratio. Specific radioactivity of 
the water 3H was measured by counting 25 #1 
of plasma. The specific radioactivity of the 
water 3H of all the organs and tissues were pre- 
sumed to equal that of the plasma water. 

Expression of Results 

The rate of fatty acid synthesis in each tissue 
and organ was expressed in/ag of 3H atom in- 
corporated into the fatty acids/10 min/g of 
fresh tissue or per whole tissue. The results 
were computed using the ratio: 

dpm inco rpo ra t ed  in to  fa t ty  ac ids / tO min/g  
or per  whole  tissue 

dpm in 1 ~tg o f  aH a tom o f  plasma wa te r  at 10 m i n  

The relative contribution to the synthesis of 
body fatty acids of each tissue or organ, ex- 
pressed in percentage, was computed as follows: 

#g of 3H atom incorporated 
in to  fatty acids/10 rain/tissue X 100 
/.tg of 3H atom incorporated 

into  fatty acids/10 min/whole body 

The rate of fatty acid synthesis in the whole 
body was obtained by calculating the sum of 
the synthesis rates measured in all the tissues 
and organs, expressed in #g of 3H atom incor- 
porated into the fatty acids/10 min/tissue or 
organ. 

RESULTS A N D  DISCUSSION 

Liver (Table 1) 

In the 7-week old Wistar male rat, the liver 
was the main site of fatty acid synthesis; it 
alone synthesized 42% of all the fatty acids in 
the body. In rodents, the relative contribution 
of the fiver to body fatty acid synthesis varies 
(10-50%) with the authors (3-9). This variabil- 
ity in results seems to be related to nutritional 
(3,14,18,19) and genetic (4,6,8)factors which 
considerably affect the rate of fatty acid syn- 
thesis in the liver. The dietary fat content (19), 
the type of carbohydrate supply (glucose-fruc- 
tose) (3) and the rhythm of food intake (15, 
18), in particular, modify the intensity of he- 
patic fatty acid synthesis. By feeding the ani- 
mals a low-fat diet (0.3%, w/w) rich in carbo- 
hydrates (75%, w/w, 1/3 of which was sucrose), 
we created optimal conditions for observing de 
novo fatty acid synthesis in the liver. 

Organs Besides the Liver (Tables 1 and 2) 

The contribution of the l0 organs studied 
did not exceed 6% of the total fatty acid syn- 
thesis (Table 1). The kidneys, lungs, heart, 
stomach, thymus, spleen, brain and testes syn- 
thesized little lipids and thus contributed little 
to body synthesis of fatty acids (Table 3). 
These results agree with data on the mouse (9). 
The intestines synthesized 2.3% of the newly 
formed fatty acids in the body; this contribu- 
tion was much less (3-10 times) than that found 
in the mouse (8,9). However, Hollands and 
Cawthorne (9), who reported that the contribu- 
tion of the intestines to fatty acid synthesis 
equalled that of the liver in the mouse, did not  
separate those organs from the mesenteric adi- 
pose tissue. This tissue produces much fat, and 
its presence in the intestines thus leads to a 
considerable overestimate of their role in fatty 
acid synthesis. For the same reason, the contri- 
bution of the pancreas (1.8%) to body fatty 
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TABLE 1 

Relative Contribution of the Liver, Organs, White Adipose Tissues, Skin and the Rest of the Carcass 
to Body Fatty Acid Synthesis in the Rat a 

Contribution to 
Weight Fatty acid synthesis body synthesis 

Tissues and organs (g) (#gaH incorporated/lO min/tissue) (%) 

Liver 11.2 -+ 0.8 e 728 -+ 146 42 -+ 4 
Organs b 20.1 -+ 1.3 107 6 

White adipose tissues c 16.1 -+ 3.1 464 -2-- 122 27 -+ 3 
Skin 43 -+ 3 124-+ 37 7 +- 2 
Rest of carcass d 116 -+ 4 319 +- 53 18-+ 2 

Whole animal 228 -+ 8 1742 -+ 304 100 

aEach rat received 2.5 mCi of aH20 by intraperitoneal injection 10 min before decapitation. 
bAll the organs except the liver (see list in Methods). 
CAll the dissectable white adipose tissues. 
dMostly the musculature and skeleton. 
eMean + SD of 10 assays. 

acid synthesis is probably  also greatly overesti- 
mated  in the present paper  (Table 3); in fact, 
rat pancreas being diffuse, it is quite difficult  to 
separate it complete ly  f rom the mesenter ic  
adipose tissue. 

White Adipose Tissues (Tables 1 and 3) 

In our  nutr i t ional  condit ions,  the dissectable 
white adipose tissues represented 7% of  the live 
weight in the 7-week old Wistar male rat. Their  
cont r ibut ion  to body synthesis of  fa t ty  acids 
was 27%, or  ca. 50% of  the fat synthesized in 
the ext rahepat ic  tissues (Table 1). At equal 
weight,  the rate of  fat ty acid synthesis was, on 
average, 2.5 t imes lower  in adipose tissues than 
in the liver. However ,  this mean value masked a 
considerable he te rogenei ty  in adipose tissue 
l ipogenic activity which varied according to 
the anatomical  site (Table 3). Thus, the mesen- 
teric adipose tissue alone synthesized 40% of 
the labeled fat ty acids found in the 6 white 
adipose tissues studied. At equal weight,  the 
rate of  fat ty acid synthesis in this tissue was 
higher than in the o ther  adipose tissue sites 
s tudied;  it was 2.5-3 t imes higher  than in o ther  
inner  adipose tissues (epididymal  and perirenal)  
and 6-9 t imes higher than in the outer  adipose 
tissues (dorsal subcutaneous  and inguinal). Most 
authors recognize that  fat ty acid synthesis is 
more intense in the inner  than in the ou te r  adi- 
pose tissues, whether  the rate of  synthesis is 
es t imated in vivo with 3H20 ( 1 1 , 1 5 ) a n d  14C- 
glucose (20) or  in vi tro wi th  14C-acetate (21). 
Only Kannan and Baker (22) conclude that  
their  exper iments  "provide  no support  for the 
hypothesis  that  there is a fundamenta l  differ- 
ence in the l ipogenic capacities of  various 

adipose tissue sites." An examina t ion  of  the 
data of  these authors (22) (Table 1, p. 48)  
effect ively shows no significant difference in 
t ipogenic capacity be tween inguinal and pop-  
liteal adipose tissues. On the o ther  hand,  there 
are highly significant differences (a) be tween  
epididymal  and popli teal  tissues (P<0.001) ,  
and (b) be tween  epididymal  and inguinal 
tissues (P<0.01) .  Consequent ly ,  when studied 
closely,  Kannan and Baker's data agree with 
with those of  o ther  authors.  

In any case, and whatever  the exper imenta l  
condi t ions,  it appears to be impossible to ob- 
tain an accurate est imate of  the cont r ibut ion  of  
the adipose tissues to whole body fat ty  acid 
synthesis by ext rapola t ing  the rate of  fa t ty  acid 
synthesis measured in a part icular  adipose tissue 
to the whole of  the  adipose mass of  the  animal.  
However ,  up to now,  all est imates of . the  contri-  
bu t ion  of  white adipose tissues to overall fa t ty  
acid synthesis in the rat have been obta ined by 
this m e t h o d  of  calculat ion (4,22),  and therefore  
the validity of  the results proposed  should be 
accepted with great caution.  In fact,  the exact  
assessment of  the cont r ibut ion  of  white adipose 
tissues to fat ty acid synthesis depends on a 
comple te  dissection of  the main adipose sites 
of  the animal. Using this me thodo logy ,  fre- 
quent ly  applied in the mouse,  the cont r ibu t ion  
of  white adipose tissues has been evaluated as 
5-30% of the fat ty  acid synthesis in the body  
of  the nonobese  animal,  depending on operative 
condi t ions  (8,9). To our  knowledge,  only the  
present s tudy shows an accurate cont r ibut ion  
of  the adipose tissues (27% of  body synthesis) 
to the total  fa t ty  acid synthesis in the rat. This 
result is similar to the highest  values observed 
in mouse.  
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TABLE 2 

Relative Contribution of Different Organs to Body Fatty Acid Synthesis in the Rat a 
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Contribution to 
Weight Fatty acid synthesis body synthesis 

Organs (g) (/~g 3H incorporated]lO min/tissue) (%) 

Intestines 7.6 • 0.4 b 41 c 2.3 
Kidneys 1.8 +- 0.1 9 0.5 
Lungs 1.5 • 0.1 8 0.5 
Heart 1.0 • 0.1 2 0.1 
Stomach 1.3 • 0.1 4 0.2 
Thymus 0.6 • 0.1 4 0.2 
Spleen 0.7 -+ 0.1 1 0.1 
Brain 1.9 • 0.1 4 0.2 
Testes 2.4 • 0.2 2 0.1 
Pancreas 1.3 • 0.1 32 1.8 

Total 20.1 • 1.3 107 6.0 

aEach rat received 2.5 mCi of 3H20 by intraperitoneal injection 10 min before decapitation. 
bMean • SD of 10 assays. 
COwing to the low fat content of the organs, the rate of fatty acid synthesis was measured 
on pools of the equal amount of dry matter from the same organ of each rat. 

TABLE 3 

Relative Contribution of White Adipose Tissues to Body Fatty Acid Synthesis 
in Relation to Their Anatomical Site in the Rat a 

Adipose tissues 

Fatty acid synthesis 
Weight (#g 3H incorporated/10 min/g or tissue) 

(g) [g fresh tissue whole tissue 
Contribution to 

body synthesis (%) 

Mesenteric 2.2 • 0.5 c 83 • 23 183 • 76 
Epididymal 2.9 • 1.0 32 • 10 91 • 35 
Perirenal 2.1 • 0.6 28•  5 57 • 13 
Dorsal subcutaneous 4.6 • 0.8 15 • 5 70 • 19 
Inguinal 1.8 -+ 0.6 9 • 4 16 -+ 7 
Other adipose tissues b 2.5 • 0.9 19 -+ 9 47 • 25 

Total 16.1 • 3.1 464 • 122 

10 .5•  
5 . 2 •  
3 . 3 •  
4 . 0 •  
0 . 9 •  
2 . 7 •  

26 . 6 •  

aEach rat received 2.5 mCi of aH:O by intraperitoneal injection 10 min before 
bOther adipose tissues = all the cover fat remaining after the inguinal and 
sampled. 
CMean • SD of 10 assays. 

decapitation. 
dorsal subcutaneous tissues were 

Skin (Table 1) 

The  skin  c o n t r i b u t e d  7% o f  t he  b o d y  f a t t y  
acid syn thes i s .  In  the  m o u s e ,  t he  skin  has  a 
m u c h  m o r e  i m p o r t a n t  ro le  in th is  s y n t h e s i s  
t h a n  in t he  rat  s ince it  c o n t r i b u t e s  15-30% o f  
t h e  f a t ty  acids s y n t h e s i z e d  in t he  b o d y  (8 ,9) .  

Rest of Carcass (Table 1) 

The rest of the carcass mostly included the 
m u s c u l a t u r e  and  the  s k e l e t o n .  This  w h o l e  syn -  
thes izes  18% o f  t he  b o d y  f a t t y  acids.  I f  t he  
b o n e s  are c o n s i d e r e d  as on ly  s l ight ly  s y n t h e s i z -  

ing  f a t t y  acids (23) ,  t he  musc l e s  w o u l d  s y n t h e -  
size, at m o s t ,  18% o f  the  f a t t y  acids in t he  
b o d y ;  t h e r e f o r e ,  c o n t r a r y  to  da ta  on  the  m o u s e  
(8 ,9) ,  t h e y  are n o t  t he  m a i n  site o f  f a t t y  acid 
s y n t h e s i s  in t he  rat .  There  is a l ively c o n t r o -  
versy  a m o n g  a u t h o r s  regard ing  the  exac t  si te 
o f  m u s c l e  l ipogenes is ,  s o m e  a u t h o r s  a t t r i b u t i n g  
it t o  t he  musc le  f ibers  (9)  and  o t h e r s  to  in ter -  
m u s c u l a r  ad ipose  t i ssue  (22 ,24) .  A l t h o u g h  this  
p a p e r  does  n o t  s u p p l y  a direct  a n s w e r  to  t he  
q u e s t i o n ,  we t h i n k  it is m o r e  p laus ib le  to  
a t t r i b u t e  fa t ty  acid s y n t h e s i s  to  the  musc l e  
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fibers themselves  than  to  in te rmuscular  adipose 
tissues. This hypo thes i s  is based on two  obser- 
vations. (a) The fat c o n t e n t  o f  the rest o f  the  
carcass is very low (54 mg/g) and ha l f  const i-  
t u t ed  of  phosphol ip ids ,  and there fore  the inter-  
muscular  adipose tissue is p robab ly  very little 
developed.  (b) If this adipose tissue was the 
l ipogenic site o f  the  rest o f  the carcass, its l ipo- 
genic capaci ty (at equal weight)  would  then  be 
higher  than  tha t  of  all the  o the r  tissues and 
organs (liver or  mesenter ic  adipose tissue in- 
cluded).  This does n o t  seem very likely. 

To conclude ,  in 7-week old Wistar male rats 
fed a low-fat  diet  ad l ib i tum,  the  relative contri-  
bu t ion  of  the main tissues and organs to  whole  
body  fat ty  acid synthesis  is: liver, 42%; dissect- 
able whi te  adipose tissues, 27%; muscles,  18%; 
skin, 7%; and organs besides the liver, 6%. 
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ABSTRACT 

The 4-desmethylsterols from the leaves of Beta vulgaris are a mixture of AT-sterols (71%) and A s- 
sterols (29%). The AT-sterols isolated axe spinasterol (24a-ethylcholesta-7,22-dien-3j3-ol; 45%), 22- 
dihydrospinasterol (24a-ethylcholest-7-en-3j3-ol; 24%), and avenasterol (24-ethylcholesta-7,24(28)- 
dien-3~-ol; 1.5%). The AS-sterols isolated are sitosterol (24a-ethylcholest-5-en-3/3-ol; 15%), 24~-ethyl- 
cholesta-5,22-dien-313-ol (7.5%), and 24[-methylcholest-5-en-3j3-ol (7%). 
Lipids 18:229-232, 1983. 

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

Small amounts of 24-alkyl-AS-sterols (< 3%) 
were putatively identified in the seed oils of 
plants which produce predominately 24-alkyl- 
AT-sterols (1). Since these assignments were 
originally based on gas liquid chromatography 
(GLC) and "a weak molecular ion" (1), the 
occurrence of AS-sterols in plants producing 
predominately AT-sterols was assumed to be 
"rare, if existent at all," and a genetic block for 
the conversion of AT~A s sterols was postulated 
(2,3). Conversely, the presence of AT-sterols in 
plants producing predominately AS-sterols is, as 
expected, well documented (2,4). The majority 
of higher plant sterols are 24-alkyl-AS-sterols 
(2,5,6) and the predominance of 24-alkyl-A 7- 
sterols appears to be restricted to a few plant 
families (2,7,8). However, the seed oil from the 
AT-sterol producing plant Trichosan thes kirilowii 
was recently demonstrated to possess higher 
levels (25%) of AS-sterols (9). This composition- 
al data may reflect a developmental requirement 
of the seed and not be representative of the 
photosynthetic tissue. Since the leaves of Spin- 
acea oleracea in the Chenopodiaceae biosyn- 
thesize AT-sterols and are not reported to con- 
tain AS-sterols (10) but the seed oil is reported 
to possess < 3% AS-sterols (1), we investigated 
a related Chenopod Beta vulgaris. 1'he beet leaf 
sterols provide unequivocal data for the occur- 
rence of 24-alkyl-AS-sterols in the photosyn- 
thetic tissue of a plant which by virtue of its 
dominant sterols is a 24-alkyl-AT-sterol plant. 

*To whom correspondence should be addressed. 

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

Beta vulgaris L. (table beet) was purchased 
in Silver Spring, MD in March, and Philadelphia, 
PA in July 1982. The leaf sterols from these 2 
acquisitions were analyzed and comprise, respec- 
tively, samples 1 and 2 which were performed 
in duplicate. The leaves were washed, ground in 
a polytron and extracted in a Soxhlet with ace- 
tone for 48 hr. The extracted material was sap- 
onified in 5% (w/v) KOH in 70% ethanol/water. 
The neutral lipids after saponification (NLAS) 
were extracted with ether and were further frac- 
tionated by alumina chromatography using 2 
column volumes of: hexane, hexane/benzene 
( 1 : 1, v/v), benzene, ether, ether/methanol ( 1 : 1, 
v/v), and methanol. The 4-desmethylsterols 
eluted with the ether and were then recrystal- 
lized from methanol. Anasil B chromatography 
was performed with hexane/ether (8:2, v/v) 
(11). Argentation chromatography of sterol 
acetates was performed on Unisil impregnated 
with 5% AgNO3 and eluted with 5% step incre- 
ments of benzene graded into hexane. 

GLC examination of the sterols was per- 
formed with either 1% XE-60 on Chromosorb 
Q (100-120 mesh) at 230 C or 0.75% SE-30 on 
Chromosorb Q at 235 C in a Perkin-Elmer Sigma 
3B with He at 35 ml/min. All RRT are to cho- 
lesterol and agree with previously published val- 
ues (12,13). 

Authentic standards were obtained and puri- 
fied from the following sources: spinasterol and 
campesterol, Applied Science; stigmasterol, Sig- 
ma; sitosterol from cabbage; chondrill~sterol 
and 22-dihydrochondrillasterol from Chlorella 
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ellipsoidea. Preparative reverse-phase tiquid 
chromatography (RPLC) was performed on a 
Whatman M-20 column (25 cm x 2.5 cm) 
packed with Whatman ODS-3 chromatographed 
at 28 C with methanol/acetonitrile (1:9, v/v) 
7.5 ml/min. Analytical RPLC was performed on 
a Zorbax ODS column (30 c m x  3 mm) with 
isopropanol/acetonitrile (2:8, v/v) at 45 C 1.5 
ml/min on a Perkin-Elmer 3 liquid chromato- 
graph with an LC-75 UV detector. Sample peaks 
were detected at 205 nm and scanned between 
200 and 300 nm. The ac (K' sample/K' choles- 
terol) were calculated as previously described 
(14). Electron impact mass spectoscopy was 
performed at 70eV on a Finnigan model 4000 
with a series 6000 data system. 1H NMR was 
performed at 360 MHz at ambient temperature 
on a Bruker model WH 360, in CDCI3 with 
TMS as an internal standard. 

RESULTS A N D  DISCUSSION 

Beta vulgaris leaves possess both A 7- and A s_ 
4-desmethylsterols with a predominance of the 
A7-sterols (Table 1). Preliminary GLC data of 
the recrystallized sterols (0.02% of the wet 
weight) indicated the presence of only 3 com- 
ponents due to the chromatographic properties 
of the mixture on both GLC systems. Prepara- 
tive RPLC of this sample also produced a 
chromatogram with a similar profile; however, 
GLC analysis of these RPLC fractions indicated 
the presence of 6 components (Fig. 1). 

GLC and analytical RPLC of peak 1 indicated 
that only one sterol was present with a RRT on 
XE-60 of 1.88, on SE-30 of 1.87 and an a c of 
0.93. This sterol was putatively identified as 
avenasterol. Mass spectra further supported this 
identification with ions at m/e: 412 (M +, 26%), 
397 (M-CH3 § 24%), 381 (M-CH3-H20 +, 25%), 
314 (M-CTHt4 +, 92%), 299 (M-CTH14-CH3 +, 
49%), 271 (M-side chain-2H ~, 100%), 255 (M- 
side chain-H~O +, 82%). The ion at m/e 314 is 
indicative of a 24(28) double bond (15). 1H 
NMR analysis (Table 2) produced a spectrum 
consistent with that expected for avenasterol 
and agrees with the previously reported spectrum 
(16). The signals produced by the side chain 
protons are also similar to those reported for 
isofucosterol (17,18). The sterol in peak 1 is, 
therefore, determined to be avenasterol (24- 
ethylcholesta-7,24(28)-dien-3~-ol). 

GLC of the fractions from the RPLC of peak 
2 indicated that 3 sterols were present (Fig. 1). 
These were putatively identified as spinasterol, 
24-methylcholest-5-en-3fl-ol and 24-ethylcholes- 
ta-5,22-dien-3/3-ol by GLC and analytical RPLC 
(Table 1). Separation of the spinasterol from 
the AS-sterols was achieved by Anasil chroma- 
tography. The elufion profile was A s-, A s,22-, 
and AT,22-sterol. The AT,22-sterol was isolated 
in pure form. The mass spectrum of the A 7,22- 
sterol produced the following ions at m/e: 412 
(M +, 35%), 397 (M-CH3 +, 27%), 379 (M-CHa- 
H20 § 19%), 369 (M-C3H7 § 33%), 271 (M-side 
chain-2H +, 98%), 255 (M-side chain-H20 § 

TABLE 1 

Composition a and Chromatographic Characteristics of 4-Desmethylsterols from Beta vulgaris 

GLC b 

% of total 4-desmethylsterols RRT RRT 
Sterol Sample 1 d Sample 2 d SE-30 XE-60 

RPLC c 

~C 

A 7 Sterols  

Spinas terol  43 47 
22- D ihydrosp inas t e ro l  23 25 
Avenas te ro l  1.6 1.4 

A 5 Sterols  

Si tosterol  16 13 
24~-Ethyl-  
cholesta-5,22-dien-313-ol 8.5 7.1 
24~-Methyl-  
cholest- 5-en-313-ol 7.7 6.5 

Tota l  

A 7 Sterols  67 .6  73.4 
A s Sterols 32.2 26.6 

1.57 • 0 .01  1.52-+ 0 . 0 3  1 .10  • 0 .01  
1.81 + 0 . 0 2  1.71 • 0 . 0 6  1 .26  • 0 .02  
1 .87  -+ 0 .01  1 .88  • 0 . 0 2  0 .93  • 0 .01  

1 .62  • 0 .01  1 .55  • 0 . 0 2  1 .23  • 0 .01  

1 .42  • 0 . 0 2  1.32 -+ 0 . 0 2  1 .07  • 0 .01  

1 .30  • 0 ,01  1 .30  -+ 0 .02  1 .10  -+ 0 .01  

aFrom GLC following preparative RPLC. 
bRRT to cholesterol. 
ccx c to cholesterol. 
dSeparate acquisitions and isolations performed in duplicate, see Methods. 
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FIG. 1. Comparison of RPLC and GLC profiles of the 
sterols from Beta vulgaris. Elution of sterols from pre- 
parative RPLC, A at 205 nm (e). GLC analysis in rag/ 
RPLC fraction (20 ml) on XE-60. Avenasterol (o), 
spinasterol (~), 22-dihydrospinasterol (A), As.24. 
methyl- and As,22-24-ethylcholesterol (=), sitosterol 
(*). 

100%). The 1H NMR analysis (Table 2) pro- 
duced a spectrum consistant with that of au- 
thentic spinasterol run at 360 MHz and differ- 
ent from that of authentic chondriUasterol 
(Table 2). The chemical shifts of the isomeric 
standards are distinctly different as previous- 
ly reported (13,19,20). The chemical shifts ob- 
served in this component  indicate that it is the 
24a-ethylcholesta-7,22-dien-3/3-ol and not an 
isomeric mixture as observed in Cucurbita pepo 
seeds (20) or roots of Trichosanthes /aponica 
(21). The two AS-sterols eluted as an incom- 
pletely separated mixture from the Anasil col- 
umn and, due to the limited amount of material 
(4 mg), further separation was not attempted. 
The mixed mass spectrum of the two sterols 
provided the following ions at m/e for the AS, 22- 
e thy l s te ro l :  412  (M +, 57%), 397 (M-CH3 § 17%), 
369 (M-C3H7 +, 22%), 271 (M-side chain-2H +, 
75%, 255 (M-side chain-H2 O§ 100%); for  the  
AS-methy l s t e ro l :  400  (/Vl ~, 65%), 385 (M-CH3 +, 
18%), 382  ( M - H 2 0  +, 26%), 367  (M-CH3-H20  +, 
18%), 315 (M-C6H13 +, 26%), 289 (M-CTHg- 
H 2 0  +, 49%),  273 (M-side chain  +, 46%)~ 255 (M- 
side chain-H2 O+, 100%). The  mixed  "H NMR 
analysis  i nd ica t ed  chemica l  shif ts  for  p r o t o n s  at  
C-18, C-19 and  C-21 (Table  2). The  na tu re  of  
the  mix tu r e  m a d e  ass ignments  of  add i t iona l  
chemical  shifts  diff icul t .  The  signal for  the  pro- 
t ons  at  C-18 for  the  m e t h y l s t e r o l  c o m p o n e n t  
was suff ic ient ly  b road  to  ind ica te  the  ex is tence  
of  an ep imer ic  m i x t u r e  at  C-24 for  the  me thy l -  
s terol  c o m p o n e n t .  

TABLE 2 

1 H NMR Spectra of 4-Desmethylsterols from Beta vulgaris and Authentic Sterols 

Sterol 

Proton position a 

3H, 3H, 3H, 6H, 3H, 
H-18 H-19 H-21 H-26, H-27 H-29 

(s) (s) (d)J=6 Hz (d,d)J=6 Hz (t)J=7 Hz 

Beta vulgaris 

A 7 Sterols 

Spinasterol 0.56 0.80 1.03 0.80, 0.86 0.81 
22-Dihydrospinasterol 0.54 0.80 0.94 0.82, 0.84 0.85 
Avenasterol 0.54 0.80 0.95 0.98, 0.98 1.58 
A s Sterols 

Sitosterol 0.68 1.01 0.92 0.81, 0.83 0.85 
24~-Ethyl- 
cholest a- 5,22-dien- 3fl-ol 0.70 1.01 1.03 nd nd nd 
24~-Methyl- 
cholest- 5-en-3fl-ol 0.68 1.01 nd nd nd - 

Authentic standards 

Spinasterol 0.56 0.80 1.03 
ChondriUasterol 0.55 0.80 1.03 
22-Dihydrochondrillasterol 0.55 0.80 0.94 
Sitosterol 0.68 1.01 0.92 

0.80, 0.86 0.81 
0.83, 0.85 0.80 
0.82, 0.84 0.86 
0.81, 0.83 0.85 

aChemical shift in ppm from TMS at 360 MHz. 
nd=  Not determined due to mixture of these two compounds. 
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The  GLC of  the  f r ac t ions  f rom the  RPLC of  
peak 3 ind ica t ed  t ha t  2 s terols  were p resen t  
(Fig. 1). These  were pu ta t ive ly  iden t i f i ed  as 22- 
d ihyd rosp inas t e ro l  and  s i tos tero l  by  GLC and  
ana ly t ica l  RPLC (Table  1). The  m i x t u r e  was 
conve r t ed  to the  s terol  ace ta tes  and  t h e n  separ- 
a ted  by  a rgen ta t ion  c h r o m a t o g r a p h y .  Bo th  
c o m p o u n d s  were isola ted in pure  form and  t hen  
conve r t ed  to the  free alcohol.  Mass s p e c t r u m  of  
the  AT-ethyls tero l  p r o d u c e d  the  fo l lowing ions 
at  m /e :  414  (M +, 99%), 399 (M-CH3 +, 74%), 
381 ( M - C H 3 - H 2 0  +, 16%), 273 (M-side chain*, 
78%), 255 (M-side chain-H20*,  100%). The  I H  
NMR analysis  (Table  2) p roduced  a spec t rum 
which  was in accord  wi th  a 24~-e thy lcholes t -7-  
en-3~ol .  The  spect ra  of  the  24~- and 24fl-iso- 
mers  are very  similar (13,20) .  Since our  sample  
has  a d i f fe ren t  chemica l  sh i f t  for  the  p r o t o n s  of  
C-29 f rom tha t  of  a u t h e n t i c  2 2 - d i h y d r o c h o n -  
driUasterol,  we assume it to  be the  24a-e thy l  
isomer.  The  mass s p e c t r u m  of  the  24-e thy lcho-  
lest-5-en-3fl-ol p roduced  the  fol lowing ions at  
m/e :  414  (M +, 92%), 399 (M-CH3 +, 61%),  396 
( M - H 2 0  +, 43%),  381 ( M - C H 3 - H 2 0  +, 16%), 303 
(M-CTH9-H20  § 61%), 273 (M-side chain  +, 61%), 
255 (M-side chain-H2 O+, 100%). The  I H  NMR 
analysis  (Table  2) p roduced  a spec t rum ident i -  
cal wi th  t ha t  o f  a u t h e n t i c  s i tos tero l  run  at  360  
MHz. 

The  r ep roduc ib i l i t y  of  the  relat ive ra t ios  of  
AS-alkyls terols  to  A7-alkyls tero ls  f rom Beta 
vulgaris leaves ob t a ined  f rom 2 d i f fe ren t  sources  
ind ica tes  t ha t  the  c o m p o s i t i o n  of  this  m a t u r e  
t issue ma in ta ins  a f ixed ra t io  of  these  p roduc t s .  
U V  scans of  the  RPLC peaks  f rom the  m i x t u r e  
and  isola ted c o m p o n e n t s  ind ica ted  the  absence  
o f  any  de tec t ab le  quan t i t i e s  of  AS,7-alkylsterols.  
This  suggests e i the r  t ha t  the  " n o r m a l l y  a s s u m e d "  
b i o s y n t h e t i c  rou t e  to  AS-sterols  is ope ra t ing  
and  t ha t  the  ra te  of  i n t r o d u c t i o n  of  the  5(6)  
doub le  b o n d  is l imi ted  while the  r e d u c t i o n  of  
the  A 7 p roceeds  normal ly ,  or t ha t  2 alternative 
pa thways  to each end  p r o d u c t  exist.  A sys tem-  
atic e x a m i n a t i o n  of the  s terol  m e t a b o l i s m  in 
bee ts  and  re la ted  species in the  Chenopod iaceae ,  
e.g. spinach,  may  yield ins ight  i n to  the  regula- 
to ry  m e c h a n i s m s  in these  organisms.  
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Absorption and Metabolic Fate of Dietary 
3H-Squalene in the Rat 
REIJO S. T ILVIS*  and TATU A. MIETTINEN, Second Department of  Medicine, 
University of Helsinki, 00290 Helsinki 29, Finland 

ABSTRACT 

The absorption and metabolic fate of dietary squalene were investigated on the rat by administer- 
ing a single oral dose of 3H-squalene and 14C-cholesterol. Experiments on rats with cannulated thoracic 
duct revealed that 3H-squalene was, like 1*C-cholesterol, absorbed through the lymphatic vessels and 
that ca. 20% of absorbed ~H-squalene was cyclized to sterols during the transit through the intestinal 
wall. Feces contained aH-sterols, indicating that newly synthesized mucosal sterols had been secreted 
into the gut lumen. In intact animals, 3H-squalene appeared in the circulation more rapidly than 
14C-cholesterol and did not persist to any significant extent in the squalene-rich adipose and muscle 
tissues. The increase in dietary squalene load (8-48 mg) decreased the absorption percentage of 3H- 
squalene (45-26%) but did not affect the absorption of ~4C-cholesterol (47%). Determination of fecal 
steroids revealed that during the first days absorbed 3H-squalene was eliminated to a significantly 
higher extent than ~4C-cholesterol as fecal bile acids (34% vs 11%). The experiments indicate that the 
rat intestine has a marked capacity for absorbing dietary squalene and that the absorbed squalene is 
preferentially converted to bile acids in the liver. 
Lipids 18:233-238, 1983. 

Squalcne is a minor constituent of serum 
lipoproteins (1-5) and is present in fairly high 
concentrations in triglyceride-rich mammalian 
tissues (4,6). Variable amounts of squalene have 
been detected in dietary ingredients (4,7). Cer- 
tain fish and plant oils, olive oil, in particular, 
contain substantial amounts of squalene (7-10). 

Intake of diets rich in squalene has clearly 
augmented the squalene concentrations in 
human serum (4). Furthermore, feeding squa- 
lene has increased squalene and sterol concen- 
trations in serum and liver of the rat and 
enhanced fecal excretion of bile acids (11), 
suggesting that squalene absorbed from the 
diet participates in the overall cholesterol 
synthesis. However, the rate of absorption of 
dietary squalene and its metabolic fate have not  
been investigated in detail. 

In this investigation, the rats were given a 
single oral dose of 3H-squalene and the appear- 
ance of different 3H-labeled llpids in serum, 
tissues and feces was followed. For comparison, 
the animals were simultaneously given 14C- 
cholesterol. 

M A T E R I A L S  AND METHODS 

Isotopes 

[4-14C]-cholesterol (58 mCi/mol) was ob- 
tained from New England Nuclear Corp., 
Boston, MA. 3H-squalene was prepared bio- 
chemically (12) from DL-(2-aH)-mevalonic acid 
lactone (500 Ci/mol, Radiochemical Centre, 
Amersham, England). The specific activity of 

*To whom correspondence should be addressed. 

[ 1,1,5, 5,9,9, 16,16, 20, 20,23,23-3H]-squalene 
was 969 Ci/mol. The final specific activities of 
the labeled lipids are given separately. Un- 
labeled squalene and the standard substrates, 
5a-cholestane, lanosterol and a-tocopherol were 
purchased from Sigma Ltd. (St. Louis, MO). 

Animals and Diets 

Male Sprague-Dawley rats (Anima Ltd., 
Finland) weighing 260-280 g were used for 
the experiments. The rats, through an indwell- 
ing duodenal catheter, were given 2 ml of aque- 
ous suspension containing 80 mg milk powder 
(Vallo Ltd., Finland), 0.24 ml of olive oil 
(Fischer Scientific Co., N J), 15.4 mg chromic 
oxide and 14C-cholesterol (final specific activity 
0.23 mCi/g), and various amounts of 3H- 
squalene. Radioactive substrates were dissolved 
in acetone and mixed with milk powder-olive 
oil suspension. Subsequently, the solvent ace- 
tone was evaporated under  nitrogen. 

Cannulation of the Rats 

For studies on the absorption route of 3H- 
squalene, the thoracic duct of the rats was 
cannulated as described by Bollman et al. (13). 
The animals were placed in a restraining cage 
and given a 2 ml bolus of suspension containing 
3H-squalene and agc-cholesterol. Thereafter, 
Intralipid| (A.B. Vitrum, Sweden) was given as 
a constant duodenal infusion and the lymph 
was collected. Feces of the rats were gathered 
on the blotting paper placed under the restrain- 
ing cage, dried in vacuo at 50 C and weighed. 
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Analyses 

The rats were exsanguinated under ether 
anesthesia and the organs were removed and 
washed with saline at room temperature. The 
samples were homogenized with Ultra-Turrax| 
and extracted with 20 vol of chloroform/meth- 
anol (2 :1 ) in  the usual manner (14). Squalene, 
different methyl sterols and cholesterol were 
separated on Silica Gel G (E. Merck, Darmstadt) 
and quantitated by ~as chromatozraDhv (6). 

Fecal neutral sterols were extracted as 
described by Miettinen et al. (15). After extrac- 
tion of netitral sterols, the fecal bile acids were 
determined by the method of Grundy et al. 
(16). Chromic oxide was used as an unabsorb- 
able marker and internal standard (17). 

The radioactivity of the double labeled 
samples was counted in a Packard 3003 Tricarb 
scintillation counter at 4 C with 18 ml of 0.5% 
diphenyloxazole (PPO) in toluene. The count- 
ing efficiency and the shift of counts from the 
carbon to the tritium channel were determined 
for each sample. The absolute level of radio- 
activity (dpm) was determined by means of an 
external standard. 

Calculations 

Because four 3H from the twelve aH of 
3H-squalene are lost during demethylation of 
3H-lanosterol to 3H-cholesterol (18), the radio- 
activity (dpm) of 3H-cholesterol was multiplied 
by 1.5. Because three further aH were lost 
during 7a-hydroxylation of cholesterol and the 
loss of terminal propionic acid, the radioactiv- 
ity of 3H-bile acids was multiplied by 1.6. 

The results are given as a mean and a stan- 
dard error of mean (SEM). The statistical signif- 
icance of the difference was estimated by the 
Student's two-tailed t-test. 

RESULTS 

Absorption of 3H-Squalene and 1*C-Cholesterol 
in Rats with Cannulated Thoracic Duct 

After administration of a milk powder-olive 
oil suspension containing 3H-squalene and 14C- 
cholesterol through an indwelling duodenal 
catheter, the radioactivities appeared in the 
thoracic duct within 2 hr (Fig. 1). The absorp- 
tion of aH-squalene appeared to be completed 
in 12 hr when ca. 15% of the dose appeared in 
chyle. 14C-Cholesterol absorption continued up 
to 24 hr at least when ca. 10% of the dose was 
recorded. No radioactivity was found in serum 
of rats with cannulated thoracic duct. 

Analyses of 3H-lipids of chyle at 4 hr re- 
vealed that 8% and 13% was found in the 
methyl sterols and cholesterol fractions, respec- 

�9 t4 C g 
4 t . . . . . . . . . . . . . .  . . . .  

i 1;2 27 
TIME. h 

t C.y,e Fec~ 8O Sq Scl 
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40 
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FIG. 1. Cumulative absorption of 3H-squalene and 
~*C-cholesterol into the thoracic duct and percentage 
distribution of 3H-radioactivity between squalene (Sq), 
methyl sterols (MS), cholesterol (Ch) and coprostanol 
(Co) in the chyle and feces. Thoracic duct cannulated 
rats were given 2 ml of milk powder-olive oil suspen- 
sion containing 33 mg of 3H-squalene (77 ~aCi/g) and 
65 mg of '4C-cholesterol (17.5 ~Ci/g) via an indwelling 
duodenal catheter. The content of the thoracic duct 
was collected and the absorption rate of the com- 
pounds was calculated by dividing the total radioactiv- 
ities in the chyle by the specific activities of the test 
lipids. Each point is a mean .+ SEM for 3 animals. The 
distribution of 3H-radioactivity of the chyle was deter- 
mined at 4 hr. 
tively. In feces of the rats, up to 20% of 311- 
radioactivity was found in sterols but fecal bile 
acids were not labeled. Thus, a portion of ster- 
ols synthesized by the rat intestine from 3H- 
squalene was excreted with feces. About one- 
third of the fecal 3H-sterol counts were in the 
cholesterol fraction and two-thirds in the 
coprostanol fraction. 

Absorption of 3H-Squalene in Intact Animals 

When the rats were given a single dose of a 
mixture of  3H-squalene (8 mg) and ]4C-choles- 
terol (15.4 mg) through the duodenal cannula, 
the absorption percentages were 42% and 48%, 
respectively (Table 1). A gradual increase of 
unlabeled squalene in the test mixture from 8 
to 48 mg decreased the absorption percentage 
of squalene (r-value between dietary squalene 
load and the absorption percentage was-0.801, 
p < 0.05) but increased the absolute absorption 
of  squalene from 3 mg to 12 mg. Variations in 
the dietary squalene did not affect the absorp- 
tion rate of ]4C-cholesterol. 

Kinetics of Absorbed 3H-Squalene in Plasma 

Kinetics of absorbed 3H-squalene was studied 
by measuring the specific activities of  plasma 
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squalene, methyl sterols and cholesterol serially 
after a single duodenal administration of 3H- 
squalene and taC-cholesterol. Plasma 3H- 
squalene was rapidly labeled, reaching the maxi- 
mum specific activity at 6 hr (Fig. 2). At 24 hr, 
virtually no 3H-squalene was found in serum, 
while the specific activity of 14C-cholesterol 
increased up to 24 hr. The absorption of 3H- 
squalene was followed by appearance of 3H- 
methyl sterols and 3H-cholesterol in plasma. 
The specific activity of 3H-methyl sterols at 6 
hr was clearly below that of 3H-squalene, but 
markedly higher than that of 3H-cholesterol at 
24 hr. 

Distribution of Absorbed 3H-Squalene in Tissues 

The rapid disappearance of absorbed 3H- 
squalene from plasma could have been due to 
its effective conversion to cholesterol or trans- 
fer to tissues. The latter alternative was studied 
by tissue analysis after a single duodenal dose 
of the 3H-squalene/14C-cholesterol mixture. 
The results in Table 2 show that neither 3H- 
squalene nor 3H-methyl sterols endured in 
tissues. Up to 98% of 3H-radioactivity discov- 
ered in the rat tissues after 2 days was found in 
the cholesterol fraction. Even in adipose tissue 
and skin the 3H-radioactivity, retained as cho- 
lesterol precursors, was less than 0.1% of the 
absorbed dose of 3H-squalene. 

The 3H/14C ratio in cholesterol of different 
organs was quite similar, suggesting that the 

o 3H-Sq 
* 3H-MS 
�9 3H-CH 

~, 6 2~4 48 
TIME, h 

FIG. 2. Labeling of plasma squalene (Sq), methyl 
sterols (MS) and cholesterol (Ch) after a single oral 
dose of a mixture containing 3H-squalene and 14C- 
cholesterol. Six rats were given through a duodenal 
catheter 2 ml of milk powder-olive oil suspension con- 
taining 28 mg 3H-squalene (0.52 mCi/g) and 15.4 mg 
14C-cholesterol (0.23 mCi/g) and blood samples were 
taken from the tail vein after different time intervals. 
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dietary 14C-cholesterol and the newly formed 
3H-cholesterol had been similarly distributed 
in tissue pools�9 

Fecal Elimination of Absorbed 3H-Squalene 
and 14 C-Cholesterol 

Within 2 days after intraduodenal adminis- 
tration of the labels, 34% and 31% of the 3H- 
squalene absorbed were excreted as fecal 3H- 
bile acids and 3H-neutral sterols, respectively, 
whereas ca. 11% of absorbed 14C-cholesterol 
was eliminated as 14C-bile acids (Table 3). Be- 
cause a portion, about one-third, of 3H-sterols 
originated from intestinal mucosa (Fig. 1), the 
liver eliminated newly synthesized 3H-choles- 
terol into bile preferentially as bile acids and 
less so as cholesterol. 

D I S C U S S I O N  

Virtually no studies are available in the liter- 
ature on absorption and subsequent metabolism 
of dietary squalene in man or experimental 
animals. The experiments of the present study 
indicated that 3H-squalene is effectively ab- 
sorbed and transported, like sterols, through 
the thoracic duct. The more rapid appearance 
of dietary 3H-squalene than t4C-cholesterol in 
chyle and serum can be partly explained by the 
fairly high difference of squalene concentration 
between the test mixture and intestinal mucosa 
cells. Isotopic exchange could have also contrib- 
uted to the different velocity of absorption. 
The dietary 14C-cholesterol mixes in the gut 
lumen and mucosal cells with endogenous cho- 
lesterol, resulting in a decrease in the specific 
activity (19-21). Because of the low squalene 
concentration of intestinal mucosa (6), this 
dilution effect might be negligible for 3H- 
squalene. 

Labeling of methyl sterols and cholesterol of 
chyle and feces after duodenal administration 
of 3H-squalene to thoracic duct cannulated rats 
indicates that a portion of the absorbed 3H- 
squalene is cyclized to sterols during the first 
pass through the intestinal wall. A portion of 
these labeled sterols are excreted in feces either 
via slouglaed mucosal cells, isotopic exchange 
or direct luminal secretion. The bulk apparently 
reaches the chyle. The intestinal mucosa re- 
leases also newly synthesized cholesterol pre- 
cursors into the thoracic lymph. Thus, intestine 
contributes also to serum methyl sterols though 
bulk of them may originate from the liver (2). 

The experiments on intact animals showed 
that the rat intestine has a remarkable capacity 
to absorb dietary squalene and that squalene 
transferred to the circulation is rapidly taken 
up by the liver, where it is cyclized to sterols 
and bile acids. Only a negligible portion of 3H- 
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TABLE 3 

Fecal Elimination of Absorbed 3H-Squalene and 14C-Cholesterol 
in the First 2 Days (n = 6) 

237 

Fecal lipid (% of absorption) 

Neutral sterois 

Coprostanol + 
Absorbed lipid Cholesterol methyl sterols Total Bile acids 

aH-Squalene 5.6 -+ 0.2 25.5 -+ 3.8 31.1 +- 3.8 34.0 -+ 3.8 
14C-Cholesterol nd nd nd 10.8 -+ 0.6 

p < 0.001; nd = not determined. The rats were given 2 ml of milk powder-olive oil sus- 
pension containing 15.4 mg of 14C-cholesterol (sa = 0.23 mCi/g)and 28 mg of 3H-squalene 
(sa = 0.52 mCi/g) through a duodenum catheter. Stool was collected during the 2 days after 
oral labeling of rats. The absorption rates were calculated from the fecal elimination of the 
labeled test compounds. The radioactivities of fecal bile acids were compared with the radio- 
activities of absorbed squalene and cholesterol. The corresponding calculation of the rate of 
the reelimination of 14C-cholesterol was not possible. 

squalene absorbed f rom a single oral dose was 
de tec ted  in squalene-rich adipose and muscle 
tissues. Recent  h u m a n  and exper imenta l  s tudies  
have indica ted  tha t  the half-life o f  serum squa- 
lene is shor te r  than that  o f  o the r  l ipopro te in  
cons t i tuen t s  and that  serum squalene is no t  
taken up by adipose tissue to any significant 
ex t en t  (4,5,22).  

The eff ic ient  uptake of  3H-squalene absorbed  
f rom the diet might  explain the  rapid excre t ion  
o f  newly synthes ized  3H-sterols and 3H-bile 
acids with feces. In fact, 21% of  3H absorbed 
was found  as 3H-sterols in tissues, whereas 65% 
was e l iminated  with feces in 2 days. The re- 
maining 14% might  be dis t r ibuted among  tissues 
no t  checked by this s tudy.  Because the specific 
activities o f  14C-cholesterol o f  serum and liver 
had not  equi l ibrated within 2 days, the exact  
calculat ion of  the rate of  reel iminat ion of  
absorbed  t4C-cholesterol was not  possible. 
Taking in to  considera t ion  the r e t en t ion  of  
14C-cholesterol in tissues (26%), the rate o f  its 

e l iminat ion as t4C-bile acids (11%), and the 
percentage  recovery of  3H-squalene (86%), it 
could be es t imated  that  ca. 49% of  adsorbed  
and absorbed t4C-cholesterol was reel iminated 
as fecal neutral  sterols within the first 2 days.  

Thus, the dietary 3H-squalene was elim- 
inated more  eff icient ly than 14C-cholesterol as 
fecal bile acids. The observat ion suppor t s  earlier 
results which have po in ted  out  to  the role of  
newly synthes ized  hepa t ic  choles terol  as a pref-  
erential  source of  bile acids (23-25).  It is also 
in good agreement  with expe r imen t s  on the rat 
which have shown  that  serum aH-squalene is 
e l iminated mainly as bile acids (22) and that  
feeding squalene significantly increases fecal 
bile acids ( 11 ). 
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ERRATUM 

In the article "Stimulation of Hepatic 
Squalene and Triglyceride Synthesis by Di- 
methylsulfoxide, in vitro" by F.P. Bell and 
E.V. Hubert (Lipids 17:900-904, 1982), three 
lines of text  were misplaced. Instead of being 
placed after line 28 of the Discussion (p. 903), 
the lines "sisted under conditions of an oxygen- 
rich atmosphere (Table 3, exp. 1) as well as 
under an N 2 atmosphere (Table 3, exp. 2)." 
should follow on from the end of the Results. 
The last sentence of the Results (p. 902) should 
therefore read: "The results show that an 
increased incorporation of [14C] mevalonate 
into squalene in the presence of  DMSO persis- 
ted under conditions of  an 0xygen-rich atmos- 
phere (Table 3, exp. 1) as weU as under an N2 
atmosphere (Table 3, exp. 2)." 
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Determination of Lipase Specificity 1 

ROBERT G. JENSEN*,  FELICE A. DEJONG and R I C H A R D  M. CLARK,  Department of 
Nutrit ional Sciences, University of  Connecticut, Storrs, CT 06268 

ABSTRACT 

Specificity of  lipases is controlled by the molecular properties of the enzyme, structure of the 
substrate and factors affecting binding of the enzyme to the substrate. Types of specificity are as 
follows. I. Substrate: (a) different rates of lipolysis of TG, DG, and MG by the same enzyme; (b) 
separate enzymes from the same source for TG, DG and MG. 11. Positional: (a) primary esters; (b) 
secondary esters; and (c) all three esters or nonspecific hydrolysis. 111. Fatty acid, preference for 
similar fatty acids. IV. Stereospecificity: faster hydrolysis of one primary sn ester as compared to the 
other. V. Combinations of i-IV. Lipases with these specificities are: la, pancreatic; Ib, postheparin 
plasma, lla, pancreatic; lib, Geotrichum candidum, for fatty acids with cis-9-unsaturation, and lie, 
Candida cylindracea. Iii, G. candidum for unsaturates. IV. sn-1, postheparin plasma and sn-3 human 
and rat lingual lipases. V. Rat lingual lipase. Methods for determination involve digestion of natural 
fats of known structure and synthetic acylglycerols followed by analysis of the lipolysis products. 
All of the types of  specificity have been detected with use of synthetic acylglycerols. Detection of 
stereospecificity requires enantiomeric acylglycerols which are difficult to synthesize, so other methods 
have been developed. These involve the generation of 1,2-(2,3) DG and resolution of the enantiomers. 
Trioleoylglycerol or racemic TG can be used as substrates. If the lipase is stereospecific, then either the 
sn-l ,2- or 2,3-enantiomer will predominate. The relative amounts of the enantiomers can be deter- 
mined by measurement of specific rotation, and nuclear magnetic resonance spectra. The DG can also 
be separated by conversion to phospholipids and hydrolysis with phospholipases A-2 or C. Applications 
of these procedures are discussed and data on the specificity of various lipases presented. 
Lipids 18:239-252, 1983. 

Lipases or  acylglycerol  hydro lases  are 
e n z y m e s  which  ca ta lyze  the  hydro lys i s  of  long- 
chain  a l iphat ic  acids f rom acylglycerols  at  an 
o i l /wa te r  in terface .  The  sys temat ic  n a m e  is 
acylglycerol  acylhydrolase .  The  in te r face  is 
usually provided  by  emuls ion  globules  or  l ipo- 
p ro te in  part icles,  t he  l a t t e r  pr imar i ly  chy lomi -  
c rons  and  very low dens i ty  l ipopro te ins .  T he  
e l e m e n t  p rov id ing  the  in te r face  has been t e r m e d  
the  supe r subs t r a t e  (1). 

Enzymes  are classified by  the  types  of  reac- 
t ion  ca ta lyzed  or  specif ic i ty  (2). Specif ic i ty  is 
a compa ra t i ve  d i f fe rence  in ra tes  of  catalysis  o f  
cer ta in  react ions .  Af te r  an e n z y m e  has been  iden- 
t if ied as a lipase, several specif ici t ies  wi th in  the  
class have been  iden t i f i ed  or  can be expec t ed  to  
occur.  We will discuss the  types,  con t ro l ,  exam- 

lScientific Contribution No. 988, Storrs Agricul- 
tural Experiment Station, University of Connecticut, 
Storrs, CT 06268. 

*To whom correspondence should be addressed. 
Abbreviations: TG, triacylglycerols; DG, diacylgly- 

cerols; MG, monoacylglycerols; FFA, free fatty acids. 
Trioleoylglycerol is 18 : l- 18: l- 18 : 1, etc. 1,2-dioleoyl- 
3-palmitoyl-sn-glycerol is sn- 18: l-18: l-16:0, with the 
sn- 1 ester to the left. If the TG is racemic, rac is omitted. 

ples and  d e t e r m i n a t i o n  of  lipase specif ic i t ies  in 
this  review. A pre l iminary  repor t  on  this  infor-  
m a t i o n  has  been  p resen ted  (3). 

C O N T R O L  OF SPECIF ICITY 

Specif ic i ty  of  l ipases is con t ro l l ed  by:  (a) the  
molecu la r  p roper t i e s  of  the  enzyme,  (b)  the  
s t ruc tu re  of  the  subs t ra te ,  and  (c) fac tors  affec- 
t ing b ind ing  of  the  e n z y m e  to  the  subs t r a t e  or  
o the rwise  in f luenc ing  act ivi ty .  

In (a), p roper t i es  are usually b e y o n d  ou r  
cont ro l ,  excep t  t ha t  the  e n z y m e  be ing  investi- 
gated shou ld  mee t  the  de f in i t ion  of  a lipase. It 
is l ikely t ha t  the  e n z y m e  p repa ra t i on  u n d e r  
s tudy  may  con t a in  l ipases wi th  more  than  one  
type  of  specif ic i ty  and  pur i f i ca t ion  or o t h e r  
s trategies will be  requi red .  

For  (b) ,  t he  s t ruc tu r e  of  the  acylglycerol  
se lected as a subs t r a t e  obvious ly  d e t e r m i n e s  the  
i den t i t y  of  the  digest ion p r o d u c t s  used to iden-  
t i fy  the  t ype  of  specif ici ty.  C o n s e q u e n t l y ,  the  
acylglycerol  mus t  be s t r u c t u r e d  so t ha t  specifi- 
cities are n o t  confused .  Examples  will be given 
later.  P re sumab ly  the  d iges t ion m i x t u r e  used to  
assay for  ac t iv i ty  o f  the  l ipase can be  e m p l o y e d  

LIPIDS, VOL. 18, NO. 3 (1983) 



240 METHODS 

to determine specificity with suitable selections 
of substrate. Digestion conditions must provide 
the products of lipolysis needed to determine 
specificity. These are DG, MG, and FFA.  The 
extent  of digestion must be regulated so as to 
produce the amounts of DG, MG and FFA re- 
quired, yet  avoid or reduce acyl migration of 
the partial acylglycerols (4). With DG, the equi- 
librium mixture is 60:40 1,3:1 ,2  (2 ,3)and  MG, 
90:10 1(3):2. Extremes of heat  and pH and ex- 
posure to silicic acid hasten acyl migration. 
Fielding (5) stabilized 2-MG in a digestion mix- 
ture to acyl migration with 2raM 5,5' dithiobis 
(2-nitrobenzoic acid). The effect of the com- 
pound on acyl migration in DG has not been 
reported. Detection and assay of lipases have 
been reviewed (4). Methods for recovery and 
identification of DG, MG and FFA are described 
in (1) and (6). High performance liquid chroma- 
tography (HPLC)  has been  e m p l o y e d  to  resolve 
these l ipids (7). The  m e t h o d  has  the  advan tage  
of  speed as c o m p a r e d  to the  separa t ions  o b t a i n e d  
by  th in  l ayer  c h r o m a t o g r a p h y  (TLC).  High tem- 
pe ra tu re  gas l iquid c h r o m a t o g r a p h y  (GLC)  is 
also effective,  equa l ing  TLC and  HPLC in resolu- 
t ion,  and  is b e t t e r  than  b o t h  in q u a n t i t a t i o n  of  
the  l ipolysis p roduc ts .  Examples  o f  this  proce-  
dure  will be p resen ted  later.  

Implicit in (c) are the needs for stable and 
comparable emulsions or l ipoprotein particles 
which provide maximum surface areas and for 
rapid mixing of the digestion mixtures. Dervi- 
chian and Barque (8) have found that the quan- 
ti ty of  lipase absorbed onto the substrate is one 
of the controlling factors in hydrolysis and that 
mixing hastens the diffusion of  enzyme to the 
oil/water interface. Mixing will also help stabi- 
lize the emulsion by preventing the coalescence 
of globules that would occur during quiescence. 
Finally, mixing will assist in removal of FFA 
from the lipase-substrate domain and this is im- 
portant  because F F A  inhibits many lipases (4). 

TYPES OF SPECIF ICITY 

The  k n o w n  and  e x p e c t e d  types  are as fol lows:  
!. Subs t r a t e ;  (a) d i f fe ren t  rates  of  l ipolysis of  
TG, DG and  MG by  the  same enzyme ,  ( b ) s e p -  
arate  enzymes  f rom the  same source  for  TG, 
DG and  MG. I1. Pos i t iona l ;  (a)  p r imary  esters,  
(b)  secondary  esters and (c) all three  esters,  
nonspec i f ic  or r a n d o m  hydrolysis .  III. F a t t y  
acid, preference  for  types  o f  f a t ty  acids, e.g., 
. short -chain,  etc.  IV. S tereospec i f ic i ty  ; faster  hy-  
drolysis  o f  one  p r imary  sn ester  as c o m p a r e d  to  
the  o ther .  V. C o m b i n a t i o n s  of  I-IV. Examples  
are given in Table  1 and  discussed below.  

TABLE I 

Types of Lipase (Acylglycerol Hydrolase) Specificity 

Type Source of iipase Reaction References 

I. Substrate 
a. Different acylglycerols: 

Same lipase 
b. Different lip uses: 

for TG. DG and MG 
II. Positional 
a. Primary esters 
b. Secondary esters 
c. All esters 

IIl. Fatty acid 
a. 4:0-10:0 
b. cis- 9-unsa turat ion 
c. 8:0-12:0 

IV. St ereospecificity 
a. sn- l-ester 

b. sn-3-ester 

V. Combinations 
a. Fatty acid and 

stereospeeificities 

Pancreas 

Postheparin plasma 
(lipoprotein lipase) 

Pancreas 
Geotr ichurn c a n d i d u m  
Candida c y l indracea 

Pregastric esterase 
G. c a n d i d u m  
Rat and human lin- 

gual preparations 

Postheparin plasma, 
bovine and human 
milks, adipose tissue, 
liver, (lipoprotein 
lipase) 

Rat and human lingual 
preparations; termite 

Rat lingual preparations. 
Human milk lipoprotein 

lipase 

TG>DG>MG 9,10,11 
16:0-16:0-4:0> 16:0-4:0-4:0 

DG~M G--*glycerol ~ 

TG--* 1,2(2,3)DG-~2-MG 9,10,11 
Acid must contain cis .9-double  33 
TCr -~ 1,2+2,3+ 1,3 DG--' I-+2-MG 34 

4:0-10:0>12:0-18:0, 18:1 40 
Acid must contain cis-9 double 33 

8:0-12:0>16:0, 18:1 41-44 

sn 1 :sn-3,2:l 45-48 

sn 3:sn: l ,4 : l  43,46,49,50 

sn-R-R a- 12:0>sn- R-R- 16:0 
8:0, 10:0, 12:0 and 18:0 
TG>16:0-16:0-16;0. sn-I :sn- 

3,2:1 43,44,45 

aR-long-chain fatty acids in human milk. 
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E X A M P L E S  O F  SPECIFICITY 

I. Substrate Specificity 

(a) Different acylglycerols, same lipase. Ia. 
Acylglycerols are hydrolyzed by pancreatic 
lipase at the following relative rates (9,10): TG 
> 1,2 (2,3)-DG > 1,3-DG > I(3)-MG > 2-MG. 
The 1,3-DG and I(3)-MG are the result of  spon- 
taneous acyl migration, not  enzymatic action, 
as pancreatic lipase is almost completely specific 
for primary esters (10,11). These data were ob- 
tained by measuring the acylglycerols at inter- 
vals during a digestion except that the isomers 
of  DG and MG were not separated. The experi- 
ment should be repeated at time intervals with 
quanti tat ion of the isomers. Another difficulty 
was the presence of a nonspecific esterase or 
carboxyl ester hydrolase, at least in crude prep- 
arations of  pancreatic lipase, dependent  on bile 
salts, which digested primary and secondary es- 
ters of alcohols (12,13). The activity was elim- 
inated by storage of pancreatic juice solution at 
pH 9 and 40 C for 2 hr, absence of bile salts 
during digestion or addition of the esterase in- 
hibitor,  diethyl-p-nitrophenyl phosphate. Non- 
specific esterase was also eliminated by treat- 
ment with chymotrypsin or purification (14). 
The specificity has also been investigated by 
separately digesting the acylglycerols, with the 
exception of 1,2 (2,3) DG in the reaction se- 
quence above and the same rate order obtained 
(15,16). 

Triacylglycerols of divergent molecular 
weights were l ipolyzed at different rates by 
pancreatic lipase (17). Several acylglycerols 
containing 4:0 and 16:0 and dissolved in 18:1- 
18:1-18:1 were digesteed in the following rate 
order: 16:0-4:0-4:0 > 16:0-16:0-4:0 > 16:0- 
4:0-16:0 > 16:0-O1-I-4:0. Pancreatic lipase at- 
ways released primary 16:0 and 4:0 equimolar- 
ily, but did differentiate among the acylgly- 
cerols tested. We designated this as intermolecu- 
lar specificity, lntramolecular specificity would 
be fatty acid or stereospecificities. 

(b) Different lipases. Several lipase systems 
contain enzymes which hydrolyze DG or MG 
more rapidly than TG. Monoacylglycerol hy- 
drolase activities have been found for example, 
in human (18,19) and rat postheparin plasma 
(5), rat liver (20,21), rat prcadipocytes (22), 
human (23-25) and rat platelets (5) and bovine 
milk lipoprotein lipase (21). Diacylglycerol hy- 
drolases were detected in rat brain (26) and hu- 
man platelet intracellular membranes (27). 
Specificities were established by control of di- 
gestion conditions, use of specific antibodies 
(20), employment  of purified enzymes (in some 
cases) and selection of suitable substrates. 
Fielding (5).observed both l(3)-and 2-MG acyl- 

hydrolase activities in human plasma and plate- 
lets. These were apparently separate entities. 
Lipolysis of 2-MG has usually been at tr ibuted 
to acyl migration and subsequent digestion of 
the resultant I(3)-MG. Fielding inhibited acyl 
migration of 2- to I(3)-MG with 5,5' dithiobis 
(2-nitrobenzoic acid). Therefore, a 2-MG Lipase 
was certainly present. It is likely that many 
natural systems, in which TG are hydrolyzed by 
a lipase with specificity for primary esters, will 
also contain hydrolases for DG and MG. Never- 
theless, there are very few references to hydroly-  
sis of 2-MG because they are not easily synthe- 
sized and because of the confounding effect of 
acyl migration. 

The occurrence of more than one lipase 
from the same source can yield confusing results 
because the origin of the final products may be 
obscured. The best method for identification of 
different lipases is the use of specific antibodies. 

I I. Positional 
{a) Primary esters. Pancreatic lipase is the 

best example. Mattson and Beck (28,29), with 
various oleoyl TG as substrates, observed in 
vitro and in vivo that the sequence of digestion 
was: TG > 1,2(2,3) DG > 2-MG, and conse- 
quently pancreatic lipase was specific for pri- 
mary esters. This has subsequently been con- 
firmed many times with a large variety of TG 
(10,11). Pancreatic lipolysis is accepted as a 
method for identification of fatty acids in the 1 
+3-(FFA) and 2-(MG) positions of TG. The 
specificity enables us to test the structure of 
synthetic TG (10) and to produce DG for the 
structural analysis of natural TG (30). It is the 
best method for preparing small quantities of 
1,2-(2,3)-DG and 2-MG (I0).  

Some other reported examples of specificity 
for primary esters are: serum and bovine milk 
l ipoprotein lipases (31 ) and the lipase from Rhi- 
zopus arrhizus (32), all tested with synthetic 
TG. Specificity for primary esters can be readily 
determined by digestions of natural and synthe- 
tic acylglycerols in which the primary and sec- 
condary positions differ. 

(b) Secondary esters. There has been one lip- 
ase discovered, that from the microorganism G. 
candidum, which lipolyzes secondary esters 
from TG (33). However, this represents a pref- 
erence for fatty acids with cis-9 unsaturation 
and will be discussed in the section on fatty 
acid specificity. Another  lipase, the MG hydro- 
lase in rat serum and platelets, digests 2-MG 
apparently without prior conversion to 1-MG(5). 

(c) Nonspecific or random hydrolysis. This 
type of  specificity implies lipolysis of  all esters 
from all positions of the acylglycerols in the 
digestion mixture at equimolar rates, a very 

LIPIDS, VOL. 18, NO. 3 (1983) 



242 METHODS 

unlikely occurrence. There are several lipases 
which have no marked positional specificity, 
but which are probably not  totally nonspecific. 
The presence of hydrolases for DG and MG 
may account for the apparent nonspecificity. 
Further, prolonged digestion of a TG will finally 
produce FFA and glycerol or complete hydroly- 
sis. This is not  random hydrolysis since it is a 
function of acyl migration because, with the 
exception noted above, lipolysis of 2-position 
esters has not been observed to occur. 

Lipases from Candida eylindracea (34), hu- 
man breast milk, bile salt stimulated (35) and 
Chromobacterium viscosum (36) have no marked 
positional specificity. All hydrolyzed the pri- 
mary and secondary esters of natural or synthe- 
tic TG. Further, C. eylindracea cleared the ester 
from 1,3-hexadecyl-2-oleoyl glycerol. A lipase 
which randomly digests TG must hydrolyze the 
2-position ester. A test for nonspecificity would 
employ the dialkylacyl glycerol above or prefer- 
ably, since it is much easier to synthesize, 2,3- 
dioleoyl butanediol.  If a search is being made 
for nonspecific lipases and the preparation does 
not hydrolyze the butanediol derivative, then 
the enzyme is incapable of hydrolyzing all of 
the esters of TG. Lipases which rapidly hydro- 
lyze TG alone or in combination with various 
esterases are key reagents for determination of 
TG manually or in continuous flow systems (37). 
Glycerol is actually assayed, usually enzymati-  
cally, in these analyses. Another  potential  in- 
dustrial application is the complete hydrolysis, 
in 12-16 hr, of fats by C. cylindracea lipase (38). 
Since the conditions are very mild as compared 
to alkaline saponification, this lipolysis could 
release polyunsaturated fatty acids from natural 
fats with minimal oxidation. 

Ory and St. Angelo (39) have introduced 
another complication into the determination of 
positional specificity. They investigated castor 
bean lipase, which was believed to be somewhat 
nonspecific. They found that the sn-2 acid of 
TG was cleared and transacylated to sn-1 or 3 
by active acyl transferase and not spontaneous 
acyl migration. Reesterification has been noted 
by others (31). It is possible that the acyl trans- 
ferase activity could be more readily differen- 
tiated by inhibition of acyl migration with 5,5'- 
dithiobis (2-nitrobenzoic acid) (5). 

I I I .  Fatty Acid 

Very few lipases have been found that are 
specific for groups of similar fatty acids, none 
for individual fatty acids. An enzyme secreted 
from the pharyngeal regions of suckling rumi- 
nant milk fats and from synthetic TG (40). The 
enzyme preparations are used in the manufac- 
ture of Italian type cheeses, in which free 4:0- 

10:0 contribute to the characteristic flavors. 
A unique type of fatty acid specificity is a 

characteristic of an extracellular lipase produced 
by the mold G. candidum (33). The enzyme is 
partially specific for fatty acids with cis-9 con- 
figuration, releasing 89.7 M% 18:1 from, for 
example, 18:1-16:0-16:0. 

A partial specificity for 8:0-12"0 has been 
observed in rat (41,43) and human lingual (44) 
lipases. Wang et al. (45) obtained similar results 
with purified human lipoprotein lipase (the 
serum, not the bile salt stimulated enzyme). 
Wang prepared equimolar mixtures of several 
monoacid TG and found that 8:0-12:0 TG and 
18:1-18:1-18:1 were digested more rapidly 
than 16:0-16:0-16:0 and 18:0-18:0-18:0. By 
using a mixture of the TG, they avoided the 
mistake of digesting, for example, equal amounts 
of  4:0-4:0-4:0 and 18:0-18:0-18:0 separately 
and then comparing the results from two com- 
pletely different molar amounts and emulsions. 

Miller et al. (21) demonstrated specificity by 
both hepatic and lipoprotein lipases toward un- 
saturated as compared to saturated I-MG. They 
assayed both alone and in mixtures, thus elimi- 
nating to some extent  the problems of preparing 
comparable emulsions. They at tr ibuted the 
much lower activity toward 18:0 MG to the rigid 
structure this compound forms as compared to 
18:1 MG. They made this interpretat ion from 
fluorescence depolarization data. 

Chau and Tai (23) observed preferential re- 
lease of 20:4 from sn-l ,2,-DG by a human plate- 
let DG lipase. The sn-1 ester was deacylated 
first. This could be a stereospecific hydrolysis, 
although sn-2,3-DG were not  tested. 

IV. Stereospecificity 

Stereospecificity is a novel characteristic of 
lipases. The property has been observed in lipo- 
protein lipases found in postheparin plasma in 
vitro (46,47) and in vivo (48) adipose tissue (46) 
and in bovine (47) and human milks (45) and 
liver, heparin released (49). The specificity of 
these lipases is ca. 2:1 for the sn-l-ester of  TG. 
Lipases which exhibit partial stereospecificity 
for the sn-3 ester are: rat (43,46) and human 
lingual lipases (50), the enzyme found in the 
termite, Reticulitermes flavipes (51 ), and in the 
fat body and hemolymph of the American cock- 
roach (52). 

Akesson et al. (53) noted that the lipase 
from Pseudornonas fluorescens did not differ- 
entiate between sn-1 and sn-3 esters of alkyl- 
diacylglycerols, but did hydrolyze the 2-acyl-3- 
alkyl-sn glycerol more rapidly than the enantio- 
mer. We have mentioned another lipase appar- 
ently stereospecific for sn-l,2-DG, however, 
with the sn-1 ester deacytated first (23). 
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Determinations were made in these studies 
by digestion of enantiomeric acylglycerols or 
alkyldiacylglycerols and identification of the 
products. In another procedure, racemic acyl- 
glycerols can be utilized and the 1,2-(2,3) DG 
separated by various means. 

V. Combinations of Types 

Examples are bovine milk lipoprotein and 
human lingual lipases which are partially stereo- 
specific for sn-I and sn-3 esters (46,44), respec- 
tively, and therefore must be and are specific 
for primary esters. 

In some instances, positional and stereospe- 
cificity may create an apparent fatty acid pref- 
erence. In rat milk, most of the 8:0-12:0 is 
esterified to the sn-3 position and the enzyme is 
partially specific for primary and sn-3 esters 
(43,44). Obviously, relatively large amounts of 
8:0-12:0 in the FFA from a digestion of these 
products could be due solely to positional and 
stereo- and not fatty acid specificities. Here we 
see the influence of structure. If a fatty acid is 
located mostly in a position of the TG for which 
the lipase has specificity, then the acid will 
appear, often predominantly in the FFA. How- 
ever, it is possible to have all of these types. 
Staggers et al. (43) found that more 8:0-12:0 
were released by rat lingual lipase than were 
present in the sn-3 positions of the milk TG. 
Wang et al. (45) found that human milk lipo- 
protein lipase preferentially hydrolyzed 8:0, 
10:0 and 12:0 and further was stereospecific 
for the sn-1 position. 

DETERMINATION 

After the enzyme has been identified as a 
lipase, determination of specificity can proceed 
as described below. First, however, we must 
caution the investigator to be certain that con- 
ditions for digestion of substrates are the same 
for each trial. The primary problem is prepara- 
tion of comparable emulsions with substrates of 
widely differing melting points. The same pre- 
caution applies when lipoproteins are employed 
as substrates. Lipoprotein particles can be sized 
by ultracentrifugation (5). Whatever the method 
used to prepare the emulsions (it has usually 
been sonication), the substrate must be liquid 
when emulsified and digested. Cosolvents can 
be used for high melting substrates. Otherwise, 
the differing physical states of the substrate 
may cause a spurious specificity. 

Many of the method we will describe utilize 
synthetic acylglycerols or alkyldiacylglycerols 
of known structure as substrates. Methods for 
synthesis of these compounds are described by 
Jensen and Pitas (54), Buchnea (55) and in the 

relevent references. We have found that synthe- 
sis, insofar as following a recipe is concerned, is 
not arduous. The "rate-limiting step" is purifi- 
cation, which can be extremely difficult. Some 
of the synthetic acylglycerols can be purchased, 
but availability is limited. Reliable suppliers, 
with whom we have had experience, are Supelco, 
Inc. (Bellefonte, PA) and Serdary Research 
Labs, Inc. (London, Ontario, Canada). Other 
suppliers may be equally satisfactory, but we 
have not dealt with them. Many of the proce- 
dures used have been discussed by Litchfield 
(56) and Myher (57). The methods they describe 
were developed to determine the structure of 
TG, but are applicable to the study of lipase 
specificity. 

Positional 

Positional specificity should be ascertained 
first. If the enzyme is nonspecifie, then position- 
al, fatty acid and stereospecificities cannot be 
properties of the enzyme. This can be done by 
lipolyses of (a) olive oil or 18:1-18:1-18:1, (b) 
2,3 dioleoylbutanediol, (c) cocoa butter and 
unrearranged lard and (d) synthetic TG, e.g. 
16:0-18:1-16:0 and 18:1-16:0-18:1. 

The least expensive method for determination 
of specificity for primary esters is (a) digestion 
of olive oil or 18:1-18:1-18:1 purified with a 
column of alumina (54). A digestion of 5 min 
or less should yield DG and MG not isomerized 
by acyl migration. Separation of the products 
by boric acid-TLC (6) will reveal if 1,3-DG and 
1(3) MG are present. Since a lipase with specifi- 
city for primary esters would produce primarily 
1,2(2,3)-DG and 2-MG, the presence 1,3-DG 
and I(3)-MG in amounts approaching 33M% 
each of the total digestate would indicate de- 
parture from absolute primary position specifi- 
city. Hydrolysis of 2,3-dioleoyl butanediol or 
1,3-hexadecyl-2-oleoyl glycerol (b) differentia- 
ted between pancreatic lipase and nonspeeific 
esterase (12,13). Lipases with marked specifi- 
city for primary esters would hydrolyze very 
little 18:1 from 2,3-dioleoylbutanediol. If sub- 
stantial hydrolysis occurs, then the enzyme is 
probably nonspecific. Acyl migration cannot 
happen with this compound. The compound is 
not commercially available, but is easy to pre- 
pare (54). 

Another inexpensive test is (c), the digestion 
of purified cocoa butter and unrearranged lard 
TG and analysis of the products. Unrearranged 
lard can be obtained from most meat packing 
houses and must be used because the commer- 
cial product has been randomized. Cocoa butter 
TG are primarily 16:0-18:1-18:0 (58,59) and 
the 2-position ester of unrearranged lard is 
mostly 16:0 (60). Incidentally, the authors of 
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this paper describe one of  the most  widely 
quo ted  procedures  for  structural  analysis o f  TG 
with pancreat ic  lipase. The results which have 
been obtained with both  primary posit ional  
pancreat ic  lipase and nonspecif ic  C. cylindracea 
lipase f rom these and synthet ic  substrates (d) 
are presented in Table 2. Note  that  the specifi- 
ci ty of  pancreat ic  lipase is clearly evident,  par- 
t icularly with the synthet ic  TG where the 
amounts  of  fa t ty  acids in the 2-MG and F F A  
(1+3) posit ions are very close to theoret ical  
values. The  a m o u n t  of  16:0 in the 2-MG from 
16:0-18:1-16:0  should theoret ical ly  be 0% and 
was 0.9%. If a lipase is truly nonspecif ic,  then 
the  amounts  o f  each fat ty  acid in the TG, MG 
and F F A  should be equal. With the C. cylindra- 
cea lipase, the F F A  conform,  but  the MG do 
not.  The 18:0 MG from cocoa but ter  and the  
16:0 MG from 16:0-18:1-16:0  are apparent ly  
resistant to digestion. An added advantage of  
these substrates is that  the specifici ty cannot  be 
due to saturated or  unsaturated acids in the pri- 
mary posit ions and this type  of  fa t ty  acid speci- 
ficity is e l iminated.  In fact, a be t ter  test  would  
be digestion of  an equimolar  mix ture  of  the 
synthet ic  TG because differences caused by di- 
gestion of  separate emulsions could no t  occur.  

Wang et al. (45) separated the DG and MG 
from the hydrolysis  of  16:0-18:1-16:0  by h u -  
man milk l ipoprote in  lipase according to molec- 
ular weight  by GLC, to show preferential  at tack 
on the primary positions. They also tested 
acetylated 1(3)-16:0 and 2-18:1 finding that  
the primary ester was digested 4.3 t imes faster 
than the secondary ester. The  MG were acety- 
lated to prevent  acyl migrat ion of  16:0 and 18: I. 

Substrate 

If posi t ional  specificity has been found,  some 
in format ion  on substrate specifici ty is already 
available. A nonspecif ic  lipase will digest TG, 
DG and MG at the  same rates, a l though DG or 
MG lipases may be in the e n z y m e  preparat ion.  
Purif icat ion may be needed to find if more than 
one type  of  lipase is present  (5). A Lipase that  is 
posit ionally specific and highly purified, e.g., 
pancreat ic  lipase (16), produces  DG, MG, and 
glycerol  so it is l ikely that  only one lipase is 
hydro lyz ing  the acylglycerols,  but  at d i f ferent  
rates. Other  sources of  lipase in which one en- 
z y m e  molecule  apparent ly  has several activities 
are: rat liver which hydrolyzes  TG, MG and 
phosphat idylchol ines  (20);  and the ho rmone  

TABLE 2 

Determination of  Primary Positional Specificity of Pancreatic Lipase and Nonspecificity 
of C. cylindracea lipase a by Digestion of  Natural and Synthetic Triacylglycerols 

Fatty acid 

Substrate and (M%) 
digestion products 16:0 18:0 18 : 1 

Cocoa butter b 
TG c 25.2 d (27.8) e 35.5 (33.0) 35.2 (35.6) 
2-MG f 2.4 (27.3) 1.6 (42.6) 89.0 (27.4) 
FFA f 36.6 (34.5) 52.5 (18.8) 8.3 (39.3) 
Lardg 
TG 27.8 c 12.7 42.6 
2-MG 68.9 3.8 13.5 
FFA 6.3 18.6 58.4 
16:0-18:1-16:0 h 
TG 66.6 - 33.4 
2-MG 0.9 - 99.1 
FFA 99.1 - 0.9 
18:1-16:0-18:1 h 
TG 33.3 (33.3) e - 66.7 (66."/) 
2-MG 99.0 (55.5) - 1.0 (44.5) 
FFA 1.0 (32.4) - 99.0 (67.6) 

aFigures in parentheses are for C. cylindracea lipase. All others for pancreatic lipase. 
bReference 58. 
CTG is triacylglycerol. 
dAmounts do not total 100%. Minor acids omitted. 
eReference 34. 
f2-MG, the fatty acids in the 2-position. FFA, the fatty acids in the 1+3 positions. 
gReferenee 58. 16:0-18 : 1-16:0 is 1,3-dipalmitoyl.2-oleoyl-rac-glyceroL 
hReference 52. 
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sensitive lipase from rat adipose tissue l ipoly- 
zing TG, DG, MG and cholesteryl  oleate  (61). 

Specifici ty for di f ferent  acylglycerols by the 
same enzyme  has been studied by separate di- 
gestion o f  12:0 acylglycerols,  except  for 1,2 
(2,3)-DG, with bovine milk l ipoprote in  and por- 
cine pancreat ic  lipases, and the rate order  TG > 
1,3-DG > 1(3) MG > 2-MG observed (15). 
Spontaneous  acyl migrat ion occurred as seen in 
the I-MG con ten t  of  the 15 min 2-MG controls  
(see Table 3). The  1,2(2,3) DG were not  tested 
because, at the time, they were ex t remely  dif- 
ficult  to prepare (54). Ano the r  approach would  
be to employ  alkyldiacylglycerols  as substrates 
(46). The alkyl group cannot  migrate,  but  these 
compounds  are no t  easy to prepare. Oleoyl  
compounds  should be synthesized for  these 
studies because they will be l iquid at 37-42;  the 
usual tempera tures  of  emulsif icat ion and com- 
parable emulsions can be prepared and digested. 
Unfor tunate ly ,  these c o m p o u n d s  are poor  sub- 
strates for some lipases (46). 

Coleman (62) realized that  rate constants  
obta ined from separate digestions of  TG, DG 
and MG would  probably  no t  be the same as the 
rates from a mixed  digestion. He hydrolyzed  il- 
lipe bu t te r  and lard with pancreat ic  lipase and 
found that  the constants  for  lipolysis of  TG and 
1,2 (2,3)-DG in the digestion mix ture  were sim- 
ilar and concluded that TG and DG were hy- 
drolyzed at the same rates. 

The in t ramolecular  specif ici ty for TG of  
widely di f ferent  molecular  weights documented  
by Sampugna et al. (17) can be detected best 
by digestion o f  selected synthet ic  TG. Data from 
these exper iments  are depicted in Table 4. 
Specif ici ty for primary esters was mainta ined,  
bu t  16:0-4:0-4:0  was l ipolyzed more  rapidly 
than 16:0-16:0-4:0,  probably because of  the dif- 
ference in molecular  weight  and configurat ion.  

React ion condi t ions  can be manipula ted  to 
s t imulate  the desired lipase and inhibit  others. 
Use of  the desired substrate is obvious. Triacyl- 
glycerol and MG lipase activities in posthepar in  
plasma (19) were identif ied because the  la t ter  
was not  affected by NaC1, pro tamine  and pyro- 
phosphate  and was normal  in type  I hyperl ipo-  
proteinemia.  This familial type  of  hyperl ipo-  
pro te inemia  is character ized by absence o f  TG 
lipase. The response o f  the TG enzyme  to apo- 
C-II was o f  greater  magni tude  than that  o f  the 
MG lipase (5). The  adipocyte  enzyme  is inhibi ted 
by 0.4% Tri ton  X-100 (22). Ano the r  example  
o f  cont ro l  by react ion condi t ions  is the influ- 
ence of  bile salts on human milk lipase. Act ivi ty  
is nil unless the salts are present ;  the enzyme  is 
def ined as bile salt s t imulated lipase (35). Serum 
st imulated l ipoprote in  lipase is also present. 

More recent ly,  immunologica l  techniques  

TABLE 3 

Lipolysis of Laurate Acylglycerols by Bovine Milk 
Lipoprotein and Porcine Pancreatic Lipases a 

Micorequiv FFA released/meq available ester 

Milk Pancreatic 
lipase lipase 

Substrate b S min I 5 min 5 min 15 rain 

12:0-12:0-12:0 203 410 216 273 
12:0-OH- 12:0 44 66 103 140 
1-(3)-12:0 8 28 55 129 
2-12:0 0 6 58 c 135 c 

aReference 15. The lipase preparations did not 
have the same specific activity. 

b 12:0-12:0-12:0, trilauroylglycerol ; 12 :O-OH- 12:0 
1,3 dilauroylglycerol; 1-(3)-12:0, 1(3) monolauroyi- 
glycerol and 2-12:0, 2-monoacylglycerol. 

CI-MG contents of 15 rain controls were 71.4 and 
85.8%. 

TABLE 4 

Triacylglycerol Specificity of Pancreatic 
Lipase: Products From the Lipolysis of 

Butyrate Triacylglycerols a 

M% 

Substrate b 4:0 16:0 

16:0-4:0-4:0 
MG 100 0 
FFA (63.4) c 41.7 58.3 
16:0-16:0-4:0 
MG 0 100 
FFA (52.7) c 50 50 

aReferenee 17. 
bDigestions were 2.5 rain and substrateswere mixed 

with equimolar quantities of 18 : 1-18 : 1-18" i. 16:0-4:0- 
4:0, l-palmitoyi-2,3-dibutyryl-rac-glycerol. 

C/~eq of fatty acid released/rain. 

have been uti l ized to measure amounts  of  en- 
zyme  protein.  Nanogram quant i t ies  of  l ipopro- 
rein lipase protein act ivi ty have been determined 
by radio immunoassay  (63) of  liver TG lipases 
(20,64). If an immunoassay  can be de~,eloped, 
it provides the most  sensitive and specific 
me thod  for ident i fy ing  a lipase; one of  few 
methods  for direct de te rmina t ion  of  the enzyme  
protein.  

Fatty Acid 

The methods  are: (a) release of  a relatively 
Jarge amoun t  o f  a part icular  group of  acids 
f rom natural fats, (b) hydrolysis  of  relevant,  
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mixed acid TG and (c) l ipolysis of  equimolar  
mixtures  of  monoacid  TG. We have used both  
(a) and (b) to s tudy the specificity of  G. c a n d i -  

d u m  lipase (33). F rom our  summarized data in 
Table 5, it is clear that the enzyme  is highly 
specific for fa t ty  acids conta ining c i s - 9 - u n s a t u r -  
ation. With (a), the  invest igator must be certain 
that  an apparent  fa t ty  acid specificity is not  
due to the s tructure of  the natural  TG and posi- 
t ional specificity of  the enzyme.  We discussed 
this problem in Types  of  Specif ici ty:  V. Com- 
binations. 

Staggers et al. (43) took  a much more diffi- 
cult approach with (a): rat milk TG and lingual 
hpase. They per formed a stereospecif ic  analysis 
of  the TG, ident i fying the fat ty  acids in the s n - 1 ,  

2 and 3 positions. They then determined the 
F F A  released from the TG by lingual lipase in 
the s tomach of  the nursing rat. Some of  the 
data they obta ined were:  (M%) milk TG, s n - 3  

and FFA:  8 :0 ;  11.9, 10.9, 1 0 : 0 ; 2 8 . 7 , 4 0 . 1  and 
12:0; 15.3, 28.3. Thus, the e n z y m e  preferen- 
tiaUy released 10:0 and 12:0, but  we know that  
rat lingual lipase has partial s tereospecif ic i ty  for 
for s n - 3  esters; 2:1 (46). Nevertheless,  the 
amounts  o f  these acids in the F F A  are greater  
than can be a t t r ibuted to s tereospecif ici ty,  so 
the enzyme does have partial specificity for 
10:0 and 12:0. 

Wang et al. (45) l ipolyzed equimolar  mix- 
tures of  monoac id  TG, shown in Table 6, with 
human milk (serum s t imulated)  lipase, finding 
marked specificities for 8:0, 10:0 and 12:0. 
Also tested was an equimolar  mix ture  of  14:0- 
14:0-14:0,  16:0-16:0-16:0 ,  18:0-18:0-18:0 ,  
18:1-18:1-18:1,  18:2-18:2-18:2  a n d 1 8 : 3 : 1 8 : 3 :  
18:3. We have recalculated these data as % di- 
gestion at 60 min relative to 18:1-18:1-18:1 
which was the same as for 8:0-8:0-8:0.  Sett ing 
18:1-18:1-18:1 at 100%, the rate order  was 
18:3, 83;  18:2, 67;  14:0, 50;  16:0, 3 8 a n d  18:0, 
17. The authors  avoided the problem of  separate 
digestions ofmarkedly  dif ferent  emulsions by 
using equimolar  mixtures ;  an absolute  necessity.  

We present in Table 7 data f rom which we 
can discern the problems inherent  in separate 
digestion of  monoac id  TG with a wide range of  
mel t ing points  (65). Note  the ex t reme  difference 
in mel t ing points. Observe that  equal weights 
of  substrate were available, but  that  the differ- 
ence in the a m o u n t  o f  material  exposed to the 
lipase was large. If the emulsion globules were 
the same diameter ,  there would  have been three 
t imes more 4 :0-4 :0-4 :0  available to the lipase 
than 18:1-18:1-18:1.  

Stereospecificity 

Some lipases have the p roper ty  of  preferen- 
tially deacylat ing one primary sn-ester f rom TG 

TABLE 5 

Specificity of the Lipase from G. c a n d i d u m  a 

Compounds b Compounds 
hydrolyzed hydrolyzed slowly c 

cis-9-18: l  d 4:0-18:0 
cis-9-16: l  trans-9-18:l  
ci$-9-14 : i trans, trans-9,12-18 : 2 
cis, cis-9, 12-18:2 Positional isomers of cis- 

18:1 other than A 9 
cis, trans-9,12-18:2 cis-5-14 : l 

Arachidonic acid 
trans, cis-9,12-18 :2 Octadecynoic acid 
Palmityloleate Erucic acid 
Cholesteryl oleate Oleylpalmitate 
Linolenic acid Dilinoleoyl-sn-glycerophos- 

phoryl choline e 

aReference 33. 
bSubstrates were triglycerides with obvious excep- 

tions. 
CRelative to cis-9-18:1 or cis, c is-9,12-18:2.  

dHydrolyzed, regardless of location at positions 
sn-1,2, or 3, no positional or stereospecificity. 

eNot hydrolyzed. 

TABLE 6 

Hydrolysis of an Equimolar Mixture of 
Triacylglycerols by Human Milk Lipoprotein Lipase a 

Length of hydrolysis (rain) 

Substrate 20 40 60 

6:0-6:0-6:0 b 0 25 68 
8:0-8:0-8:0 50 90 100 
10:0-10:0-10:0 30 65 88 
12:0-12:0-12:0 20 45 75 
14:0-14:0-14:0 0 14 23 
16:0-16:0-16:0 0 16 14 
18:0-18:0-18:0 0 4 8 

aReference 45. The enzyme is serum, not bile salt 
stimulated. 

b6:0-6:0-6:0, trihexanoylglycerol. 

as compared  to the other.  Several of  the proce- 
dures for de te rmina t ion  of  this specifici ty have 
been borrowed from methods  for the stereo- 
specific analyses o f  TG (56,57,66,67) .  Those 
which have been or  can be applied to the char- 
acter izat ion of  s tereospecif ic i ty  are: (a) stereo- 
specific analysis of  a natural TG and identifi-  
cation of  the digestion products ,  as was previous- 
ly discussed (43);  (b) lipolysis of  enant iomer ic  
alkyldiacylglycerols  or  TG and (c) hydrolysis  of  
18:1-18:1-18:1 or  racemic TG and resolut ion 
of  the 1,2 and 2,3-DG. 

For  (b), Paul tauf  et al. (46) digested racemic 
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mixtures containing equimolar amounts of  1- 
octadecyl-  2,3- d ioc tadecenoyl -sn  - glycerol, la- 
beled with 3 H  ill the alkyl moiety or with 14C 
in both acyl groups and 3-octadecyl-l ,2-diocta- 
decenoyl-sn-glycerol labeled with t4C in the 
alkyl moiety o r  3 H  in the acyl groups. Analysis 
of the isotope ratios in the hydrolysis products 
from incubation with various lipases indicates 
the presence or absence of stereospecificity and 
these data are in Table 8. The stereospecificities 

of rat lingual lipase for sn-3-esters are revealed 
in the faster disappearance of the sn-3  rather 
than the sn-1 ester. Accompanying these is the 
accumulation of the "DG" with the sn-3-OH. 
Opposite or sn - I  specificities are seen with 
postheparin serum, bovine milk and adipose 
tissues lipases. Pancreatic lipase exhibited little 
or no stereospecificity. These substrates are not  
easy to synthesize, but  partially eliminate the 
complication of acyl migration and only the 

T A B L E  7 

H y d r o l y s i s  o f  T r i a c y l g l y c e r o l s  b y  Bovine  Milk Lipase  a 

MP Rela t ive  h y d r o l y s i s  
S u b s t r a t e  (C) (% F F A )  (g 

S u b s t r a t e  
ava i lab le  

m m o l )  

Milk f a t  36  100  1 
Olive oil 6 0  1 
4 : 0 - 4 : 0 - 4 : 0  d -75 .0  128  1 
6 : 0 - 6 : 0 - 6 : 0  - 2 5 . 0  94  1 
8 : 0 - 8 : 0 - 8 : 0  8 .3  67 1 
1 2 : 0 - 1 2 : 0 - 1 2 " 0  4 6 . 4  55 1 
1 4 : 0 - 1 4 : 0 - 1 4 : 0  57 .0  50  1 
1 6 : 0 - 1 6 : 0 - 1 6 : 0  63 .5  22  1 
1 8 : 0 - 1 8 : 0 - 1 8 : 0  73 .1  22  1 
1 8 : 1 - 1 8 : 1 - 1 8 : 1  5.5 69  1 

1.3 b 
1,1 c 
3 .3  
2 .6  
2.1 
1.6 
1.4 
1.2 
1.1 
1.1 

a R e f e r e n c e  65.  

b C a l c u l a t i o n  b a s e d  o n  a n  average  m o l e c u l a r  w e i g h t  o f  
CCalcu la ted  as 1 8 : 1 - 1 8 : 1 - 1 8 : 1 .  

d 4 : 0 - 4 : 0 - 4 : 0 ,  t r i b u t y r y l g l y c e r o l .  

750 .  

T A B L E  8 

L ipo lys i s  o f  E n a n t i o m e r i c  1 (3 ) -A lky l -2 ,3  (1 ,2 )  D i a c y l - s n - G l y c e r o l s  b y  Several  L ipases  a 

S o u r c e  o f  e n z y m e  

P o s t h e p a r i n  
P a n c r e a s  b L ingua l  b s e r u m  b Bovine mi lk  A d i p o s e  t i ssue  b 

S u b s t r a t e s  a n d  p r o d u c t s  0 e 10 c 0 20  0 d 4 0  d 4 0  d 4 0  d 

1-( 3 H) . a lky l .  2 , 3 . d i a c y l . e  
sn -g lyce ro l  1 6 0 0  8 3 8  2 0 0 0  1 4 6 8  9 0 0  8 7 3  869  - 

3-(14C)-alkyl-  1 ,2 f -d iacy l  - 
sn -g lyce ro l  1 6 0 0  8 8 0  2 0 0 0  1 6 3 8  9 0 0  7 9 8  7 6 4  - 

1 - a lky l -2 -acy l - sn -g lyce ro l  7 1 0  4 3 6  17.1 17. ! 10.8 
3-al ky l -2 -acy l - sn -g ly  cero l  5 8 0  2 5 4  4 5 . 8  72 .5  4 0 . 0  
l-al kyl- 3-ac y l - sn -g lycero l  38  64 4 .8  6 .0  1.8 
3-al kyl-  1 -acyl-sn-gl  yce ro l  30  6 0  14.4 26 .6  4 .5  
l - a lky l - sn -g lyce ro i  14 36  4 .2  7 .2  5 .0  
3 -a lky l - sn -g lyce ro l  110  4 6  4 1 . 4  36 .6  20 .0  

a A d a p t e d  f r o m  R e f e r e n c e  46 .  
b S o u r c e  was  the  ra t .  

CMin o f  d iges t ion .  S o m e  d a t a  f r o m  o t h e r  l enghs  o f  d iges t ion  are  o m i t t e d .  

d Z e r o  t ime  l ingua l  was  c o n t r o l  fo r  p o s t h e p a r i n  s e r u m ,  mi lk  a n d  ad ipose  t issue.  

e I - (9 ' ,  10 '-a H 2 )octadecyl-2,3-dioctadecenoyl-sn-glycerol. 
f 3 - ( l ' - t 4 C )  d i o c t a d e c y l -  1 , 2 - d i o c t a d e c e n o y l - s n - g l y c e r o l .  
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chirality of the compounds, not  fatty acid dif- 
ferences, can explain preferential lipolysis of  
one enantiomer. Digestion of  both enantiomers 
as a racemic mixture alleviates differences in 
preparing emulsions and other experimental 
errors. With dialkylacylglycerols, absence of a 
carbonyl oxygen at sn-2 causes a loss of stereo- 
specificity (68). 

With enantiomeric TG as substrates, (b) 
identification of  stereospecificity is relatively 
simple, unfortunately synthesis is not (52,53). 
Nevertheless, the compounds have been tested 
with several lipases. The data obtained by Mor- 
ley and Kuksis for bovine milk lipoprotein lipase 
(69) and Jensen et al. (50) for human lingual 
lipase are presented in Table 9. Morley and 
Kuksis detected stereospecificity by GLC and 
argentation-TLC of the 1,2 and 2,3-sn DG (see 
also ref. 45). The ratio of 1,2:2,3-sn-DG of 1:3-4 
indicates an accumulation of the 2,3-sn isomer 
and more rapid hydrolysis of the sn- 1 ester. Hy- 
drolysis of the asymmetric TG selected for sub- 
strates produced DG separable by argentation- 
TLC; that is, containing either 1 or 2 double 
bonds. We (50) identified the fatty acids in the 
FFA and MG from lipolysis by human lingual 
lipase. We chose this method because the rela- 
tively low optimum pH of the enzyme 5.2 and 
long periods of digestion, 30 or 60 min, catalyze 
acyl migration of the sn 1,2 (2,3)-DG to the 1,3 
isomer. The preponderance of sn-3 16:0 or 18:1 
in the FFA is evidence for sn-3 stereospecificity. 

For (c), 18:1-18:1-18:1 or racemic TG are 
lipolyzed and the 1,2-(2,3) DG separated by 
several approaches. These DG must first be sep- 
arated from 1,3-DG by boric acid-TLC or HPLC. 
The methods for separation and identification 
are: (i) separation by argentation-TLC or GLC, 
(ii) determination of optical rotation, (iii) use 

of  NMR with a shift reagent and (iv) conversion 
to phospholipids and lipolysis with phospho- 
lipases A-2 or C. 

(i) the sn-l ,2 and 2,3-DG must have different 
numbers of double bonds as previously men- 
tioned for TLC (66), but only different acids 
for GLC. With GLC, the carbon numbers (acyl 
groups of  the DGs) can be obtained (45) or the 
fatty acids identified. 

(ii) the sn- l ,2  and 2,3-DG have specific ro- 
tations o f -2 .8  ~ or +2.8 ~ (55). These will vanish 
as the ratio of the DG approaches 1 : 1 or a race- 
mic mixture. Nevertheless, the polarimeter can 
provide a rapid answer to the search for stereo- 
specificity. If there is no rotation of the 1,2 
(2,3) DG when 18:1-18:1-18:1 is hydrolyzed, 
then the lipase is not stereospecific. The method 
lacks sensitivity, but would be helpful in screen- 
ing. We obtained a specific rotation o f - 2 . 8  ~ 
when we analyzed the sn-1,2(2,3) DG from a 
digestion of 18:1-18:1-18:1 with human infant 
lingual lipase (50), supporting our findings from 
lipolyses of enantiomeric TG. The sn- l ,2  DG 
accumulated, thus the sn-3 ester was hydrolyzed 
more rapidly than sn-1. Specific rotation can be 
greatly increased by derivatization (56). Lok 
(70) tritylated the DG, finding +11.30 ~ for the 
sn- l ,2  and - 12.2 ~ for sn-2,3 enantiomers. 

(iii) Lok (70) used i H NMR with a shift rea- 
gent to differentiate between the two tritylated 
DG enantiomers. The signals of  the enantiomers 
were clearly discernible in the spectra. Lok was 
determining the identity of the sn 1,2-DG from 
fresh bovine milk fat and found only 7% of its 
enantiomer; a relatively sensitive method which 
has apparently not been applied to lipase speci- 
ficities. 

(iv) In this separation, advantage is taken of 
the stereospecificity of phosphotipases; A-2 for 

TABLE 9 

Composition of Products from the Lipolyses of Enantiomeric 
Triacylglycerols by Bovine Milk Lipoprotein a and Human Lingual Lipases b 

Substrates 

Lipoprotein lipase a Human lingual lipase b 

DG cisomer (%) MG c M% FFA c 

sn 1,2 sn 2,3 16:0 18:1 16:0 18:1 

sn-16:0-18:1-18:2 d 20.3 79.7 . . . .  
sn-I 8:2-18:1-16:0 17.5 8 2 . 5  . . . .  
sn-I 8:1-16:0-16:0 24.1 "75.9 84.8 15.2 20.6 79.4 
$n-16:0-16:0-18:1 34.6 65.4 77.8 22.2 85.2 14;8 
sn-16:0-18:1-18:1 -- -- 27.5 72.5 12.5 87.5 

aReference 69. Determined by GLC of the DG. 
bReference 50. Determined by GLC of the fatty acid methyl esters. 
CDG, diacylglycerol; MG, monoacylglycerol and FFA, free fatty acids. 
dsn- 16: 0-18:1-18: 2,1-palmitoyl-2-oleoyl- 3-1inoleoyl-sn-glycer ol. 
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sn-2 esters of sn-3 phospholipids and C for the 
phosphoryl moiety. The schemes are shown in 
Figure 1. In both procedures, the 1,2(2,3)-DG 
are separated from a digestion mixture, which 
can be from the lipolysis of 18: 1 - 1 8 : 1 - 1 8 : 1  o r  a 
racemic TG and converted to phosphatidylphe- 
nols (71) or cholines (72). Phospholipase A-2 
cleaves the sn-2 ester only in sn-3 phospholipids. 
The reaction products are the unhydrolyzed sn- 
1 phosphatidylphenol, an sn-3 lysophosphatidyl- 
phenol and FFA (30). All are separable by TLC. 
A preponderance of either phosphatidylphenol 
enantiomer indicates stereospecificity. 

Phospholipase C hydrolyzes sn-3 phospha- 
tidylcholine producing, in 2 min, an sn 1,2-DG 
and the phosphorylcholine moiety. The sn-I 
enantiomer is digested in 2 hr, thus providing a 
means for resolution of the two enantiomers by 
TLC and identification by GLC or GLC-M S. (72). 

Staggers et al. (43) provided data supporting 
the partial sn-3-stereospecificity of rat lingual 
lipase with a Brockerhoff analysis (30,68) of 
rat milk TG and identification of the FFA in 
the suckling rat's stomach. Digestion of dietary 
TG by lingual lipase occurs in the stomach. Hy- 
drolysis of 10:0 and 12:0 was preferential, but 

the amounts of these acids at sn-3 are much 
greater than at sn-I and there appears to be a 
specificity for both. Therefore, we cannot con- 
clude with certainty, based on these data, that 
the lipase is stereospecific. Employment of TG 
such as sn-10:0-18: l -18: l  and sn-18:1-18:1- 
18:1-10:0 or perhaps an equimolar mixture of 
12:0-12:0-12:0 and 18:1-18:1-18:1 would pro- 
fide the required data after appropriate analysis. 
Except for the work of Staggers et al. (43), the 
highly specific enzymatic methods have appar- 
ently not been applied to the determination of 
specificity. These procedures have the advan- 
tages of assuring excellent resolution of the DG 
enantiomers and use of 18:1-18:1-18:1 and 
racemic TG. The only disadvantage is that prep- 
aration of the phospholipids can be troublesome. 
Moisture must be excluded. 

Combinations 

The examples given in V: Combinations of  
Types were determined by the methods dis- 
cussed above for fatty acid and stereospecifici- 
ties. 

A flow sheet for determination of lipase 
specificity is given in Table 10. 

-[ 
SlI-I.2-DG 

§ 

OhM3RSION TO PHOSPHATIDY~N~OI..S 
OR (]X)LIrES 

PC 
SN-3-~TIDYLO~OLINE 

,4- 

._•OH 
SN-2.3-D6 

PC -L 
SN-I-~TIDYLOqOLINE 

I I 
B-IOSR-W]UPASE A-2 PHOSRIOLIPASE C 

PC 2 MIN 2 HRS OH o-[-{ 
PC OH 

SI3~ARIBLE BY TLC 

FIG. 1. Enzymatic resolution of 1,2 (2,3) diacylglycerols. 
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TABLE 10 

Determinat ion of  Lipase Specifieities 

Enzyme identified as a lipase. 
1. Digestion of: 

a. 18:1-18:1-18:1 or olive oil, 
(i) No 1,3-DG or I,(3)MG after short  digestion. 

Positional specificity, go to 2. For substrate  specificity, to 3 
(ii) 1,3-DG and 1 (3)MG found in relatively large amoun t s  after short  digestion. 

Possibly nonspecific. Proceed to 2b. 
2. Positional specificity. 

(a) Primary: 
(i) Little or no digestion o f  2,3-oleoylbutanediol,  go to (ii). If digested, to b. 
(ii) Hydrolysis of  cocoa but ter  and unrearranged lard followed by 18: 1-16:0-18 : 1 

and 16:0-18: 1-16:0 for confirmation.  If the fatty acids differ from the amoun t s  
which should be in the FFA, (1+3 positions) and MG (2-positions), go to 4 
and 5. For substrate specificity, to 3. 

b. Nonspeeific 
(i) The fat ty acid composi t ion of  the substrate TG; and DG, MG and FFA from 

2a (ii) should be very similar after a short  (incomplete) digestion. Lipase is 
nonspecifie. 

3. Substrate:  
a. Different acylglycerols. Separate lipolysis of  TG, DG and MG by same enzyme,  or 

determinat ion of  rate cons tants  for TG--,DG--*MG--~glycerol in digestion mixture.  
Preferential release o f  fatty acids, go to 4. 

b. Different lipases. Arrangement  o f  condit ions so that the desired lipase is s t imulated,  
others inhibited; use of  desired acylglycerols. Employment  of  antisera. Preferential 
hydrolysis  o f  esters, to 4. 

4. Fatty acid: 
(a) Liberation o f  relatively large amoun t s  of  closely related groups o f  fatty acids from 

cocoa butter,  unrearranged lard, bovine milk fat, rat milk fat, etc. I)o not  confuse 
with positional or stereospecifieities. Proceed to 5 and 6 if amoun t s  are very large. 

(b) Lipolysis o f  equimolar  mixtures  of  suitable monoacid TG. 
(e) Lipolysis o f  synthet ic  TG tailored for the fatty acids in quest ion;  e.g., 12:0-18: i- 

18:1, etc. 
5. Stereospecifieity: primary posit ion specificity required. 

(a) Digest 18:1-18:1-18:1,  recover 1,2 (2,3) DG and: 
(i) Determine specific rotation.  If O, lipase is not  stereospecifie. If rotat ion is 

small derivatize and repeat. Proceed to (ii) and c or d. 
(ii) Obtain NM R spectra o f  derivatized DG. If difference in amoun t s  of  enantio-  

mers is greater than experimental  error, lipase is stereospeeific. 
(b) Stereospecifically analyze a natural fat and identify the products  of  hydrolysis. 

Identification is not  positive unless the acids released are found in relatively large 
quanti t ies in both sn-1 and 3-positions. 

(c) Prepare and hydrolyze suitable enant iomeric  TG or alkyldiacylglycerols. 
(d) Recover 1,2(2,3)-DG, convert  to phosphatidylcholines,  and resolve enant iomers  

by digestion with phospholipase C. Separate DG by GLC if possible. 
6. Combinat ions :  

(a) Should be apparent  from 4 and 5. 

Significance of Lipase Specificity 

W h y  is it  i m p o r t a n t  to  d e t e r m i n e  l ipase  
s p e c i f i c i t y ?  S o m e  o f  t h e  r e a s o n s  are :  (a)  to  p re -  
pa r e  T G  for  t r a n s f e r  t h r o u g h  m e m b r a n e s  b y  
c o n v e r s i o n  to  t h e  m o r e  p o l a r  F F A  a n d  2 -MG,  
(b )  f a t t y  a c id s  m u s t  be  f ree  to  be  a c t i v a t e d  p r i o r  
t o  o x i d a t i o n ,  b i o s y n t h e s i s  o f  p r o s t a g l a n d i n s  a n d  
r e e s t e r i f i c a t i o n ,  (c)  f a t t y  ac id  s p e c i f i c i t y  r e l ea ses  
s h o r t e r  a c id s  w h i c h  are  a b s o r b e d  d i r e c t l y  a n d  
t r ave l  to  t h e  l iver  via t h e  p o r t a l  ve in  w h e r e  t h e y  
are  o x i d i z e d ,  (d )  sn-I s p e c i f i c i t y  d i ve r t s  sn-2,3- 
DG f r o m  b i o s y n t h e s i s  o f  p h o s p h o l i p i d s  a n d  
t o w a r d  T G ;  sn-3 s p e c i f i c i t y  d i r e c t s  sn-l,2 D G  
t o w a r d  b i o s y n t h e s i s  o f  p h o s p h o l i p i d s  a n d  (e)  
t h e  e n z y m e s  h a v e  m a n y  u se s ;  d e t e r m i n a t i o n  o f  

n a t u r a l  T G  s t r u c t u r e ,  s t r u c t u r a l  a n a l y s i s  o f  s y n -  
t h e t i c  a c y l g l y c e r o l s ,  b i o s y n t h e s i s  o f  1 ,2 (2 ,3 ) -  
D G  a n d  2 -MG,  c l in ica l  d e t e r m i n a t i o n  o f  p l a s m a  
T G  a n d  mi ld  h y d r o l y s i s  o f  n a t u r a l  fa ts .  O t h e r  
a p p l i c a t i o n s  will u n d o u b t e d l y  be  d e v e l o p e d .  

SUMMARY 

T h e  t y p e s  o f  l ipase  s p e c i f i c i t y  h a v e  b e e n  
i d e n t i f i e d  as: s u b s t r a t e ,  p o s i t i o n a l ,  f a t t y  ac ids ,  
s t e r e o s p e c i f i c i t y  a n d  c o m b i n a t i o n s  o f  t he se .  Ex-  
a m p l e s  o f  l ipases  w i t h  e a c h  t y p e  are  g iven  a n d  
m e t h o d s  fo r  t h e i r  d e t e r m i n a t i o n  d e s c r i b e d .  
A p p l i c a t i o n  o f  t h e  m e t h o d s  s h o u l d  reveal  i n t e r -  
e s t i n g  a n d  u s e f u l  s p e c i f i c i t i e s  in  l ipases .  
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ABSTRACT 

A rapid specific, microdetermination of the major human blood carotenoids by high performance 
liquid chromatography (HPLC) separation and quantitation at 466 nm is detailed in this paper. Serum 
retinyl esters can also be quantified utilizing the same separation procedure but detected at 325 nm. 
One hundred microliters of deproteinated serum were extractcd with chloroform and injected on a 
reverse-phase column. Separation occurred within 16 rain for all compounds of interest employing a 
mobile solvent of MeOH/AcN/CHCI 3 (47:47:6). All compounds were quantified at the wavelengths 
cited by integrated peak areas using retinyl acetate as a daily standard. Analysis of serum from a 
hypercarotcnemic anorexia nervosa patient and a person suffering from hypervitammosis A are pre- 
sented as examples of the cUncial application of this procedure. 
Lipids 18:253-258, 1983. 

The development of  high performance liquio 
chromatography (HPLC) has made possible the 
efficient separation and detection of diverse 
classes of compounds. Among those of  nutri- 
tional interest are the fat soluble vitamins (I-4). 

Clinical carotenoid analysis has been clas- 
sicaUy accomplished by measurement of total 
carotenoids via absorbance at a fixed wave- 
length (5). This method lacks specificity and 
yields no information about individual caro- 
tenoid levels. Separation of carotenoids into the 
various compounds has been accomplished by 
gravity flow liquid chromatography (6), but 
this is extremely time-consuming and imprac- 
tical. The use of HPLC for resolution of plant 
carotenoids has recently been published (4). 
The current paper employs a similar procedure 
in order to determine the concentrations of 
lycopene, a- and /3-carotene and retinyl esters 
in human blood sera. 

Application of these techniques to clinical 
diagnosis may prove particularly expedient in 
cases of suspected hypervitaminosis A or hyper- 
carotenemia. General clinical assessment and 
nutritional surveys may also benefit from this 
rapid method with respect to correlating 
dietary consumption of vitamin A and caro- 
tenoids with resulting blood concentrations. 

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

The HPLC equipment was composed of a 
Tracor 950 chromatographic pump and 970 A 

ICurrent address: Department of Food Science 
and Technology, Nutrition and Dietetics, University 
of  Rhode Island, Kingston, RI 02881. 

*To whom correspondence should be addressed. 

variable wavelength detector (Tracor Instru- 
ments, Austin, TX), Rheodyne 7125 sample 
injection port (Cotati, CA) and a Supelcosil 
LC-18 (Supelco Inc., Bellefonte, PA) stainless 
steel column (4.6 • 25 cm) packed with ODS 
CI 8 of 5 p particle size. A precolumn of similar 
packing material was also used. A Hewlett 
Packard (Avondale, PA) reporting integrator 
(Model 3390A) was used for recording the 
chromatographs. Spectrophotometric deter- 
minations were made with a Gilford Model 250 
Spectrophotometer  (Gilford Instrument Labo- 
ratories Inc.). 

Development of  the chromatograph was 
accomplished with a solvent system composed 
of  methanol/acetonitri le/chloroform (47:47: 6). 
All solvents used were of  spectrograde quality. 
Prior to use, solvents were filtered through 
Whatman No. 50 f'flter paper and degassed. 
Finally, all solvent was drawn through a 7 /.tm 
inlet filter prior to entry into the system. 
Samples were injected into a 100 pl loop 
(Rheodyne, Cotati, CA) with a 100/JI gas-tight 
syringe (Rheodyne, Cotati, CA). 

Standards 

Crystalline lycopene, s-carotene,/3-carotene, 
retinyl acetate and retinyl palmitate (oil solu- 
tion) were gifts from Hoffmann-LaRoche Inc. 
(Nutley, N J) or purchased from Sigma Chem- 
ical Co. (St. Louis, MO)./3-Carotene was recrys- 
tallized using a modification of the procedure 
of  Britton and Goodwin (7). For HPLC anal- 
ysis, all standards were dissolved in chloroform 
and dilutions were made to allow for the injec- 
tion of  standards in a range similar to the 
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amounts of compound present in the injected 
test samples. The typical final concentrations 
of the carotenoids, retinyl acetate, and retinyl 
palmitate standard solutions were: 100 ng/100 
/al, 50 ng/100/al, and 200 ng/100/al, respective- 
ly. The purity of all standards were determined 
spectrophotometrically. Extinction coefficients 
used were (E l%cm): /3-carotene, 2396 at 465 
nm in CHCI3; a-carotene, 2800 at 444 nm in 
petroleum ether; lycopene, 3450 at 472 nm in 
petroleum ether; retinyl acetate, 1550 at 326 
nm in EtOH; retinyl palmitate, 975 at 325 nm 
in EtOH (8). 

Only retinyl acetate was used as a standard 
on a daily basis because it was observed that the 
carotenoids were not reliably stable. Immedi- 
ately after opening a 1-g vial of crystalline 
retinyl acetate, the contents were weighed into 
separate vials in ca. 20 mg quantities. These 
smaller vials were sealed under nitrogen, cov- 
ered with foil, and stored in a desiccator under 
nitrogen at -10 C. This method protects the 
stock retinyl acetate standard from repeated 
exposure to oxygen and/or light. 

Standard Curve and Recovery 
of Standards from Blood 

Initially standard curves were generated 
comparing quantity of compound vs integrated 
peak areas for the carotenoids, retinyl acetate, 
and retinyl palmitate. 

In order to determine the recovery effi- 
ciency of carotenoids and retinyl palmitate, 
these compounds were added to rat serum in 
chloroform at 3 concentration levels. Human 
serum usually contains significant levels of 
various carotenoids. Rat serum was chosen for 
the recovery studies because rats fed typical 
stock laboratory diets do not have detectable 
blood carotenoid levels (unpublished observa- 
tions), and have less than 5% of total vitamin A 
in the ester form (9). 

Method of Extraction and Analysis 
of Carotenoids and Retinyl Esters 

One hundred #1 of serum was pipetted into 
a polyethylene microcentrifuge tube (Brinkman 
Instruments, Westburg, NY). One hundred /.tl 
of methanol was added, and the mixture was 
vortexed for 15 sec. Carotenoids and retinyl 
esters were extracted by adding 200 /al of 
chloroform, vortexing for 60 sec, and centrifug- 
ing at 5000 rpm in a table-top laboratory cen- 
trifuge for 10 min. Fifty pl of extract from the 
bottom (chloroform) layer was then injected on 
the column and developed with MeOII/AcN/ 
CHC13 (47:47:6) with a solvent flow rate of 2 
ml/min. Samples were injected twice and moni- 
tored at 2 different wavelengths. This was 

METHODS 

necessary because retinyl palmitate has an 
absorption maxima at 325 nm, but does not 
absorb at 466 nm, while the converse is true 
for /~-carotene. Simultaneous determination 
could easily be accomplished with a spectro- 
photometer capable of monitoring at 2 wave- 
lengths or 2 detectors connected in series. 
Unfortunately,/3-carotene and retinyl palmitate 
have approximately the same retention time, 
making measurement of both in the same injec- 
tion impossible with a single detector. 

Because of the similar retention time of the 
2 compounds, a standard containing both 
/]-carotene and retinyl acetate in predetermined 
quantities was measured at 325 nm and at 466 
rim. The absorbance of either compound was 
not affected by the presence of the other. 
Therefore, the quantitation of retinyl palmitate 
or /3-carotene is not influenced in samples con- 
taining both compounds. 

Identification of the compounds of interest 
in serum was verified by comparison of reten- 
tion time with standards and cochromatog- 
raphy with added standards. 

RESULTS AND DISCUSSION 

Zakaria et al. (4) have compared the use of 
nonpolar reverse-phase packing vs straight 
phase columns for carotenoid separation. They 
concluded that the long retention time and lack 
of resolution exhibited by the use of the 
straight phase columns contraindicated their 
use. The resulting retention times for the Supel- 
cosil LC-18 used in our work compares favor- 
ably in resolution and retention times to the 
Partisil PXS-5/ODS column used by Zakaria et 
al. (4). The retention times for the previous and 
present work are shown in Table 1. The resolu- 
tion between c~-carotene and /3-carotene was > 
1.5 for Zakaria et al. and 1.2 -+ .2 for the pres- 
ent study. Resolution (RS) is defined (4) as: 

RS = 2 (vfl carotene - Va carotene) 
(Wo carotene +Wcr carotene) 

where V is the retention time and w is the 
width of the curve. Although the resolution was 
less than that achieved by Zakaria et al., it was 
more than adequate for quantitation of both 
compounds from blood. 

The acetonitrile/chloroform (92:8) system 
chosen by Zakaria et al. (4) is quite capable of 
good resolution and quick separations when 
used in conjunction with our column. The high 
cost associated with using acetonitrile as 92% 
of the mobile phase was substantially reduced 
by replacing some of the acetonitrile with 
methanol. At best, methanol/chloroform mix- 
tures were capable of resolving c~- and /3-carp- 
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2 

Zakaria  et al. a (4)  
Compound 92:8 AcN/CHCI a 

Present  w o r k  b 

92:8 AcN/CHCi a 47:47:6 AcN/MeOH/CHCI a 

Retinyl acetate - - 10.62 
Retinyl palmitate - - 15.59 
Lycopene 7.82 10.4 9.26 
a-Carotene 12.4 18.3 13.99 
/3-Carotene 13.2 20.0 15.01 

aColumn, Partisil PXS-5-ODS 5/~m. h=410 nm, 2.0 ml/min flow-rate. 
bColumn, Supelcosil LC-18 5 tzm. Retinyl acetate, h=325 nm, 0.5 ml/min. Retinyl 

palmi ta te ,  h=325 nm, 2.0 ml/min. Lycopene, a-carotene, ~-carotene, h=466 nm, 2.0 ml/min. 

t ene  qui te  well, bu t  no  c o m b i n a t i o n  of  these  
2 solvents  a lone could resolve lycopene  and  
t~-carotene at a level comparab l e  to  t ha t  pro- 
v ided  by a c e t o n i t r i l e / c h l o r o f o r m  (92 :8 ) .  Conse-  
q u e n t l y ,  it was d e t e r m i n e d  t ha t  a m e t h a n o l /  
a c e t o n i t r i l e / c h l o r o f o r m  m i x t u r e  ( 4 7 : 4 7 : 6 ) b e s t  
resolved the  c o m p o u n d s  of  in te res t  (Table  1, 
Fig. l ). 

Standards 

A ma jo r  p r o b l e m  in the  d e v e l o p m e n t  o f  this  
assay occurs  in the  use of  ca ro teno ids  as s tan-  
dards.  The  3 c o m p o u n d s  of  in te res t ,  l ycopene ,  
a - ca ro t ene ,  and  ~-carotene ,  are highly l ight-  
sensi t ive and  are sub jec t  to  i somer i za t ion ,  
o x i d a t i o n ,  and  s u b s e q u e n t  loss of  opt ica l  
ac t iv i ty .  It was found  t h a t  s torage of  these  
c o m p o u n d s  in c h l o r o f o r m  was possible  for  on ly  
a few days before  de t e r i o r a t i on  made  t h e m  
unre l iab le  for  s t andards .  O t h e r  s torage so lvents  
were t r ied  and  f o u n d  to  be less reliable.  

In add i t i on  to the  above  p rob lem,  the  pur i ty  
o f  commerc ia l ly  available s t andards  was unpre -  
d ic tab le  and  varied wi th  the  lo t  purchased .  The  
high cost  of  these s t anda rds  also d iscouraged 
the i r  use. One so lu t ion  was to  recrystal l ize  the  
ca ro teno ids .  This m e t h o d  produces  pure  s tan-  
dards.  However ,  the  process  is t ime  c o n s u m i n g  
and  was no t  always pract ical  for  daily opera-  
t ion .  There fore ,  we chose to employ  a more  
s table ,  inexpens ive  s t anda rd  for  rou t ine  cal ibra-  
t ion  of  the  i n s t r u m e n t .  Ca ro teno id  and re t iny l  
pa lmi ta te  s t anda rds  were used per iodical ly  to  
insure  accura te  quan t i f i ca t ion .  

AU-trans, s y n t h e t i c  crys ta l l ine  re t iny l  ace ta te  
was chosen  for  a day- to-day  s t andard .  Di lu t ions  
were made  in c h l o r o f o r m  to a final concen t r a -  
t ion  of  50 n g / 1 0 0 / l l .  Puri ty was checked  spec- 
t r o p h o t o m e t r i c a l l y .  

Ret inyl  ace ta te  has  an a b s o r p t i o n  m a x i m a  at 
325 n m  and  does n o t  absorb  above  380  nm.  
Therefore ,  it was necessary to measure  the  

ul 
>, 
o 

m t  
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TABLE 1 

R e t e n t i o n  Time (min) of Retinyl Acetate, Retinyl p.,dmitate and Caro teno ids  

~i 10 1,~ 2b 
TIME (min) 

FIG. 1. HPLC chromatogram of carotenoid stan- 
dards: l=lycopene; 2=a-carotene; 3=O-carotene. Chro- 
matographic conditions: column, Supelcosil LC-18, 
5 urn; eluent, 47:47:6 AcN/MeOH/CHCI3; flow-rate, 
2.0 ml/min; detection, 466 nm; sensitivity, 0.01 
AUFS. 

response  of  re t iny l  ace ta te  at  325 nm while  
ut i l iz ing 466  n m  for the  m e a s u r e m e n t  of  the  
ca ro t eno id  c o m p o u n d s .  Re t iny l  esters  were also 
m o n i t o r e d  at 325 nm.  

Recoveries of Compounds 

Recovery  of  s t andards  added  to rat  se rum in 
c h l o r o f o r m ,  vor t exed  and taken  t h rough  the  
e x t r a c t i o n  p rocedure ,  and in jec ted  in to  the  
HPLC is s h o w n  in Table 2. Fo r  the  add i t iona l  
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TABLE 2 

Percentage Recovery of Retinyl Palmitate 
and Carotenoids Added to Carotenoid 

and Retinyl Palmitate Free Rat Serum a 

Compound % Recovery 

Lycopene 98.2 -+ 7.7 
ct.Carotene 94.3 -+ 10.8 
/3-Carotene 93.6 -+ 16.8 
Retinyl palmitate 87.8 -+ 6.6 

aMean • SD of % recovery of 10, 20, 30 ng of com- 
pound added in duplicate to 100 t~l of rat serum. 

range of  10-30 ng, 93 .6-98 .2% of  the  caro- 
t eno ids  were recovered ,  while  re t iny l  pa lmi t a t e  
was recovered  at 87.8%. The  p o o r e r  recovery  of  
r e t iny l  pa lmi ta t e  may be due to the  d i f f icul ty  
in add ing  th is  n o n p o l a r  c o m p o u n d  to se rum.  
The re t iny l  pa lmi ta t e  has  a t e n d e n c y  to  cl ing to  
the  side of  the  tube  and is no t  easily mixed i n to  
the  se rum.  

Reproducibility Study 

To d e m o n s t r a t e  the  reproduc ib i l i ty  o f  this  
m e t h o d ,  10 a l iquots  f rom a sample  of  hyper -  
c a r o t e n e m i c  se rum were taken  th rough  the  
e x t r a c t i o n  and  sepa ra t ion  p rocedure .  The  mean  
+ SD c o n c e n t r a t i o n s  of  the  3 ca ro teno ids ,  lyco- 
pene ,  a-  and /~-ca ro tene ,  in the  serum were 69.2  
+ 9.35,  39.0 + 4 .62 ,  and  86.0  +- 5.5 ~ g / 1 0 0  ml,  
respect ively .  These  results  are wi th in  the  degree 
o f  var iabi l i ty  e x p e c t e d  for  th is  type  of  analysis.  

Standard Curves 

Standard  curves of  re t iny l  ace ta te ,  re t iny l  
pa lmi t a t e ,  a - ca ro t ene ,  ~ c a r o t e n e ,  and  l ycopene  
were all gene ra ted  on the  same day (see Table  
3). A high degree of  l inear i ty  of  in t eg ra ted  peak 
areas over  a given c o n c e n t r a t i o n  of  c o m p o u n d  
was achieved in all cases. 

Response  ra t ios  of  re t iny l  ace ta te  to  lyco- 
pene ,  a-  and  /~-carotene, and  re t inyl  pa lmi t a t e  
were d e t e r m i n e d  f rom the  s t anda rd  curve data .  

METHODS 

The calcula ted ra t ios  for  re t iny l  ace ta te  (in area 
u n i t s / n g )  to  each of  the  fo l lowing c o m p o u n d s  
(in area u n i t s / n g ) a r e :  l ycopene ,  10.9; a -caro-  
t ene ,  5 .35 ; /~-caro tene ,  5 .60;  and  re t iny l  pa lmi-  
ra te ,  2.31.  

Calculation of Serum Carotenoid 
and Retinyl Ester Concentrations 

Daily var ia t ions  in the  p e r f o r m a n c e  of  the  
i n s t r u m e n t  can be cor rec ted  by the  use o f  the  
response  rat ios of  re t iny l  ace ta te  to the  com-  
p o u n d s  of  in teres t .  To calculate  sample  concen-  
t r a t i ons  o f  the  ca ro teno ids  or  re t iny l  pa lmi ta t e ,  
on ly  the  in tegra ted  peak area of  a given a m o u n t  
o f  re t iny l  ace ta te  s t andard  is used.  The  fo rmula  
for  ca lcu la t ion  o f  the  a m o u n t  of /~-carotene  in a 
se rum is: 

Response ratio 
of retinyl acetate -/3-carotene �9 retinyl 
to 15-carotene peak area acetate 

Sample ng= (5.6) used 
/3-carotene area retinyl acetate 

The te rm,  ng re t iny l  ace ta te ,  is the  a m o u n t  of  
r e t iny l  aceta te  in jected as the  daily s t anda rd .  
The  area genera ted  by  t h a t  a m o u n t  is the  t e rm ,  
area re t iny l  ace ta te .  The  sample  ng o f /%caro -  
t ene  is mul t ip l ied  by  any  d i lu t ion  fac tors  used 
and  is divided by the  p r e d e t e r m i n e d  pe rcen t  
recovery  of  t ha t  c o m p o u n d  f rom se rum.  The  
above  ca lcu la t ions  will give the  c o n c e n t r a t i o n  
o f /3 -ca ro tene  in the  se rum sample .  The  concen-  
t r a t i ons  of  the  o the r  ca ro teno ids  and re t iny l  
esters  are d e t e r m i n e d  similarly.  

Freezing Study 

Often ,  serum saples are t h a w e d  and re f rozen  
several t imes dur ing  the  course of  a s tudy .  We 
were conce rned  t ha t  this  ref reez ing of  samples  
may  affect  the  ca ro teno id  a n d / o r  re t iny l  palmi-  
t a te  c o n c e n t r a t i o n s  d e t e r m i n e d  f rom f rozen  
and  t h a w e d  serum.  

Blood was drawn f rom a h y p e r c a r o t e n e m i c  
p a t i e n t  and  the  serum was separa ted  i n t o  2 
f rac t ions .  One f rac t ion  was s to red  in a large vial 
at  -10 C, while the  o t h e r  f r ac t ion  was separa ted  

TABLE 3 

Standard Curve Data for Retinyl Acetate, Retinyl Palmitate and Carotenoids 

r Slope (area counts X 104/ng) y-Intercept (area counts X 104) Linear region b (ng) 

Retinyl acetate .9'76 
Retinyl palmitate .983 
Lycopene .994 
c~-Carotene .999 
/3-Carotene .999 

54.2 8.44 15-25 
8.01 89.10 37-92 
7.73 -13.00 9-45 

12.29 -9.14 9-42 
13.23 -60.80 18-46 

aOne area count = .125/.tV -sec. 
bQuantity injected to obtain standard curve. 
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into 100/al aliquots and stored at the same tem- 
perature directly in the polyethylene tubes used 
for the analysis. For 8 of  the next 10 days, 2 
aliquots of  serum were removed from the large 
vial for analysis and the large vial was refrozen. 
Two small vials were thawed and analyzed at 
the same time. Thus, the large vial was thawed 
and refrozen 8 times, while the serum stored 
separately was never exposed to thawing and 
refreezing. Fresh serum which had never been 
frozen was also analyzed. 

The results of  this study showed that there 
were no significant differences in the levels of  
the carotenoids or retinyl palmitate over the 
duration of the study due to thawing and freez- 
ing. Also, there was no significant difference 
between fresh serum and the frozen serum. 

Clinical Applications 
One recent clinical use in our laboratory for 

this procedure has been for the screening of 
patients with anorexia nervosa for hypercaro- 
tenemia (10). Anorexia nervosa-induced hyper- 
carotenemia is currently assessed by spectro- 
photometric analysis for total serum carotenoid 
levels (11,1 2). Analysis for specific serum caro- 
tenoids has proved useful in elucidation of  the 

etiology of  the hypercarotenemia (10). Figure 2 
depicts a typical chromatograph of an individ- 
ual with this disease. Some patients with an- 
orexia nervosa also demonstrate elevated retinyl 
esters. 

Hypervitaminosis A results in very high 
serum levels of retinyl esters. Normally, very 
low concentrations are found in serum. Figure 
3 depicts the chromatogram associated with the 
analysis of serum from an individual diagnosed 
(13) for vitamin A intoxication. It should be 
noted that the present separation technique will 
not differentiate between various esters of  
retinol. A procedure has been developed by 
Ross (14) further to quantify the type of fatty 
acid esterified to retinol. Although other 
methods are certainly successful in their sepa- 
ration of retinyl esters (15,16), the current 
method is useful because it is rapid and can be 
accomplished routinely with the same solvents 
and column used to separate the carotenoids. 

Simpson and Chichester have pointed out 
a need for the correlation of plasma provitamin 
A carotenoids with their dietary intake (17). 
The current procedure may help to accomplish 
this goal and to understand better the metab- 
olism of carotenoids in man. 

, ,JI  111 t 
o=. x, i ! r 

'vVL  I_ 

6 lb i!i 2 
TIME (rain) T IME (rain) 

2b 

FIG. 2. HPLC chromatogram of serum carotenoids 
from a patient with anorexia nervosa-induced hyper- 
carotenemia. Peaks 1, 2, and 3 are lycopene, a-caro- 
tene, and 0-carotene, respectively. Peaks X and Y are 
probably xanthophylls, while peak Z might be "r-caro- 
tene. Chromatographic conditions as in Figure 1. 

FIG. 3. HPLC chromatogram of serum retinyl 
esters from a patient with hypervitaminosis A. Peak 1 
is unidentified. Peak 2=retinyl esters. Chromatographic 
conditions as in Figure 1 with the exception of detec- 
tion at 325 nm. 
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ABSTRACT 

The effect of butylated hydroxytoluene (BHT), butylated hydroxyanisole (BHA) and tocopherol 
acetate on photooxidation of the fatty acids was studied. A marked increase in the photooxidation 
was observed in the presence of BHT, and this effect was further potentiated by hexabromobiphenyls. 
Conversely, BHA and tocopherol acetate as such did not show any significant effect, but greatly 
enhanced the photooxidation when hexabromobiphenyls were 'also present. |texabromobiphenyls 
by themselves did not show any notable effect on the photooxidation. 
Lipids 18:259-263, 1983. 

Butylated hydroxyanisole (BHA) and butyl- 
ated hydroxytoluene (BHT) are antioxidants 
commonly used as food preservatives. These are 
hindered phenolic compounds and prevent 
autoxidation by donating a hydrogen atom to 
free radicals. It is estimated that Americans 
daily consume ca. 0.1 mg/kg body wt of these 
antioxidarlts. In recent years, there has been 
accumulating evidence that antioxidants reduce 
the incidence of chemically induced carcino- 
genesis in experimental animals (1-6). It has 
also been reported that an antioxidant-supple- 
mented diet provides considerable protection 
against photocarcinogenesis (7-9). The mech- 
anisms by which antioxidants provide such pro- 
tection are, however, poorly understood at this 
time. In chemical carcinogenesis, induction of 
P-450 microsomal system (10), epoxide hydrase 
(11,I 2) and glutathione S-transferase activities 
(13,14) by antioxidants have been implicated 
in their anticarcinogenic action. These enzymes 
are generally known to have detoxification 
functions, even though epoxide hydrase is also 
involved in the activation of certain carcinogens 
(15,16). In photocarcinogenesis, the inhibitory 
action of antioxidants is believed to act through 
free radical quenching, thus preventing lipid 
peroxidation of cellular membranes (17). In 
support of this, it has been observed (9) that 
feeding a diet containing a mixture of added 
antioxidants delayed the appearance of lipid 
oxidation products. Most normal skin lipids 
are unlikely to function as chromophores for 
carcinogenic ultraviolet light (280-320 nm). 
Lipid peroxides were reported, however, by 
several workers following irradiation of skin 

*To whom correspondence should be addressed. 

(18,19); thus, the likelihood of endogenously 
photosensitized reactions in skin does exist. 

Although photosensitized oxidation of 
lipids, in general, involves singlet oxygen, the 
participation of triplet state oxygen has also 
been reported. Using two different sensitizers, 
erythrosine and riboflavine, for oxidation of 
methyl oleate and methyl linoleate, Chan 
showed that erythrosine sensitization involves 
singlet oxygen while riboflavine-sensitized oxi- 
dations involve triplet oxygen (20). Although 
riboflavine-sensitized 6xidations primarily in- 
volve radical formation like 'dark' oxidation, 
photooxidation involving triplet oxygen does 
not involve chain reactions. Besides, no induc- 
tion period was observed in the latter case, 
while the former reactions involve long induc- 
tion periods. This was supported by the rela- 
tively small inhibitory action of the antioxidant 
BHT in the riboflavine reactions (20). The 
observation implies that prevention of photo- 
sensitized oxidation involving either singlet 
or triplet oxygen should not be possible 
through the antioxidants commonly used to 
inhibit 'dark' oxidation. The inhibitory effect 
of antioxidants on photocarcinogenesis may 
thus be operating through some other mecha- 
nism than by simple free radical quenching. 
In order to determine whether or not the anti- 
oxidants can prevent the photooxidation of 
lipids, we have studied the effect of some 
commonly used antioxidants on photooxida- 
tion of unsaturated fatty acids. The present 
study shows that BHT enhances photooxida- 
tion of fatty acids rather than reduces it. 

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

BHA, BHT, dl-a-tocopherol, tocopherol 
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acetate, methyl linoleate, methyl linolenate, 
and methyl arachidonate (99.9% pure )were  
purchased from Sigma Chemical Company 
(St. Louis, MO). The purity of the fatty acid 
esters was checked by thin layer chromatog- 
raphy (silica gel, hexane/ether 95:5 or 50:50). 
Hexabromobiphenyls were obtained from Ultra 
Scientific (Hope, RI). 1,4-Diazabicyclo(2.2.2) 
octane (DABCO) was purchased from Aldrich 
Chemical Company. Reference samples of 
methyl esters of 9-hydroxy-10,12-, 10-hydroxy- 
l2,13-, 12-hydroxy-9,13- and 13-hydroxy-9,11- 
octadecadienoate were prepared as described 
by Thomas and Pryor (21), except that methyl- 
ene blue was replaced by sensitox (rose bengal 
deposited on a polymeric surface, 0.08%), and 
characterized by ultraviolet, infrared and 
nuclear magnetic resonance (NMR) spectros- 
copy. 

Chromatography 

F & M model 402 equipped with hydrogen 
flame ionization detector was used for gas 
liquid chromatography (GLC). The analyses 
were made on 6 ft x �88 in. od glass column 
packed with 4% OV-1 on 100-120 mesh Gas- 
Chrom Q, Applied Science Laboratories (State 
College, PA). The cartier gas was nitrogen, and 
the analyses were run at 200 C using methyl 
palmitate as internal standard. The photolyzed 
samples of tocopherol acetate were analyzed 
on 1% OV-1,4  ft glass column, at 250 C using 
squalene as internal stafidard. 

Spectra Physics model 3500 equipped with 
a variable wavelength detector was used for 
high performance liquid chromatography 
(HPLC). Isomers of methyl linoleate alcohol 
were separated on a 30 cm x 3.19 mm/a-porasil 
column using 0.3% 2-propanol in hexane as 
eluent (21). Conjugated and nonconjugated 
isomers were detected at 254 nm and 210 nm, 
respectively. 

Irradiation 

For studying the photooxidation of fatty 
acid methyl esters, a solution of these com- 
pounds in hexane (18 mg/ml), in the absence 
or presence of the antioxidants (I 0 mg/ml), was 
irradiated in a pyrex tube with unfiltered 
black light using F40 BLB fluorescent lamps 
(20 W x 10) which emit a continuous spectrum 
between 300-400 nm with ca. 1% of the fluence 
below 320 nm. The lamps were arranged in a 
concave well covered with a top. The test tubes 
to be irradiated were hung from the top in the 
middle of the well so all the samples received 
irradiation. The control and test samples were 
always put next to each other. In this arrange- 
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ment, several samples could be irradiated simul- 
taneously. The samples were cooled through a 
constant circulation of air in the well by a fan. 
Following irradiation, any loss in the amount of 
solvent was compensated and the samples were 
analyzed by GLC (4% OV-1 on Gas Chrom Q, 
200 C) using methyl palmitate as internal 
standard. 

Spectroscopic Measurements 

Infrared spectra were determined with a 
Perkin-Elmer 237-B spectrophotometer as KBr 
pellets or as solid or liquid t'tim on AgC1 plates. 
Ultraviolet spectra were recorded on a Cary 
Model 118. Proton magnetic resonance spectra 
were recorded at 360 MHz on a Varian HR-360 
NMR spectrometer using tetramethylsilane as 
internal standard. 

Singlet Oxygen Quenching Studies 

For quenching studies with DABCO, a solu- 
tion of fatty acid methyl esters (18 mg/ml) in 
hexane was treated with DABCO (5 mg/ml, 44 
mmol[1), in the presence or absence of BHT; 
the resulting solutions were irradiated as 
described above. 

RESULTS AND DISCUSSION 

Photooxidation of methyl linoleate, lino- 
lenate and arachidonate in the presence of BHT 
is shown in Table 1. Irradiation of methyl lino- 
leate for 4 hr with black light showed less than 
1% consumption. When this irradiation was 
done in the presence of BHT, a marked increase 
in the consumption (18%) of methyl linoleate 
was observed. Similarly, consumption of 
methyl linolenate and arachidonate was much 
lower with black light alone (15.5 and 19.8%, 
respectively) in comparison to when BHT was 
present (57.9% and 67.6%, respectively). The 
concentration of BHT used routinely in our 
studies was l0 mg/ml. However, a much lower 
concentration (0.2 mg/ml) was found to be 
equally effective in enhancing the photooxida- 
tion. That this effect was photochemical in 
nature was apparent because no significant con- 
sumption of these fatty acids was observed in 
the dark in the presence or absence of BHT. 
The enhancing effect of BHT is possible due to 
a direct or indirect (through photoproducts of 
BHT) photosensitization by this compound. 
This was supported by the fact that BHT itself 
underwent photooxidation under our experi- 
mental conditions. 

Irradiation for 4 hr consumed BHT almost 
completely and the solution turned yellow, 
possibly due to the formation of quinones. 

LIPIDS, VOL. 18, NO. 3 (1983) 
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TABLE t 

The Effect of BHT on Photooxidation of Unsaturated Fatty Acids 
in the Presence or Absence of Hexabromobiphenyls a 
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Percent loss of fatty acid under conditions indicated 

Experimental conditions 

Fatty acid hv hv + BHT hv + BHT + HBB hv + HBB BHT BHT + HBB HBB 

Methyl linoleate b <1 18.0 -+ 3.2 36.5 -+ 4.5 7.5 -+ 1.5 <1 <1 <1 
Methyl linolenate b 15.5 -+ 2.5 57.9 • 5.5 62.2 -+ 5.2 19.5 -+ 3.5 <1 <1 <1 
Methylarachidonate b 19.8 • 3.2 67.6 +- 6.8 81.3-+ 7.4 27.4• 3.8 <1 <1 <1 

alrradiation was done for 4 hr using unf'dtered black light (10 fluorescent tubes, 20 W each). The basic 
spectral output of this source was in the range of 320-400 nm with less than 1% below 320 nm. Each value repre- 
sents the mean • SE of 5 separate experiments. 

b% Consumption. 

When m e t h y l  l ino lena te  was i r rad ia ted  in the  
presence  of  the  p h o t o o x i d i z e d  m i x t u r e  o f  BHT, 
a s imilar  e n h a n c i n g  ef fec t  (as wi th  BHT a lone)  
in its c o n s u m p t i o n  was observed ,  ind ica t ing  
t h a t  the  e n h a n c e d  p h o t o o x i d a t i o n  o f  unsa tu -  
ra ted  fa t ty  acids was possible  due to p h o t o -  
sens i t ized  reac t ions  by q u i n o n e s  resul t ing  f rom 
the  ox ida t ion  of  BHT. This  was f u r t h e r  sup-  
p o r t e d  by the  fact  tha t  the  t ime courses  o f  
the  p h o t o o x i d a t i o n  of  m e t h y l  l ino lena te  and  
o f  BHT ran parallel  to  each o t h e r  (Fig. 1). A 
marked  increase in the  c o n s u m p t i o n  of  m e t h y l  
l ino lena te  was observed a f te r  3 h r  w h e n  suffi-  
c ien t  a c c u m u l a t i o n  o f  the  ox id ized  p r o d u c t s  of  
BHT occur red .  P h o t o o x i d a t i o n  in the  absence  
o f  BHT, on  the  o t h e r  h a n d ,  did n o t  show any  
s igni f icant  increase wi th in  this  t ime  per iod.  As 
mos t  pho to sens i t i z ed  reac t ions  involve singlet  
oxygen ,  one  would expec t  tile pa r t i c ipa t ion  
o f  this  react ive oxygen  species in BHT- induced  
p h o t o o x i d a t i o n  of  f a t ty  acids. This was indeed  
f o u n d  to be the  case, as ev iden t  by the  analysis  
o f  f a t t y  acid h y d r o p e r o x i d e s .  It has  been  shown  
by several workers  t ha t  ox ida t ion  of  fa t ty  acids 
by  free radicals  can be d is t inguished  f rom tha t  
by singlet  oxygen  by the  na tu re  of  the  h y d r o -  
pe rox ides  fo rmed  (20).  Fo r  example ,  in free 
radical  ox ida t ion ,  m e t h y l  l inoleate  gives two 
con juga ted  h y d r o p e r o x i d e s  ( 9 - h y d r o p e r o x y -  
10,12- and 13 -hyd rope roxy -9 ,11 -oc t adecad i en -  
oa te )  in equal  p ropo r t i ons .  Ox ida t ion  by 102, 
on  the  o t h e r  h a n d ,  gives a m i x t u r e  o f  the  t w o  
con juga ted  (9- and  13-isomers)  and  two  n o n -  
con juga ted  d iene  h y d r o p e r o x i d e s  ( 1 0 - h y d r o -  
pe roxy-8 ,12-  and 12 -hydrope roxy-9 ,13 -oc t a -  
decad ienoa te ) .  HPLC of  the  m e t h y l  l ino lea te  
h y d r o p e r o x i d e s  ob t a ined  f rom the  p h o t o o x i d a -  
t ion  in presence  of  BHT showed  the  f o r m a t i o n  
o f  con juga ted  as well as n o n c o n j u g a t e d  h y d r o -  
peroxides ,  ind ica t ing  the  pa r t i c ipa t ion  of  102 . 
This  was fu r t he r  s u p p o r t e d  by the fact  t ha t ,  
when  BHT- induced  p h o t o o x i d a t i o n  of  m e t h y l  

80 
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FIG. I. Photooxidation of methyl linolenate in the 
presence (o) or absence (A) or BHT. Irradiation was 
done as described in Methods. BHT alone (o) was 
photooxidized under the same conditions.. 

l ino lea te  was carr ied ou t  in the  presence  of  
DABCO (5 mg/ml ) ,  a well k n o w n  singlet  oxy-  
gen q u e n c h e r  (22-24) ,  a s ignif icant  decl ine 
(47%) in the  c o n s u m p t i o n  of  this  fa t ty  acid was 
observed  (Fig. 2). 

In o rde r  to  see w h e t h e r  the  e n h a n c e m e n t  of  
p h o t o o x i d a t i o n  was specific to  BHT or  was a 
general  ef fec t  of  phenol ic  an t iox idan t s ,  we 
s tud ied  the  e f fec t  o f  some  o t h e r  c o m m o n l y  
used an t iox idan t s ,  BHA, d l -a - tocophero l ,  and 
t o c o p h e r o l  ace ta te .  As s h o w n  in Table  2, no  
e n h a n c i n g  ef fec t  by these  an t i ox idan t s  was 
observed.  This  could  be due to the  relat ively 
slow rate of  p h o t o o x i d a t i o n  of  these com- 
pounds ,  thus  p reven t ing  the  a c c u m u l a t i o n  of  
q u i n o n e s  f rom these  c o m p o u n d s ,  a - T o c o p h e r o l  
ace ta te  showed  less than  10% c o n s u m p t i o n  in 
4 hr ,  while  BHA exh ib i t ed  ca. 30% c o n s u m p -  
t ion  in the  same t ime  per iod .  Converse ly ,  75-  

LIPIDS, VOL. 18, NO. 3 0983) 
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FIG. 2. Effect o f  DABCO on BHT-induced photo-  
oxidation o f  methyl  linolenate (ML). (1) ML + hv + 
BHT; (2) ML + hv + BHT + DABCO; (3) ML + hv; 
(4) ML + hv + DABCO; (5) ML + BHT + DABCO; 
(6) ML + DABCO. Irradiation was done for 4 hr  as 
described in Methods. Each straight bar is the mean 
-+ SE of  5 separate exper iments .  

80% B H T  was  o x i d i z e d  u n d e r  t h e s e  c o n d i t i o n s .  
In  c o n n e c t i o n  w i t h  s o m e  o t h e r  s t u d i e s  g o i n g  

o n  in o u r  l a b o r a t o r y  c o n c e r n i n g  t h e  in t e r -  
a c t i o n s  o f  u l t r a v i o l e t  l igh t  w i t h  p o l y b r o m o b i -  
p h e n y l s ,  we  s t u d i e d  t h e  e f f e c t  o f  U V A  ( 3 2 0 -  
4 0 0  n m )  o n  f a t t y  ac id  p e r o x i d a t i o n  in t h e  
p r e s e n c e  o f  h e x a b r o m o b i p h e n y l s  ( H B B ) .  As  
e x p e c t e d ,  n o  e f f e c t  o f  t h e s e  c h e m i c a l s  was  
o b s e r v e d  ( T a b l e  1) s ince  H B B  d o  n o t  s h o w  a n y  
s i g n i f i c a n t  a b s o r p t i o n  b e y o n d  3 2 0  n m .  H o w -  
ever ,  it  was  i n t e r e s t i n g  t o  o b s e r v e  t h a t  p r e s e n c e  
o f  H B B  p o t e n t i a t e d  B H T - i n d u c e d  e n h a n c e m e n t  
o f  p h o t o o x i d a t i o n  ( T a b l e  1). F o r  e x a m p l e ,  
c o n s u m p t i o n  o f  m e t h y l  l i n o l e a t e  was  i n c r e a s e d  
a l m o s t  by  100% w h e n  b o t h  B H T  a n d  h e x a -  
b r o m o b i p h e n y l s  were  p r e s e n t  in t h e  m i x t u r e  
as c o m p a r e d  to  t h e  p r e s e n c e  o f  B H T  a l o n e .  T h e  
e n h a n c i n g  e f f e c t  was  e v e n  g r e a t e r  (ca .  3 0 0 % )  in  
t h e  case  o f  B H A  a n d  t o c o p h e r o l  a c e t a t e  
( T a b l e  2). As  d e s c r i b e d  a b o v e ,  t h e s e  a n t i o x i -  
d a n t s  b y  t h e m s e l v e s  did  n o t  s h o w  a n y  e n h a n c -  
ing  e f f e c t  o n  t h e  p h o t o o x i d a t i o n .  S ince  p o l y -  
b r o m o b i p h e n y l s  are  p r e s e n t  w i d e l y  as e n v i r o n -  
m e n t a l  p o l l u t a n t s  ( 2 5 )  a n d  t e n d  to  a c c u m u l a t e  
in s u b c u t a n e o u s  fa t  ( 26 ) ,  o u r  o b s e r v a t i o n  t h a t  
t h e s e  c o m p o u n d s  can  g r ea t l y  e n h a n c e  t h e  
p h o t o o x i d a t i o n  o f  f a t t y  a c i d s  in t h e  p r e s e n c e  
o f  a n t i o x i d a n t s  c o u l d  h a v e  s i g n i f i c a n t  b io log i ca l  
i m p l i c a t i o n s .  
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TABLE 2 

The Effect o f  BHA and Tocopherol  Acetate 
on Photooxidat ion of  Methyl Linolenate 

in Presence or Absence of  Hexabromobiphenyls  

Experimental  condi t ions a Percentage consumpt ion  b 

hv 15.5 +- 2.8 
hv + BHA 8.3 -+ 3.5 
hv + BHA + HBB 27.6 -+ 4.2 
BHA + HBB <1 
BHA <1 
h v + T A  8.9-+ 1.8 
hv + TA + HBB 30.0 -+ 4.5 
TA + HBB <1 
TA <1 
hv+  HBB 19.5 + 3.3 
HBB <1 
hv + Tocopherol  8.5 -+ 3.5 

alrradiation condit ions were the same as described 
in Table 1. 

bEach value represents the mean a: SE of 5 separate 
experiments .  
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Desmosterol in Human Milk 1 

RICHARD M. CLARK* ,  MARK B. FEY, ROBERT G. JENSEN and DENNISW.  HILL a. 
Department of Nutritional Sciences, and aMicrochemistry Laboratory, University 
of Connecticut, Storrs, CT 06268 

ABSTRACT 

Milk samples were collected from mothers at 2, 6, 12 and 16 weeks postpartum. Desmosterol was 
found to be present in all the milk samples. Identification of desmosterol was based on retention times 
with two gas liquid chromatography (GLC) columns and verified by GC-mass spectrometry. The con- 
centration of desmosterol in breast milk increased significantly (P<.05) from 0.6 mg/100 ml at 2 
weeks to 13 mg/100 ml at 16 weeks postpartum. Desmosterol was not significantly correlated with 
total lipid, total cholesterol or free cholesterol in the milk. 
LipMs t8:264-266, 1983. 

Recent ly ,  we reported total  cholesterol  
concent ra t ions  in breast milk that  are less than 
those in many earlier reports (1). These earlier 
reports  have been reviewed (2,3). The major  
difference between our  work and the others  
was the me thod  of  cholesterol  analysis. We used 
gas liquid chromatography  (GLC),  whereas 
most  o the r  workers used a less specific colori-  
metr ic  assay. Al though the results using the 
color imetr ic  assay were repor ted  as cholesterol ,  
they may have represented a wider range of  
sterols (4). Therefore ,  we decided a detailed 
sterol analysis of  human milk was needed.  
During the analysis, we observed the presence 
of  desmosterol ,  a previously unident i f ied  sterol 
in human milk. In this paper,  the basis for  our  
ident i f icat ion o f  desmosterol  and its concentra-  
t ion in breast milk collected from mothers  
be tween 2 and 16 weeks pos tpar tum are 
reported.  

METHODS 

Milk samples were col lected f rom 10 mothers  
at 2, 6, 12 and 16 weeks pos tpar tum by the use 
of  an electric breast pump.  On the day o f  col- 
lec t ion,  total  milk from one breast was taken 
in the morning (9 :30-11 :30  A.M.) and again in 
the af ternoon (1 :30-3 :30  P.M.). After  collec- 
t ion,  the milk was immedia te ly  placed on dry 
ice and t ransported to the laboratory  for stor- 
age at -70 C. For  more in format ion  on the 
sampling see ( 1 ). 

On the day of  analysis milk was quickly 
thawed to 38 C and equal  volumes  o f  A.M. and 
P.M. milk pooled  for analysis. A known amoun t  
of  5 a-cholestane (0.2 mg/ml  milk) in chloro-  
fo rm/me thano l  (2: 1, v/v) was added to the milk 
as an internal standard. The total  lipids then 
were ext rac ted  by a modif ied Folch procedure  

lScientific Contribution No. 960, Storrs Agricul- 
tural Experiment Station, University of Connecticut, 
Storrs, CT 06268. 

*To whom correspondence should be addressed. 

as previously described (1). Af te r  the solvents 
were removed from the lipid ext rac t ,  the  total  

lipids were quant if ied by weighing. The sterols 
were isolated from o ther  lipid classes on Silica 
Gel G thin layer chromatographic  plates devel- 
oped with pe t ro leum e ther /e thy l  ether/glacial  
acetic acid (90 :30 :2 ,  v/v/v). Fur the r  analysis 
of  sterols was by GLC using stainless steel 
columns,  1.83 m x 2 mm,  packed with 3% 
SE-30 on 100/120 Gas Chrom Q GA 2318 
(Supelco Inc., BeUefonte,  PA). The operat ing 
condi t ions  for separat ion of  sterols were injec- 
tion por t  tempera ture  260 C, oven tempera ture  
240 C, de tec tor  tempera ture  260 C and carrier 
gas f low 38 ml He/rain.  Peak areas were re- 
corded and measured by the use of  a Hewlet t -  
Packard Model 3380-A recorder- integrator  and 
quant i f ied  by calculat ions of  relative response 
to 5 a-cholestane.  

The ident i f icat ion o f  desmosterol  was veri- 
fied by GC-mass spec t romet ry .  A 1.52 m x 2 
mm glass column packed with 3% OV-17 on 
Chromasorb  WHP 100/120 mesh (Supelco Inc., 
Bellefonte,  PA) was used. The in jec tor  tempera-  
ture was 300 C, the source tempera ture  was 
220 C and the je t -separator  tempera ture  was 
300 C. The co lumn tempera ture  was pro- 
grammed from 200 C to 290 C at 9 deg/min 
with a 15 min hold at 290 C. Hel ium was used 
as a carrier gas at a f low rate o f  25 ml /min .  The 
mass spec t rometer  (DuPont  DP 102) was 
opera ted  in the e lectron impact  mode  using 
70 eV potential .  

Statistical analysis o f  desmosterol  concentra-  
t ions in breast milk with t ime pos tpar tum was 
based on a comple te  block design with repeated 
measurements  (5). Once a significant change 
with t ime was detec ted ,  or thogonal  contrasts 
between t imes were per formed to de termine  if 
the change was linear or  quadrat ic .  Correlat ion 
analyses among  total lipid, total  cholesterol ,  
free cholesterol  and desmosterol  in the breast 
milk were per formed.  
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RESULTS AND DI$CU,~ION 

Desmos te ro l  is f ound  in m a m m a l i a n  t issues 
b u t  to  ou r  knowledge  has  n o t  been  observed  
in h u m a n  milk (6).  In th is  s tudy ,  the  GLC peak  
we t en ta t ive ly  ident i f ied  as desmos te ro l  had  
iden t ica l  r e t e n t i o n  t imes  wi th  a s t anda rd  o f  
desmos te ro l  on b o t h  the  SE-30 and  OV-17 
co lumns .  The  relat ive r e t e n t i o n  t ime  for  desmo-  
s te ro l  to  cho les te ro l  was 1.08 for  b o t h  GLC 
columns .  Because of  the  close r e t e n t i o n  t ime  
wi th  choles te ro l ,  care m u s t  be t aken  to  fully 
resolve desmos te ro l  f rom choles terol .  This  may  
expla in  why  there  are n o  repor t s  of  de smos t e ro l  
in  breas t  milk.  

The mass s p e c t r u m  of  the  peak t en ta t ive ly  
iden t i f i ed  as desmos te ro l  in breas t  milk is 
c o m p a r e d  to a s t anda rd  mass spec t rum of  
desmos te ro l  ana lyzed  u n d e r  ident ica l  condi -  
t ions  (Fig. 1). The  GLC peak of  each  of  the  
c o m p o u n d s  s h o w n  in Figure 1 had  a relat ive 
r e t e n t i o n  t ime  to  choles te ro l  o f  1.08. The  mass 
s p e c t r u m  of  the  c o m p o u n d  in b reas t  milk was 
s imilar  to the  mass s p e c t r u m  of  desmos te ro l  
s t anda rd  and  inc luded  the  base  peak at  m/e  69,  
t he  ma jo r  ion at  m/e  271 and  the  mo lecu l a r  ion 

69 

at m /e  384.  Based on  the  mass s p e c t r u m  da ta  
and the  r e t e n t i o n  t imes  observed  wi th  two  GLC 
co lumns ,  we have conc luded  tha t  desmos te ro l  is 
p resen t  in h u m a n  milk.  

Desmos te ro l  was p resen t  in all of  the  mi lk  
samples  ana lyzed  as d e t e r m i n e d  by GC analysis 
on  SE-30. The  c o n c e n t r a t i o n  ranged f rom 0.2 
to  1.9 m g / 1 0 0  ml.  For  c o m p a r i s o n  wi th  desmo-  
sterol ,  the  average c o n c e n t r a t i o n s  of  t o t a l  l ipid,  
to ta l  choles te ro l ,  and  free cho les te ro l  in these  
milk samples  f rom 2 to 16 weeks p o s t p a r t u m  
are given in Table  1. 

The  average c o n c e n t r a t i o n  of  desmos te ro l  
increased s ignif icant ly  ( P < . 0 5 )  f rom 0.6 mg/  
100 ml  at 2 weeks  to  1.3 m g / 1 0 0  ml at  16 
weeks p o s t p a r t u m .  The  increase had  s igni f icant  
( P < . 0 5 )  l inear  and  quadra t i c  c o m p o n e n t s .  The  
quad ra t i c  c o m p o n e n t  was due to the small  
increase  observed be tween  12 and 16 weeks.  
Desmos te ro l  was n o t  s ignif icant ly  corre la ted  
with to ta l  l ipid,  free choles te ro l  or  to t a l  choles-  
te ro l  in the  milk.  

The role of  desmos te ro l  in the  m a m m a r y  cell 
and  the  e f fec t  of  its p resence  in breas t  mi lk  on  
i n f a n t  n u t r i t i o n  are n o t  k n o w n .  However ,  the  
desmos te ro l  c o n c e n t r a t i o n  was equal  to  ca. 10% 

271 
01 SIS 107 
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FIG. 1. Mass spectrum of a standard of desmosterol (A) and a compound tentatively identified as desmo- 
sterol in human milk (B). 

T A B L E  1 

Lipids in Human  Milk a 

Parameters  2 6 12 i 6 CV b 

Total  l ipid (g /100  mi) c 3.9 4.1 4 .6  5.2 14.5 
Total  cholesterol  ( r ag /100  ml) c 11.0 9.7 10.3 10.4 16.3 
Free cholesterol  ( mg / 1 0 0  ml) c 8.7 8.1 8.5 7.9 16.7 
Desmosterol  ( m g / 1 0 0  ml) 0.6 0.9 1.2 l .  3 40 .6  

aMean of 10 observations. 
bCoefficient of variation (error mean square 0.5/~') • 100. 
CData previously reported (1). 

LIPIDS, VOL. 18, NO. 3 (1983) 



266 COMMUNICATIONS 

of the total  cholesterol concentration, making 2. 
it a major sterol in human milk. 

3. 
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Modulation of Platelet Thromboxane and Malonaldehyde 
by Dietary Vitamin E and Linoleate 1 

S U Z A N N E  ST.-J. H A M E L I N  and A L V I N  C. C H A N  :z ' * ,  Department of  Foods and Nutrition, 
University of  Manitoba, Winnipeg, Manitoba, Canada R3T 2N2 

ABSTRACT 

Thromboxane (TXB2) and malonaldehyde (MDA) production by thrombin-stimulated washed 
platelet were evaluated in rats fed 6 combinations of dietary vitamin E (0, 100, 1000 ppm) and lino- 
leate (6.5 and 17.0 en%) for 23 weeks. The molar ratio of MDA:TXB 2 was consistently near 3 in all 
groups studied. In animals receiving the lower linoleate diets, TXB 2 and MDA synthesis were inversely 
related to the dietary vitamin E concentrations and the levels of MDA and TXB 2 were positively cor- 
related (r = 0.99) with decreasing vitamin E in the diet. High dietary linoleate (17.0 en%), independent 
of vitamin E status, reduces TXB2and MDA synthesis. The importance of dietary antioxidant on plate- 
let prostanoid synthesis is discussed. 
Lipids 18:267-269, 1983. 

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

Platelets selectively incorporate arachidonic 
acid (AA) into their phospholipids and, upon 
stimulation, AA is released and can be metabo- 
lized via the lipoxygenase and the cyclooxygen- 
ase pathways (1,2). The predominant products 
from the cyclooxygenase pathway are throm- 
boxane A2 (TXA2), 12-hydroxyheptadeca- 
trienoic acid (HILT)and malonaldehyde (MDA) 
with minor formation of  prostaglandin (PG) 
E2, PGD2 and PGF2a. The direct measurement 
of TXB2, the aqueous decay product of  TXA2 
as well as the indirect measurement of MDA, 
have been used to reflect the cyclooxygenase 
activity in stimulated platelets. Originally shown 
to be a potent vasoconstrictor and platelet 
aggregator (3,4), the induction role of TXA2 in 
platelet aggregation has been challenged by the 
fact that aggregation and the release reaction 
can occur without detectable synthesis of TXA2 
(5). 

Certain dietary factors such as vitamin E (6- 
9) and the types of  fat (10-12) have been shown 
to influence platelet function and TXA2 syn- 
thesis. The present study was designed to eval- 
uate the quantitative difference between plate- 
let TXA2 and MDA production from rats fed 
six combinations of  dietary vitamin E and lino- 
leate for 23 weeks. 

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

Chemicals 

All chemicals and solvents were reagent grade. 

IA portion of this work was presented at the con- 
ference on Vitamin E: Biochemical, Hematological 
and Clinical Aspects, New York Academy of Science, 
November 1981. 

2Current address: Assistant Professor, Depar tment  
o f  Biochemistry, University o f  Ottawa, Ottawa, Ontar- 
io, Canada KIN 9B4. 

*To whom correspondence should be addressed. 

Dietary ingredients were purchased from ICN 
Biochemicals (Cleveland, OH) with the excep- 
tion of " tocopherol  stripped" corn oil which 
was from Eastman-Kodak (Rochester, NY). 
[3HlThromboxane  B2, sp act 125 Ci/mmol, 
was from New England Nuclear (Lachine, Que- 
bec). The thromboxane standard and antiplasma 
to TXB2 were gifts from Dr. J. Pike (Upjohn 
Co.) and Dr. L.K. Steel (SIl l ) ,  respectively. 
Thrombin, of bovine source, was from Sigma 
Chemicals (St. Louis, MO). Dextran T70 was 
from Pharmacia Fine Chemicals (Uppsala, 
Sweden). All glassware was treated with Siliclad| 
(Clay-Adams Inc., New York) before use. 

Animals and Diets 

Young male Sprague-Dawlcy rats, with an 
average weight of  85 g were divided into 6 groups 
and fed purified diets containing a combination 
of  2 levels of linoleate (6 s  and 17.0 en%) and 3 
levels of  [ dl] -~-tocopherol acetate (0, 100, 1000 
ppm) for 23 weeks. Details of the dietary com- 
position are described elsewhere (13). The spon- 
taneous red blood cell hemolysis test and plas- 
ma pyruvate kinase activity were determined 
and used as indicators of vitamin E status. The 
results were reported in a separate communi- 
cation (13). 

Platelet Thromboxane ITXB 2 ) and 
Malonaldehyde (MDA)  Production 

After 23 weeks of  feeding, blood was drawn 
via the abdominal aorta from pentobarbitol 
anaesthetized rat (50 mg/kg) using sodium 
citrate (3.8%) as anticoagulant (1:9 v/v). Plate- 
lets from 5 ml of blood were isolated by differ- 
ential centrifugation and washed with calcium- 
free Tyrode buffer, pH 7.4. The washed plate- 
lets were resuspended in 1 ml of complete Ty- 
rode and 200 #l were removed for protein deter- 
mination. The remaining platelets were stimu- 
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lated with thrombin (5 U/ml) at 37 C for 5 min 
and the reaction was terminated with 1 N for- 
mate to pH 3.5. An aliquot of 200 pl was frozen 
at -25 C for TXB2 determination and 500 #1 
were added to 3 rnl of 0.5% 2-thiobarbituric 
acid. The mixture was capped and boiled for 10 
min and MDA was detected from the chromogen 
formed (532 nm), using 1,1,3,3-tetraethoxypro- 
pane as standard. TXB2 was determined by 
radioimmunoassay (RIA) as previously described 
for 6-keto-PGFla (14). TXB2 production by 
stimulated platelet was linear from 0.5-2.0 mg 
of platelet protein (data not shown). RIA data 
were calculated using a logit transformation 
according to Rodbard et al. (15). Platelet pro- 
tein was determined by the method of Lowry 
et al. (16) using bovine serum albumin as stan- 
dard. 

RESULTS AND DISCUSSION 

The platelet protein content per blood vol- 
ume was significantly higher (P<0.01) in both 
groups of vitamin E-deficient rats (Table 1), 
representing a 140% and 172% increase (for 6.5 
and 17.0 en% linoleate, respectively) of  circu- 
lating platelets when compared with the vitamin 
E-supplemented rats. This observation is in 
agreement with that reported by Machlin and 
coworkers (17), who found an elevated platelet 
count in the vitamin E-deficient rats. 

Synthesis of TXB2and MDA by thrombin- 
stimulated platelets is presented in Figure 1. 
The molar ratio of  MDA:TXB2was consistently 
near 3 in all groups studied. In contrast, it has 
been reported that equal molar of MDA and 
TXB2 was produced from the TXA2 synthetic 
pathway (18). The higher molar ratio observed 
from this study suggests that MDA production 
by stimulated platelets was not solely derived 
from the TXA2 synthetic pathway. Indeed, the 
lipoxygenase product HPETE (hydroperoxy 
eicosatetraenoic acid), which has been shown to 
react positively with thiobarbituric acid (19), is 
likely to contribute to the high MDA values ob- 
served herein. 

At 6.5 en% of linoleate, both TXB2 and 
MDA production were inversely related to the 
vitamin E concentrations in the diet; moreover, 
levels of MDA and TXB2 were positively corre- 
lated (r = 0.99) with decreasing dietary vitamin 
E concentrations (Fig. 2). Such a relationship 
was not found to exist at a higher linoleate in- 
take (17.0 en%). When comparing dietary lino- 
leate levels, the MDA and TXB2 production 
was relatively lower in rats receiving a higher 
linoleate intake. This can be explained by a re- 
duced platelet arachidonate pool which has 
been shown to decrease and be replaced by lino- 
leate when dietary linoleate was increased (20). 

In vivo, vitamin E has been demonstrated to 
inhibit platelet aggregation in rats and humans 
(6-8) and to reduce TXB2 synthesis from colla- 
gen-stimulated platelets (9). The effect of  va ry-  
ing dietary vitamin E levels on platelet MDA 
and TXB2 production observed in this study is 
in line with these observations only at the low 
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FIG. 1. Thromboxanc (TXB 2 ) and malon',ddehyde 
(MDA) production by thrornbin-stimulated platelets 
from rats fed varying levels of vitamin E and linoleate 
for 23 weeks. Values are means -* SEM of 4-6 rats. 

T A B L E  1 

Platelet Protein Concentration (mg/ml Blood) from Rats Fed Purified Diets 
Containing Different Combinations of Vitamin E and Linoleate for 23 Weeks 

Dietary [dl ]-ct-tocopherol acetate Linoleate 
(ppm) 6.5 en% 17.0 en% 

0 0 . 9 1  �9 0 . 0 8  a 1 . 1 2  + 0 . 0 8  a 
1 0 0  0 . 6 5  �9 0 . 0 7  0 . 7 1  -+ 0 . 0 6  

I 0 0 0  0 . 6 5  + 0 . 0 3  0 . 6 5  + 0 . 0 2  

Values are mean + SEM of 5 to 6 animals per group. 
aSignificantly different (P<O.Ol)from tocopherol-supplemented groups by analysis of 

variance. 
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FIG. 2. Correlation between platelet malonalde- 
hyde and thromboxane B 2 production from rats fed 
6.5 en% linoleate and various concentrations (0, 100, 
I000 ppm) of vitamin E. Values are means of 4-6 rats. 

linoleate intake (6.5 en%). Using butter or corn 
oil as the sole dietary fat source, Agradi and co- 
workers (10) have reported a decrease in 14C- 
TXB2 incorporation from labeled arachidonate 
from the corn oil fed rabbi t  platelets.  Judging 
by results f rom their  s tudy,  this decrease in 
TXB2 fo rma t ion  could in part  be due to the 
higher  dietary vi tamin E con t en t  in the  corn oil 
diet. 

The mechanisms(s)  by which vi tamin E in- 
hibits  MDA and TXB2 p roduc t ion  is unclear  at 
present .  Prel iminary evidence f rom this labora- 
tory  has demons t r a t ed  that  platelet  phosphol ip-  
ase A 2 can be inhibi ted by vi tamin E in vi tro 
and in vivo (Chan,  unpubl i shed  observat ion) .  In 
conclusion,  data from this expe r imen t  clearly 
d e m o n s t r a t e d  tha t  dietary vi tamin E and fa t ty  
acid can modula te  the  levels of  TXB2 and 
MDA produc t ion  in th rombin-s t imula ted  washed 
platelets.  The results fur ther  suggest that  the 
level o f  die tary  an t iox idan t  should  be carefully 
considered when dietary fats, which conta in  
varying amoun t s  of  an t iox idan t ,  were used to  
test  for  the  t h r o m b o x a n e  syn the t i c  capaci ty of  
platelets.  
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The Effect of Vitamin C on in vivo Lipid Peroxidation 
in Guinea Pigs as Measured by Pentane and Ethane Production 
KARL-JOSEF KUNERT and AL L. TAPPEL,* 
Department of Food Science and Technology, University of California, Davis, CA 95616 

ABSTRACT 

Measurements oI pentane and ethane as indices of in vivo lipid peroxidation were made on samples of 
breath from vitamin C-sufficient and vitamin C-deficient guinea pigs injected with 23 ul carbon tet rachloride 
(CCh); I00 g body wt. Vitamin C-deficient animals producc~d significantly more pentane and ethane after 
CCL. treatment than did vitamin C-sufficient guinea pigs. Pretreatment of vitamin C-deficient animals with 
75 mg ascorbic acid; I00 g body wt significantly lowered both pentane and ethane evolution. Protection 
against in vivo lipid peroxidation similar to that provided by ascorbic acid was also found when vitamin C- 
deficient guinea pigs were pretreated with isoascorbic acid, reduced glutathione, et-tocopherol or /3- 
carotene. When animals were prctreatcd with the radical scavenger mannitol, a protective effect was also 
observed as measured by pentanc evolution. 
Lipids. 18:271-274. 1983. 

The deleterious effect of many xenobiotics, 
including carbon tetrachloride (CCh), is believed 
to be peroxidation of polyunsaturated fatty acids 
in biological membranes. Investigators who have 
undertaken studies of hydrocarbon gas evolution 
in the breath of animals as a measure of in vivo lipid 
peroxidation have been attracted to the use of 
CCh as a powerful initiator of peroxidation (I,2). 
Protection of test animals against CCh-induced 
lipid peroxidation requires a suitable amount  of 
the lipid-soluble antioxidant vitamin E (3-5). The 
involvement of other compounds, particularly of 
water-soluble ascorbic acid, in CCh toxicity has 
also been reported (6,7). The oral administration of 
CCh produced a marked decrease in the hepatic 
concentration of ascorbic acid (6). In rats, ascorbic 
acid has been shown to reduce mortality due to 
CCh exposure (7). 

Ascorbic acid, a vitamin in vivo, is a reducing 
agent that protects against lipid peroxidation in the 
guinea pig (8) and mouse (9). Tappel ( l 0), Tappel et 
al. (11) and others (12,13) have proposed that 
ascorbic acid is an antioxidant-syncrgist with vita- 
min E. The antioxidant role can be explained by 
the rapid interaction between vitamin E and ascor- 
bic acid. Vitamin E acts as a primary antioxidant,  
and ascorbic acid reductively regenerates oxidized 
vitamin E. Recently, the interaction between these 
vitamins has been observed by pulse radiolysis 
techniques (14). Several investigators have shown 
the antioxidative action of ascorbic acid in vitro 
(13,15,16). However, Chen (17) and Chen and 
Barnes (18) provided evidence that over a 1-2 
month period, supplementation of rats with high 
levels of vitamin C in diets with vitamin E levels 
normally considered to be adequate leads to ery- 
throcyte hemolysis. Because of these contradictory 
reports, there is further need to explore the antioxi- 
dative action of ascorbic acid in vivo. 

�9 1 o w'hom correspondence should be addressed. 

The present study demonstrated some new as- 
pects of both protection from in vivo lipid peroxi- 
dation by ascorbic acid and the efficiency of the 
vitamin to decrease peroxidation as compared with 
other protective agents. The sensitive measure- 
ments of expired pentane and ethane, decomposi- 
tion products of to6- and tu3-unsaturated fatty acid 
hydroperoxides, respectively (19), were used to 
show antioxidant protection of guinea pigs against 
lipid peroxidation. Peroxidation was initiated by 
CCI4 because the effects of CCh develop in a 
relatively short time and the differences in hydro- 
carbon gas production between CCh-treated and 
untreated animals are highly significant. 

METHODS 

Male Hartley guinea pigs were housed two per 
cage in a room kept at 20-22C with a 14-hr light and 
10-hr dark cycle. The animals were fed vitamin C- 
deficient and vitamin C-sufficient diets (20) begin- 
ning at 3 wk of age. At 5 wk of age, the guinea pigs 
fed the vitamin C-deficient diet had lost ca. 10-15% 
of their maximal body weight. Four hours prior to 
measurement of pentane and ethane production, 
these animals were injected intraperitoneally with 
either 75 mg of L-ascorbic acid, isoascorbic acid, 
reduced glutathione or mannitol in 0.9% saline/ 
100 g body wt. When either 75 mg of dl-~- 
tocopherol or B-carotene in mineral o i l /100g body 
wt were injected, basal hydrocarbon gas evolution 
was measured after 48 hr. 

Collection of expired air from guinea pigs fasted 
overnight and subsequent analysis of pentane and 
ethane were done essentially according to the 
procedure of Dillard et al. (21). The animals were 
placed into the chamber 15 min prior to collection 
of the sample, and the sample collection time was 
ca. 5 min. "[he calculation of ethane was based 
upon the gas chromatographic instrument response 
to pentane (22). After the basal levels of pentane 
and ethane were determined, each animal was ad- 
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ministered 23 p.I of CCI4 in mineral oil/100 g 
body wt by intraperitoneal injection. 

The significance of differences in pentane and 
ethane production between vitamin C-sufficient 
and vitamin C-deficient animals was determined by 
the Student's two-tailed t-test, p Values ~< 0.05 were 
considered significant. The significance of the 
influence of dietary vitamin C, vitamin C defi- 
ciency and of injected antioxidants on pentane and 
ethane production by guinea pigs was determined 
by one-way analysis of variance using weighted 
squares of the means. 

RESULTS 

The time course for expired pentane and ethane 
by vitamin C-sufficient and vitamin C-deficient 
guinea pigs following a single injection of 23 ~1 
CCla in mineral oil/100 g body wt is shown in 
Figure 1. The mean basal values were significantly 
greater for pentane (p = 0.004) and ethane (p = 
0.004) in vitamin C-deficient guinea pigs than in 
vitamin C-sufficient animals. Injection of mineral 
oil alone did not increase hydrocarbon gas produc- 
tion in either group of animals. The concentration 
of pentane in the breath of guinea pigs reached a 
maximum mean value 60 min after CCI, injection, 
whereas the maximum concentration of ethane was 
reached 15 min after CCL injection. After 120 min, 
vitamin C-deficient animals had 2. l-fold higher 
pentane production (p = 0.0004) than those fed the 
vitamin C-supplemented diet (Fig. IA). Pentane 

(p = 0.006) in vitamin C-deficient than in vitamin 
C-sufficient guinea pigs (Fig. I B). 

Neither administration of the water-soluble agents 
ascorbic acid, isoascorbic acid, glutathione or 
mannitol nor the administration of the lipid- 
soluble agents ,~-tocopherol or ,B-carotene over 4 hr 
or 48 hr, respectively, had a significant effect on 
either basal pentane or basal ethane evolution in 
vitamin C-deficient guinea pigs. Following an 
injection of a single dose of 23/al CCI, in mineral 
oil/100 g body wt, vitamin C-deficient animals 
pretreated with either ascorbic acid or isoascorbic 
acid produced a significantly lower (p = 0.01) total 
amount of pentane over a 120-rain time period than 
nonpretreated vitamin C-deficient guinea pigs (Fig. 
2A). Total pentane evolution was also significantly 
lower (p<  0.01) by vitamin C-deficient guinea pigs 
pretreated with either glutathione, ,x-tocopherol, 
B-carotene or mannitol than by untreated animals. 

A significantly lower (p<0.01) total amount 
of ethane was produced over a 30-min time period 
by vitamin C-deficient guinea pigs pretreated with 
either ascorbic acid, isoascorbic acid, reduced 
glutathione, ,~-tocopherol or ,B-carotene than by 
untreated animals fed the vitamin C-deficient diet 
(Fig. 2B). The total amount of ethane evolved by 
mannitol-pretreated vitamin C-deficient guinea 
pigs was not significantly lower than that by 
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production by the two groups was not significantly ~. '[ "'1J- 
different (p>  0.05) 15, 30 and 60 min after CCh in- z ~  0.6 ~ 
jection. Maximal ethane concentration in the breath = ' ~ / ~  ~  0 ~ o 
15 min after CCh injection was significantly greater ~ ~[[ ~ ~ l o . . ~ , , ,  ... tT 0.4 ~ ~ ~ 
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~ l C  ;>0 FIG. 2 Total net production of pentane (A) and ethane 
LLJ 
:~ ~ (B) above basal production over a 120-min and 30-rain 

I10 time period, respectively, after intraperitoneal adminis- 
t.,J tration of 23 ,ul CCh/100 g body wt. The net total amount 

0 50 60 90 I 10~ of pentane and ethane above basal amounts was cal- 
1200 30 60 ~ 12s culated by integration ofvalues obtained at 15,30and 120 

a_ TIME AFTER CCl 4 INJECTION (MIN) " 

FIG. 1. Time-response relationship for total (A) pen- 
tane and (B) ethane produced after intraperitoneal ad- 
ministration of 23 ,ul CCL/100 g body wt. Guinea pigs 
were fed a vitamin C-supplemented diet ( 0 , 0 )  or a 
vitamin C-deficient diet (A,/',). Basal values at 0 time 
shown represent the mean + SE of 13 vitamin C-sufficient 
and 30 vitamin C-deficient animals. Data shown at all 
other time points represent the mean + SE of 6 animals in 
each group. 

min for pentane and at 15 min and 30 min for ethane. The 
basal rate of ethane or pentane production was subtracted 
from the rate at each time point. Guinea pigs were fed a 
vitamin C-supplemented diet (a) or a vitamin C-deficient 
diet (b). Vitamin C-deficient animals were pretreated with 
75 rag/100 g body wt of either ascorbic acid (c), isoascor- 
bic acid (d). reduced glutathione (e) or mannitol (h) 4 hr 
prior to injection of CCI4 or pret reated with oL-tocopherol 
(f) or/3-carotene (g) 48 hr prior to injection of CCh. Data 
shown represent the mean+SE of 5 animals in each 
gro u p. 
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vitamin C-deficient animals. Among  the various 
pretreated vitamin C-deficient groups of animals, 
/3-carotene- ( p <  0.01), a- tocopherol-  ( p <  0.01), 
isoascorbic acid - (p<0.02)  and ascorbic acid- 
pretreated guinea pigs had a significantly lower 
total amount  of ethane than mannitol-pretreated 
vitamin C-deficient animals. 

DISCUSSION 

Many studies have shown expired hydrocarbons 
to be useful indices of in vivo lipid peroxidation 
(23). Several methods have been used to measure 
peroxidation, but most of the methods are time- 
consuming and are only applicable to postmortem 
tissue (24). Measurement of ethane and pentane 
seems to provide a sensitive indication of in vivo 
lipid peroxidation. The advantage of this nonin- 
vasive methodology is that a time course for 
peroxidative reactions can be followed in vivo after 
toxic substances such as CCh are administered. 

A large volume of evidence indicates that CCh is 
a powerful initiator of in vivo lipid peroxidation 
(1,2) and administration of CCh has been shown 
to elevate expired pentane or ethane dramatically 
(4,5). In our experiments, we demonstrated that 
CC14-treated guinea pigs also expired significantly 
increased amounts of hydrocarbons. More ethane 
than pentane was produced by CCh-injected guinea 
pigs in a short time period (Fig. 1) even though they 
had been fed a diet that contained 2.6% o~- 
unsaturated fatty acid for 2 wk. However,  this 
phenomenon seems partly to be dependent on the 

�9 differential solubility in fat of alkanes with differ- 
ent chain lengths (25). Therefore, ethane appears to 
be more readily released from the animal than does 
pentane, and more pentane could have been pro- 
duced than was measured in the breath of the 
animals. 

A variety of small molecules including vitamin E 
and ascorbic acid have been shown to decrease 
lipid peroxidation. Both basal and CCh-induced 
hydrocarbon gas production was greater in vitamin 
E-deficient animals (3-5,26) than in vitamin E- 
supplemented animals. In our studies, dietary 
vitamin C protected guinea pigs against lipid 
peroxidation. Consequently, both basal and CCI4- 
induced production of pentane and ethane was 
lower in animals fed a vitamin C-supplemented diet 
than in those fed a vitamin C-deficient diet. 
However, CCh-induced lipid peroxidation in vit- 
amin C-deficient guinea pigs as measured by 
pentane production was diminished by prior injec- 
tion of ascorbic acid, isoascorbic acid, glutathione, 
mannitol, ~-tocopherol or/3-carotene. Guinea pigs 
were pretreated with relatively high amounts  of 
these compounds to obtain a highly protective 
effect in short time experiments. Ascorbic acid 
exhibited an antioxidant capacity comparable  to 

that of the other agents used. However, among the 
compounds tested, mannitol provided the least 
protection to vitamin C-deficient guinea pigs as 
measured by pentane production. Further, ethane 
production by mannitol-pretreated animals was 
not significantly lower than that by vitamin C- 
deficient guinea pigs. Recently, Bors et al. (27) 
determined the relative reaction rates of various 
radical scavengers with alkoxy radicals. Among  
the compounds tested, those compounds most 
reactive with alkoxy radicals were ascorbic acid 
and isoascorbic acid, and the least reactive were 
polyhydroxylated agents, including mannitol. 

Overall, our experiments demonstrated that 
ascorbic acid enters into antioxygenic reactions in 
vivo. In addition to the known antioxidant protec- 
tion against membrane damage provided to animals 
by vitamin E, protection in vivo is also provided by 
ascorbic acid. This interpretation of the results is 
strongly supported by the finding that both vitamin 
C-supplemented or ascorbic acid-pretreated guinea 
pigs were more protected against CCh-induced 
lipid peroxidation than were vitamin C-deficient 
animals not treated with ascorbic acid. However, 
the antioxidant function of ascorbic acid appears 
to be relatively unspecific when CCL is used to 
induce peroxidation. Antioxidant  protection simi- 
lar to that of ascorbic acid was also provided by 
isoascorbic acid, glutathione, ~-tocopherol  and/3- 
carotene. It should be of interest to examine in 
more detail the action of both water-soluble and 
lipid-soluble antioxidants in in vivo lipid per- 
oxidation. 
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Biosynthesis of Long-Chain Polyenoic Acids from 
Arachidonic Acid in Cultures of Enriched 
Spermatocytes and Spermatids from Mouse Testis 
W. McLEAN GROGAN* and ELLEN G. HUTH, Department of Biochemistry, 
Box 614 MCV Station, Medical College of Virginia, Virginia Commonwealth University, 
Richmond, VA 23298 

ABSTRACT 

Primary spermatocytes (PS), round spermatids (RS) and condensing spermatids (CS) from mouse 
testes were enriched on Sta-Put 1 • g density gradients and cultured for 22 or 44 hr in the presence of [ 1- 
~4C]arachidonate. Mass and radioactivity were measured by gas radiochromatography of constituent fatty 
acids of the various complex lipid classes fractionated by thin layer chromatography. Patterns and levels of 
incorporation were compared with those of whole testis, both in vitro and in vivo. The 20: 4, 22:4, 22: 5, 24:4 
and 24:5 of the germinal cells contained levels of radioactivity in each lipid class which were consistent with 
an important role for the germinal cells in long-chain polyenoic acid (LCPA) metabolism. Cells which 
represented later stages of spermatogenesis (RS, CS) incorporated much higher percentages and absolute 
amounts of radioactivity into the fatty acids derived from 20:4 by elongation-desaturation pathways than 
did PS or whole testis in vitro. These differences were most pronounced in triacylglycerol of CS. 
Distributions of mass and radioactivity among lipid classes suggest synthesis of triacylglycerol by CS with a 
high degree of specificity for 22 or 24 carbon LCPA at the sn-3 position. 
Lipids 18:275-284, 1983. 

INTROOUCTION 

Long-chain polyenoic acids (LCPA) derived 
from linoleic (n-6) or linolenic (n-3) acid are found 
in high concentrations in the testes of many species 
(1-3). These fatty acids are specifically associated 
with later stages of germinal cell differentiation and 
22: 5n-6, which is the predominant  L C P A  in testes 
of mice and rats, has been shown to occur in highest 
concentrations in the spermatids of  those species 
(4-6). The pathways of biosynthesis of L C P A  in the 
testis by a series of elongation-desaturation reac- 
tions have been demonstrated in the rat (3,7-9) but 
very little is known about the specific membrane-  
bound enzymes involved. Especially notable and 
unusual for this type of fatty acid is the accumula- 
tion of 22:5 in triacylglycerol of condensing sper- 
matids in testes of  mice and rats (4,5). Since these 
and other lines of  indirect experimental evidence 
suggest that L C P A  play an important  role in 
spermatogenesis (1-3), the mechanisms involved in 
accumulation of these fatty acids and regulation of 
this process are of  considerable interest. 

The germinal cells differentiate (spermatogonia 
--  primary spermatocytes (PS) - -  round spermatids 

*To whom correspondence should be addressed. 
Abbreviations: LCPA=long-chain polyenoic acids; 20:4(n- 

6) = all cis-5,8,11,14-eicosatetraenoic (arachidonic) acid; 22:4(n- 
6)=all cis-7,10,13,16-docosatetraenoic acid; 22:5(n-6)=all cis- 
4,7,10,13, l 6-docosapentaenoic acid; 22: 6(n-3) = all cis-4,7, I 0,13, 
19-docosahexaenoic acid; 24:4(n-6)=all cis-9,12,15,18-tetraco- 
satetraenoic acid; 24: 5(n-6) = all cis-6,9,12,15,18-tetracosapenta- 
enoic acid; PS = primary spermatocytes; RS = round spermatids; 
CS=condensing spermatids; RB=residual bodies; WT=whole 
testis; RA = radioactivity; SRA = specific radioactivity. 

(RS) - -  condensing spermatids (CS) - -  spermato- 
zoa) in close communicat ion with each other and 
sustentacular Sertoli cells through intercellular 
j unctions (10). Evidence of mass movement  of  lipid 
among the associated cell types has been available 
for many years (11) and such movement  may 
complicate interpretation of composit ional anal- 
yses or metabolic studies in which intratesticular 
associations remain entirely or partially intact 
during experimentation. Beckman and Coniglio 
(8) have isolated rat Sertoli and mixed germinal 
cells after intratesticular injections of  [14C]arachi- 
donate (20:4) and noted selective accumulation of 
radioactivity in 22:5 of Sertoli cells with a time 
course suggestive of a precursor-product relation- 
ship between 20:4 and 22:4 and 22:4 and 22:5. 
However, Grogan and Lain (12) isolated PS, RS 
and CS from mice prior to incubation with [14C] 
acetate and obtained presumptive evidence for 
the presence of elongation-desaturation activities 
sufficient to account for the biosynthesis of L C P A  
from [lac]acetate which was seen in whole testis in 
vivo or in vitro. In addition, the enriched germinal 
cells were able to incorporate acetate into the full 
range Of fatty acids found in testicular lipids, to 
levels comparable with or higher than those seen in 
whole testis. 

In the present work, we have studied the in vitro 
incorporation of [1-14C]arachidonate into L C P A  
of various lipid classes by enriched PS, RS and CS 
in order to localize unambiguously the various 
biosynthetic capacities in the mouse testis. Metab- 
olism of [~4C]arachidonate by germinal cells is 
contrasted with that of whole testis by in vitro 
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incubations of whole testis and by in vivo intra- 
testicular injection of the labeled fatty acid. 

METHODS AND MATERIALS 

Germinal Cell Enrichment 

Testes from 5 white Swiss mice (Microbiological 
Associates) were decapsulated and dispersed in 
Eagle's Minimum Essential Media (MEM) for 
suspension cultures (Flow Laboratories) with hy- 
aluronidase (Sigma, Type V) and cotlagenase (Sig- 
ma, type II). Cells were sedimented at 1 X g on an 
albumin density gradient using a Sta-Put apparatus 
as we have described in detail elsewhere (13). 
Fractions 12-17 (PS), 24-30 (RS) and 31-36 (CS) 
from the 40 fraction gradients were pooled and 
found to be enriched in primary spermatocytes, 
round spermatids and condensing spermatids, re- 
spectively, by histological evaluation as described 
previously (13). Cell compositions of the respective 
pooled fractions were 61, 30, 4 and 0%; 6, 63, 27 
and 3%; and 3, 11,62 and 24% PS, RS, CS and RB, 
respectively. All solutions were filtered through a 
0.2-# filter, and glassware and apparatus were 
autoclaved prior to use. Solutions were additionally 
supplemented with penicillin (25 units/ml), strep- 
tomycin (25 tzg/ml) and Fungizone (2.5 ~zg/ml, 
Gibco). Concentrations of cells were determined by 
hemocytometer counts. Viability was checked by 
trypan blue exclusion, by 02 uptake using a Clarke 
oxygen probe (Yellow Springs Instrument Co.), by 
phase contrast microscopy and by [~4C]arachi- 
donate uptake. 

[l*C]Arachidonate Incorporation 

Dispersed cells (6• 106 PS, Ii  • 106 RS or 17• 
106 CS) or single whole decapsulated testes were 

incubated in 125 ml p~astic culture flasks in an 
air/CO2 (95:5) incubator at 37 C for 22 or 44 hr. 
Five ml of MEM contained 120 ~mol glucose and 
10 ~Ci [ l J4C]arachidonate (New England Nuclear, 
56 mCi/mmol). The pH of incubations was moni- 
tored by phenol red indicator included in the 
commercial MEM. For whole testis in vivo studies, 
mice were ether anesthetized and injected intra- 
testicularly with I0 #Ci ~4 [ C]arachldonate through 
small abdominal incisions which were then closed 
with surgical staples. Mice were sacrificed after 22 
or 44 hr and testes were removed and decapsulated. 
Germinal cell suspensions were centrifuged at 60 • 
g for 10 min and washed twice with phosphate 
buffered saline. All experiments were terminated 
by extraction of cells or tissue with CHCI3 / MeOH 
(1: 1) as described below. 

Gas Radiochromatographic Analyses 

Total lipids were extracted from ceils and tissues 

by the modified Folch procedure of Bridges and 
Coniglio (14). Total radioactivities of the extracts 
were measured by liquid scintillation counting of 
aliquots. The extract was dried under a stream of 
N2 and methyl esters of the fatty acids were formed 
by transesterification with sodium methoxide as we 
described earlier (4). Methyl esters were analyzed 
for mass and radioactivity by a Packard 427 gas 
chromatograph equipped with a sample splitter 
(9: 1) which divided the column effluent between a 
calibrated Packard 497 gas proportional radiation 
counter (83% efficiency) and a flame ionization 
mass detector. Gas chromatography was otherwise 
carried out as we have described previously (4). 
Radioactivity was assigned to specific fatty acids 
by corresponding retention times. 

Radiochromatogrephic Analysis of Lipid Classes 

Total lipids were extracted from tissues or 
pelleted cells by the modified Folch procedure of 
Bridges and Coniglio (14). Radioactivity was meas- 
ured in aliquots of the lipid extract in a liquid 
scintillation counter. Extracts were dried under a 
stream of N2, redissolved in CHCI3 and separated 
on Whatman LHP-K silica gel thin layer plates 
developed with petroleum ether/ethyl ether/HOAc 
(80:20: 1). Bands of phospholipid, triglyceride and 
cholesterol esters were visualized with Rhodamine 
6G spray (Supelco) under ultraviolet light and 
scraped into screw-capped vials for methylation by 
transesterification with methanolic sodium meth- 
oxide (Supelco). Samples were sealed under N: and 
allowed to stand overnight at room temperature. 
Three vol of water were added and methyl esters 
were extracted at 4 C with petroleum ether for 
analysis by gas radiochromatography as already 
described. Radioactivity was measured in aliquots 
of the methyl ester extracts by liquid scintillation 
counting. All values were corrected to 100% of 
total radioactivity to adjust for extraction effi- 
ciency and pipetting or subsampling losses (dpm in 
a lipid class=% dpm in that class• lipid- 
soluble RA; dpm in a specific fatty acid = % dpm in 
that fatty acid• RA in total fatty acid). Mass 
analyses were internally standardized by total 
radioactivity of fatty acid measured by both liquid 
scintillation counting and the calibrated gas pro- 
portional counter, using the assumption that re- 
covery of mass = recovery of RA and the equality, 
total mass (mg) = total RA (dpm) + SRA (dpm/mg). 

RESULTS 

Fatty acid compositions of lipid classes from 
eriched germinal cells and whole testis (WT) (Table 
1) were not significantly different after 22 or 44 hr 
of incubation from those which we have reported 
previously for fresh cells (4). Composition of 
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TABI.E 1 

Fatty Acid Distributions of Enriched Germinal Cell Suspensions and 
Whole'lestes after Incubation with ,4 . [ C ]Arachidonate ~ 

277 

Percent total fatty acid • SEM 

Celt 
type (N) 16:0 18:0 18: I 18:2 20:4 22:4 22:5 22:6 24:4 24:5 

"lotal lipid 

PS ( 6) 34• 10• 15• 4• 14+0.8 2• 11• 7• 1• 1• 
RS ( 6) 36• 7• 10• 4• 13• 2• 16• 10• 1• I• 
CS ( 6) 37+2.7 7• 10• 4"+0.3 11• 3• 17• 9• 2• 1• 
WT (14) 32• 9• 16• 1.4 4• 12• 3• 13• 8• 2• 2• 

Phospholipid 
PS ( 6) 41• 11• 13• 4• 14• 1• 10• 6• 1+0.1 I• l 
RS ( 6) 45• 9• 10• 3• 11• 1• 12• 7• 1• I+0.0 
CS ( 6) 44• 10• 9• 3• 10• 2• 13• 8+--0.9 I• 1• 
WT (14) 37• I1• 12• 2• 12• 2• 13• 8• I• 1• 

Triacylglycer ol 

PS ( 6) 25• 9• 21• 6• I1• 5• 12• 7• 
RS (6) 26• 6• 16• 1.3 4• 10• 6• 20• 6• 
CS ( 6) 30• 4+0.6 15• 3• 6• 6• 27• 1.6 5• 
WT (14) 28+0.8 6• 25• 9+1.4 10• 3• I1• 5• 

Diacylglycer ol 
PS (5)  39• 11• 14• 6• 11• 2• 10• 7• 
RS ( 5) 45• 10• 11• 6• 9• 2• I I •  6• 
CS ( 5) 50Z2.0 1(1• 11• 3• 7• 2• 10• 6• 
W] (10) 36• 12• 14• 4• 12• 2~0.2 11• 6• 

2• 
2• 
2• 

• 

2• 
2• 
2• 
2• 

• 1• 
• 1• 
• 1• 
• 2• 

'Cell suspensions or ,*'hole dccapsulated testes were incubated for 22 or 44 hr, washed free of exogenous 
fatty acids and analyzed by gas chromatography. N = number of experiments. 

diacylglycerol  is r epor ted  for the first t ime.  The  
20:4 decl ined as a pe rcen tage  of  total  fatty acid,  
whereas  the pe rcen tage  of  22:5 increased,  with 
progress ive  stages o f  spe rma togenes i s  ( P S - - R S - - -  
CS). The  same  t rend  was seen in phospho l i p id ,  but 
it was most  p r o n o u n c e d  in the fatty acid c o m p o s i -  
t ion of  tr iacylglycerol .  Thc  c o r r e s p o n d i n g  masses  
of  n-6 L C P A  shown  in Table  2 have been weighted  
for n u m b e r  of  cells and  mean  vo lumes  o f  individual  
cclls in the respect ive  cell suspens ions ,  as  es t imated  
f rom cell d iamete r s  and the pos i t ions  of  the cells in 
the S t a -Pu t  g rad ien t  (15). This  yields a t rue  concen-  
t ra t ion  p a r a m e t e r  which is cor rec ted  for  the large 
d i f ferences  in cell vo lume  a m o n g  the var ious  cell 
types. The  concen t r a t i ons  of  n-6 L C P A  were 
higher  in all lipid classes o f  later s tages o f s p e r m a t  o- 
genesis  (RS,  CS)  than  in PS.  The  c o n c e n t r a t i o n s  of  
o the r  fatty acids  were also h igher  in thc later s tages 
(data  not  shown)  but the diffcrent ia l  was smal ler ,  
as may  be deduced  f rom the higher  pe rcen tages  of  
n-6 L C P A  found in the later stages. Dif fcrent ia l  
increases in n-6 L P C A  of  latcr s tages can be largely 
accoun ted  for by d i s p r o p o r t i o n a t e  and  progress ive  
increases in concen t r a t i on  of  I . C P A  in tr iacyl-  
glycerol  which are  reflected in progress ive  increases  
of  pe rcen tagc  c o m p o s i t i o n  f rom 32--40--43o~ of  
fatty acid in I . C P A  (see Table  I). Increases  in the 

concen t r a t i ons  of  22:4, 22:5, 24:4 and  24:5 were  
p ropor t iona l ly  larger than  increases  in 20:4 in all 
lipid classes. Fo r  example ,  22:5 was 4-fold h igher  
in t r iacylglycerol  o f  CS than  in PS,  whereas  20:4 
was only 1.7-fold higher.  

Time Course of ~4C Incorporation 

I n c o r p o r a t i o n  of  rad ioac t iv i ty  f rom [14C]arachi- 
d o n a t e  into the n-6 L C P A  of  testis  cell su spens ions  
was a p p r o x i m a t e l y  l inear for the  first 22 hr  (Fig. 1). 
Af te r  this t ime, d iscont inui t ies  occur red ,  suggest ive  
of  a l tered metabo l ic  funct ion .  D i s t r ibu t ion  of  
radioact iv i ty  a m o n g  L C P A  rema ined  cons t an t  
af ter  sufficient  radioact iv i ty  was present  for rad io-  
c h r o m a t o g r a p h y ,  suggest ing that  equ i l ib ra t ion  of  
radioact iv i ty  a m o n g  the var ious  p recu r so r  poo l s  
was achieved early in the t ime course.  Cell viabil i ty 
was 99% after  6 hr, 87% after  11 hr  and r ema ined  at 
70-80% for all t ime poin ts  thereaf ter .  Cell c o m p o s i -  
t ion did not  change  significantly.  S u s p e n s i o n s  
enr iched  in PS,  RS or  CS by the S t a - P u t  g rad ien t  
showed  no net increase in specific rad ioac t iv i ty  or  
total  radioact ivi ty  (Tables  3 and 4) in any fatty acid 
af ter  22 hr. D i s t r ibu t ions  of  rad ioac t iv i ty  and  fatty 
acid c o m p o s i t i o n s  of  these  s u s p e n s i o n s a l s o  re- 
ma ined  unchanged  f rom 22-44 hr. This  was sug- 
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TABLE 2 

Concentration of n-6 Fatty Acids in Lipid Classes 
of Enriched Germinal Cell Types ~ 

Fatty acid (#g/106 cells/100 ta 3+ SEM) 

Lipid class 20:4 22:4 22:5 24:4 24:5 Total n-6 

Primary spermatocytes 

Total lipid 174+-31 26+- 5 140+- 23 9+- 2 14+-2 365-+ 62 
Phospholipid 125-+24 10 + 2 91-+ 16 6-+ 7 7+-3 238-+ 44 
Triacylglycerol 26+ 5 12-+ 2 29-+ 5 4+- 1 4-+1 75-+ 14 
Diacylglycerol 6+- 2 l+  0.3 4+- 1 0.4 + _ 0.1 1+_0.3 13+- 2 
Methylester 4-+ 1 1+- 0.5 3+- 1 3+- 1 4+-2 16+- 5 

Round spermatids 
Total lipid 374+44 b 69+- 9 b 457+- 37 b 30+- 9 27+5 c 974+- 95 b 
Phospholipid 252+36 ~ 30+- 4 c 260+- 28  b 24+- 6 c 18+3 c 583+- 70 b 
Triacylglycerol 44+- 9 27-+ 5 ~ 89+- 14 b 10-+ 3 7+-2 178+- 26 b 
Diacylglycerol 14+- 2 ~ 2+- 0.4 11+- 3 1+ 0.2 c 2+-0.6 33+- 5 b 
Methylester 9-+ 2 3+- 0.6 ~ 9+- 1 b 5+- 2 8+-2 34+- 8 

Condensing spermatids 
Total lipid 408-+95 c 95 + 16 b 547- + 154 c 60 + 13 b 44-+7 b 1235-227 b 
Phospho|ipid 286+49 ~ 47+ 8 b 268-+ 76 27 + 8 20-+6 743+109 b 
Triacylglycerol 40-+ 7 39+1 c 174-+ 42 b 21+-11 18+-6 291-+ 75 c 
Diacylglycerol 14+- 5 4-+ l ~ 20+- 7 3-+ 2 2-+0.7 43+- 15 
Methyl ester 9-+ 3 6 + 2 c 12-+ 5 5+- 0.7 12+-4 45-+ 14 

aLipids were extracted from suspensions of germinal cells after 22 or 44 hr incubations. Lipid classes were 
separated by thin layer chromatography and constituent fatty acids were analyzed by gas chromatography. 
Values are expressed as a ratio to cell volume to reflect accurately contribution to whole testis composition. N = 5 
in each case. Statistical analysis is by Student's t-test. 

bDifferent from value for primary spermatocytes, p<,01. 
~Different from value for primary spermatocytes, p<.05. 
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FIG. 1. Incorporation of [l-t4C]arachidonate into 
LCPA by germinal cell suspensions as a function of time. 
Dispersions of testis cells containing 95% germinal cells 
were incubated for the times specified. Lipids were 
extracted and constituent fatty acids were analyzed by gas 
radiochromatography. Value plotted on the ordinate is 
specific radioactivity of respective LCPA. 

gestive of  a metabol ical ly  quiescent  s tate  o f  these 
cells dur ing  this t ime per iod and  al lowed poo l ing  of  
results  f r o m  these t ime points.  O n  the o ther  hand ,  
whole  testis in vi t ro i nco rpora t ed  addi t ional  radio-  
activity and increased specific radioact ivi t ies  of  n-6 
L C P A  f r o m  22 to 44 hr  and  this da ta  is r epor ted  
separately (Table 5). 

Distribution of Radioactivity 

Enriched germinal  cell su spens ions  and whole  
testis incorpora ted  ~4C f rom [1J4C]a rach idona t e  
into all ma jo r  lipid classes and their  cons t i tuen t  n-6 
L C P A  (Tables 3-7). In  every case, at least 99% of  
radioact ivi ty was  inco rpora t ed  into c omple x  lipid 
(Table 7). In  addi t ion,  low levels (<1%)  of  radio-  
activity were occasional ly  found  in 16:0, 18:0, 18:1 
and fatty acids wi th  chain lengths  > 2 4  ca r bons  
(data  not  shown) .  Ox ida t ion  is appa ren t ly  no t  an 
i m p o r t a n t  metabol ic  fate of  n-6 L C P A  in these 

cells. 
All in vitro incubat ions ,  including b o t h  whole  

testis and  germinal  cell suspens ions ,  i nco rpora t ed  
2% or less radioact ivi ty into 22:5, the m a j o r  n-6 
L C P A  of the mouse  testis (Table 6). Whole  testis in 
vivo incorpora ted  radioact ivi ty into 22:5 and  24:5 
to a higher  percentage  and specific radioact ivi ty  
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TABLE 3 

Specific Radioactivities of n-6 Fatty Acids and Lipid Classes 
of Enriched Germinal Cells Incubated with [1-~4C]Arachidonate ~ 

279 

Specific radioactivity (dpm/#g fatty acid• 10 2_+SEM 

Lipid class 20:4 22:4 22:5 24:4 24:5 

Primary spermatocytes 
Total lipid 659-+123 466-+113 9 + 2 336-+ 79 69-+ 25 
Phospholipid 617-+ 125 513_+ 119 8 + 2 463-+ 121 69-+ 27 
Triacylglycerol 989 -+ 160 587 -+ 118 16 -+ 3 676 _+ 182 1 l 8 -+ 28 
Diacylglycerol 415_+ 107 416+ 109 18-+ 5 323+ 91 99-+ 10 
Methyl ester 952_+308 898_+ 154 36-+ 8 625_+ 187 43-+ 17 

Round spermatids 
Total lipid 979 _+ 60 b 748-+ 46 h 15 + 4 1177_+ 247 ~ 188 -+ 28 b 

Phospholipid 1008-+ 67 h 793 -+ 173 11 -+ 3 564-+ 144 148 _+ 30 
Triacylglycerol 1356 -+ 120 941 -+ 119 22 + 7 1850-+ 505 ~ 279 _+ 69 
Diacylglycerol 650 + 80 836-+ 121 n 17 _+ 3 400-+ 125 207-+ 130 
Methyl ester 1255-+ 185 1619+_232 ~ 46-+ 11 1334_+426 70-+ 12 

Condensing spermatids 
Total lipid 1084_+ 68 b 994_+ 80 ~ 11 + 4 987+_145 ~ 200+ 59 
Phospholipid 1075-+ 125 b 814-+ 135 15-+ 4 804_+ 176 162+ 43 
Triacylglycerol 1914+_121 ~ 1302+155 c 19_+ 2 2290+445 c 324- + 72 b 
Diacylglycerol 846-+ 81 b 1155+167 c 22_+ 5 803-+159 b 206- + 33 b 
Methyl ester 1999-+ 50 b 1474-+ 117 b 46-+ 4 2348-+ 1245 95-+ 28 

"Enriched germinal cells were incubated with 10 #Ci [l-~4C]arachidonate for 22 or 44 hr. Lipids were 
extracted, fractionated into lipid classes by thin layer chromatography and analyzed by gas radio- 
chromatography. N = 5 in each case. Statistical analyses by Student's t-test. 

bDifferent from value for primary spermatocytes, p<.05. 
~Different from value for primary spermatocytes, p<.01. 

t han  did whole  testis  in vi tro,  but  specific rad io-  
activit ies for  the  o the r  n-6 LCPA were qui te  
c o m p a r a b l e  (Table  5). On  the  o the r  hand ,  22:5 and  
24:5 of  ge rmina l  cell suspens ions  (Table  3) had  
specific radioact ivi t ies  c o m p a r a b l e  to those  of  
whole  testis in vivo,  but  the o the r  n-6 L C P A  of  
germina l  cells had specific radioact iv i t ies  m u c h  
h igher  than  those  of  whole  testis in vivo. Whi le  it is 
difficult  to  in terpre t  these  f indings  wi thou t  precise 
knowledge  of  the  specific radioact iv i t ies  o f  the 
respect ive  L C P A  precur so r  pools ,  specific r ad io -  
activities o f  the  var ious  fa t ty  acids  s h o w n  in Tab le  5 
are c o m p a r a b l e  in whole  testis in vivo and  in vi t ro  
af ter  22 hr, sugges t ing  tha t  the p r ecu r so r  poo l s  a lso  
have c o m p a r a b l e  specific radioact ivi t ies .  The  de-  
crease in relat ive and  abso lu te  i n c o r p o r a t i o n  into 
the  pen taeno ic  acids may  be m o r e  a f unc t i on  of  in 
vi tro incuba t ion  t h a n  cell compos i t i on .  I n c u b a t i o n  
of  dupl ica te  suspens ions  or  who le  testis  in an  
a t m o s p h e r e  of  O2/CO2 (95:5) d id  no t  affect  the  
d i s t r ibu t ion  o f  rad ioac t iv i ty  (da ta  no t  shown) .  
S o m e w h a t  surpr is ingly,  the  d i s t r ibu t ion  o f  rad io-  
activity a m o n g  lipid classes in ge rmina l  cell suspen-  
s ions  was pract ical ly  ident ical  to  tha t  o f  whole  
testis  in vivo but  very d i f ferent  f r o m  who le  testis in 
~r (Table 7). 

The  conc e n t r a t i on  of  rad ioac t iv i ty  wi th  respec t  
to cell vo lume  (Table  4) was d ramat i ca l ly  h igher  in 

RS  and  CS than  in PS  for  each n-6 L C P A  in each  
lipid class. This  t r end  was progress ive  for  the  s tages 
o f  d i f ferent ia t ion ,  P S - - R S - - C S .  In  each lipid class, 
concen t r a t i ons  of  rad ioac t iv i ty  in 22: 4, 22: 5, 24:4 
and  24:5 were  d i s p r o p o r t i o n a t e l y  h igher  in R S  and  
CS t h a n  were  concen t r a t i ons  o f  rad ioac t iv i ty  in 
20:4. F o r  example ,  concen t r a t i ons  in 20:4, 22:4, 
22:5 and  24:4 were  2 . 7 - ,  7 . 3 - ,  7 . 3 - ,  and  14-fold 
h igher  in t r iacylglycerol  o f  CS t h a n  in PS.  

The  specific radioact iv i t ies  o f  the  n-6 L C P A  
were  also higher  in the  later  s tages t h a n  in PS 
(Table  3) but  the  d i s p r o p o r t i o n a t e  progress ive  
increases  in c o n c e n t r a t i o n  of  rad ioac t iv i ty  a m o n g  
the  L C P A  were masked  s o m e w h a t  by of fse t t ing  
d i s p r o p o r t i o n a t e  increases  in the  concen t r a t i ons  o f  
mass  o f  some  of  the  L C P A ,  wi th  progress ive  s tage 
of  d i f ferent ia t ion .  This  was especial ly t rue  for  22:5 
which  was 8-fold h igher  in rad ioac t iv i ty  o f t r i acy l -  
glycerol  in CS t h a n  PS ,  but  also 6-fold h igher  in 
mass .  

The  d i s t r ibu t ion  o f  14C in diacylglycerol  o f  
germinal  cells was unlike that  o f  e i ther  phospho l ip id  
or  t r iacylglycerol  (Table  6). The  pa t t e rn  o f  i nco rpo -  
r a t ion  into diacylglycerol  was  m o r e  s imilar  to tha t  
o f  t r iacylglycerol  in PS,  but  the  pe rcen tages  o f  
rad ioac t iv i ty  in the  L C P A  der ived by e longa t i on  o f  
20:4 increased d ramat ica l ly  in t r iacylglycerol  wi th  
increas ing  stage of  spe rma togenes i s  (25 - -40 - -50% 
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TABLE 4 

Incorporation of [1-14C]Arachidonate into n-6 Fatty Acids and Lipid Classes by Enriched 
Germinal Cells as a Function of Cell Number and Volume ~ 

Radioactivity (dpm/10 ~ cells/100/3) 

Lipid class 20:4 22:4 22:5 24:4 24:5 Total RA 

Primary spermat ocytes 

Total lipid 1163• 112• 37 11• 2 35• 8 8• 2 1329• 423 
Phospholipid 750• 24 43 + 9 7_+ 2 23• 9 2• 1 826• 262 
Triacylglycerol 266• 80 70+- 25 4• l 31• 15 4• 1 376• 120 
Diacylglycerol 20• 3 2• I 0.7-+ 0.2 1_+ 0.6 0.8_+ 0.3 26• 5 
Methylester 39• 18 14• 6 1• 0.3 12• 0.7 2• 0.5 69+ 35 
Cholesteryl 28• 14 8• 5 1• 0.4 2• 1 2• 0.7 40-+ 27 

ester 
Round spermatids 

Total l i p i d  3659• b 524 + _ 93 b 41 • 10 c 334 + 95 ~ 52• 13 ~ 4645• 575 b 
Phospholipid 2567+-439 b 223• 36 b 31+10 ~ 295• 25+ 8 r 3142• 411 b 
Triacylglycerol 601• 270• 72 ~ 21-+ 7 215_+ 81 27• 8 ~ 1134_+ 295 ~ 
Diacylglycerol 87_+ 14 b 19_+ 4 ~ 2+ 0.5 ~ 6 + 2 2• 1 118• 20 b 
Methylester 118+ 29 47• 12 c 4• 1 48 + 9 ~ 6• 2 ~ 222• 54 r 
Cholesteryl 48_+ 10 15• 5 1_+ 0.5 12 + 5 2• 0.6 78• 20 

ester 
Condensing spermatids 

Total l i p i d  4344+939 ~ 961+_208 h 66• c 602+179 ~ 100+36 ~ 6073 • 1286 b 
Phosphol~pid 2887+--393 b 347+__ 46 h 52• h 213• 69 c 27• 6 b 3538 + _ 517 b 
Triacylglycerol 776• 132 ~ 516• 164 ~ 32• 6 h 437+212 h 58• 1819+- 519 c 
Diacylglycerol 127• 54 36• 17 4• I c 19 + 10 5+ 2 196• 82 
Methylester 177• 52 ~ 95• 40 5_ + 2 r 46- + 7 ~ 13 + 8 424• 175 
Cholesteryl 39• 13 12• 5 1• 0,7 20• 13 6• 4 72• 32 

ester 

aCell suspensions were incubated with 10/~Ci [ 1J4C]arachidonate for 22 or 44 hr. Lipids were extracted and 
fractionated by thin-layer chromatography and assayed for radioactivity by scintillation counting and gas 
radiochromatography. N = 5 in each case. Statistical analysis is by Student's t-test. 

bDifferent from value for primary spcrmatocytes, p<.01. 
CDifferent from value for primary spermatocytes, p<~.05. 

of  radioactivity).  There  was  no  parallel  shift  of  this 
magn i tude  in percentages  of  i n c o r p o r a t i o n  into 
diacylglycerol or  phospho l ip id .  This  is cons is ten t  
wi th  b iosynthes is  of  t r iacylglycerol  f r o m  diacyl- 
glycerol by acylat ion of  the sn-3 pos i t ion  wi th  a 
high specificity for  22 or  24 c a r b o n  L C P A  in the 
later stages of  spermatogenesis .  Fa t ty  acid compos i -  
t ions  also s u p p o r t  this view. Diacylglycerol  resem- 
bled phosphol ip id  in fatty acid composi t ion ,  whereas  
tr iacylglycerol was  quite  different  in c o m p o s i t i o n  
f r o m  each o f  the o ther  lipids (Table  1). The  18 
c a r b o n  fatty acids were  no tab ly  h igher  in triacyl- 
glycerol of  PS t h a n  in tr iacylglycerol  of  later  stages 
(36% vs 26% and  22%) whereas ,  as p rev ious ly  
noted ,  the L C P A  were m u c h  higher  in triacyl- 
glycerol of  later  stages,  especially CS. Wherea s  
mos t  of  the fatty acids had the same  or  a lower  
percentage in tr iacylglycerol t h a n  in diacylglycerol,  
18: 1, 22:4 and  22:5 were  consis tent ly  h igher  in 
triacylglycerol t han  in diacylglycerol.  The  18:1 
showed  the greatest  increase in PS,  whereas  the 22 
c a r b o n  fat ty acids accounted  for  m o s t  of  the 
increase in later stages. F r o m  s toch iomet r i c  con-  
s iderat ions,  these obse rva t ions  are cons is ten t  wi th  

b iosynthes is  of  tr iacylglycerol  f r o m  diacylglycerol  
by acyla t ion of  the sn-3 pos i t ion  wi th  ei ther  18 
c a r b o n  fatty acids or  22:5, the lat ter  fat ty acid 
p r e d o m i n a t i n g  in later stages. 

Lipids having the c h r o m a t o g r a p h i c  mobil i t ies  of  
methyl  esters and  cholesteryl  esters con ta ined  n-6 
L C P A  which  were labeled w i t h  ~4C to a high 
specific radioactivi ty (Table 3). These  f rac t ions  
were not  further  characterized chemically. A l though  
d is t r ibu t ion  of  radioact ivi ty  in the methy l  ester 
band  was  similar  to tha t  of  tr iacylglycerol,  specific 
radioactivit ies of  L C P A  in this f ract ion were the 
highest  seen in any lipid class. 

Temperature Effects 

In  o rder  to assure  tha t  results  were  no t  affected 
by incubat ion of  cells at tempera tures  slightly higher 
t h a n  the no rma l  scrotal  t e m p e r a t u r e  of  the mouse ,  
a comple te  set of  i n c o r p o r a t i o n  studies was  carried 
out  at 32 C. PS,  RS,  CS a n d ' w h o l e  testis i ncorpo-  
rated [ I J 4 C ] a r a c h i d o n a t e  into fatty acids and  lipid 
classes in pa t te rns  and  p r o p o r t i o n s  which  were no t  
d is t inguishable  f r o m  those  of  37 C incuba t ions  
(da ta  no t  shown)  af ter  22 hr.  
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TABLE 6 

Distribution of Radioactivity among Fatty Acids and Lipid Classes of Enriched Germinal Cell 
Suspensions and Whole Testis Incubated with [l-~4C]Arachidonate ~ 

% Total radioactivity_+ SEM 

Cell type (N) 20:4 22:4 22:5 24:4 24:5 

Total lipid 

PS(6) 88• 6• 1 • 3• 1 _+0.1 
RS(6) 81• 10• 1 • 6• 1 • 
CS(6) 76• 13• 1 • 8• 1 • 
WTinvitro(14) 78_+1.3 14• 2 • 4• 2 • 
WTinvivo(4) 68_+1.9 13• 10 • 3• 6 • 

Phospholipid 

PS(6) 91-+1.2 5_+0.5 1.0• 3_+0.4 0.5• 
RS(6) 87_+1.7 7-+1.0 1.2_+0.2 4• 0.8• 
CS(6) 83-+1.8 10_+0.6 1.3• 5• 1.0• 
WTinvitro(14) 84• 10• 1.4• 4• 1.2• 
WTinvivo(4) 74• 9• 10 _+1.7 3_+0.0 4 • 

Triacylglycerol 

PS(6) 74• 16_+2.0 1.3_+0.3 7• 1.0• 
RS(6) 60• 21• 1.7_+0.2 15_+3.5 2.0• 
CS(6) 51_+5.0 26• 1.8_+0.3 19_+3.6 3.0_+0.3 
WTinvitro(14) 74_+2.1 18• 1.5• 5_+0.4 2.4• 
WTinvivo(4) 48• 31_+0.4 8 • 4• 9 • 

Diacylglycerol 

PS (5) 79+5.0 12• 2 --_0.5 5+ 1.5 2 _+0.9 
RS(5) 75+2.4 16_+1.5 2 • 5• 2 • 
CS(5) 68• 19_+2.8 2 • 8• 2 • 
WTinvitro(10) 73• 1.8 16_+1.0 3 • 6• 3 • 
WTinvivo(4) 78_+1.6 6+0.7 9 • 2_+0.3 4 • 

Methyl ester 

PS (4) 64_+5.9 15• 2 • 17+3.3 2 • 
RS (6) 58_+4.4 19• 2 • 18_+2.8 2 _+0.3 
CS (5) 52+5.4 22• 1 • 23-+4.7 3 +0.5 
WTinvitro(14) 66-+2.1 20_+0.9 1 • 9_+0.7 4 • 
WTinvivo(4) 21• 28_+1.2 8 • 14_+0.3 25 _+1.9 

Cholesteryl ester 

PS(4) 74• 17• 2 • 4• 2 • 
RS(5) 67• 17• 3 • 12• 2 • 
CS(5) ~ •  15• 2 • 19• 4 • 
WTinvitro(10) 69• 21• 3 • 5• 2 • 
WTinvivo(4) 25• 58• 6 • 4• 9 • 

~Cell suspensions or  whole testis were incubated with or injected 
~4C]arachidonate. After 22 or 44 hr, total lipids were extracted, separated 
analyzed by gas radiochromatography. N = number of experiments. 

intratesticularly with 10 p.Ci [l- 
by thin layer chromatography and 

DISCUSSION 

Whole  m o u s e  testis and suspens ions  of  the 
var ious  enriched germinal  cell types  (PS,  RS,  CS)  
incorpora ted  [14C]arachidonate into 20:4, 22:4, 
22: 5, 24:4 and 24:5 of phosphol ip id ,  triacylglycerol, 
diacylglycerol,  methyl  esters and  cholesteryl  esters. 
The d is t r ibut ion  and  magn i tude  of  i n c o r p o r a t i o n  
suggested tha t  each of  the germina l  cell types is 
capable  of  mak ing  a ma jo r  con t r i bu t i on  to the 
metabol i sm of n-6 fatty acids by the testis. However ,  
mos t  of  the radioact ivi ty was  inco rpora t ed  into the 
e longat ion  p roduc t s ,  22:4 and 24:4, in germina l  

ceils, whereas  only 1% of radioactivity was  incorpo-  
rated into 22:5, the ma jo r  n-6 L C P A  of germina l  
cells. This d iscrepancy may  have been a func t ion  of  
in vitro incuba t ion  ra ther  t han  cell compos i t ion ,  
since whole testis in vitro also incorpora ted  relatively 
little (2%) radioact ivi ty into 22:5. The pa t t e rns  of  
i nc o r po r a t i on  of  all in vi t ro incuba t ions  were 
sufficiently different f rom those  of  whole  testis in 
vivo injected wi th  [14C]arachidonate to indicate 
some d i s rup t ion  of  the no r ma l  pa t t e rns  of  L C P A  
metabo l i sm by removal  f r o m  the m o u s e  and  iso- 
lat ion of  the cells f r o m  their  in t ra tes t icular  envi ron-  

LIP1DS, VOL. 18, NO. 4 (1983) 



METABOLISM OF 20:4 IN TESTIS C E L L S  

TABLE 7 

Distribution of  Radioactivity among  Lipid Classes of  Enriched Germinal Cells 
and Whole Testis Incubated with [ I-'dC]Arachidonate ' 
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% Total  radioactivity+- SEM (N) 

Lipid class PS (6) RS (6) CS (6) WT in vivo WT invitro 

Cholesteryl ester 3.1 +_0.7 1 . 9 + 0 . 4  0 .9+-0.2  6 .0+-0.4  1.3+-0.1 
Methyl ester 4.1 +-0.6 6.1 _+ 1.3 6 . 0 + 0 . 7  2 . 6 + 0 . 2  8 .0+-0.6  
Triacylglycerol 25.8 -+ 3.2 22.2 + 5.0 25.6 _+ 4.2 19.4 +- 2.9 59.6 +- 2.5 
U oesterified fatty acid 0.4 __ 0. I 0.5 +- 0.2 0.4 _+ 0. I 0.2 +- 0. I 1.2 +-. 0.2 
Diacylglyccrol 2.0 +- 0.3 2.7 + 0.4 2.9 _+ 0.4 8.8 + 2. I 2.2 +- 0.3 
Phospholipid 64.8 _+ 3.5 66.7 _'L" 6.6 64.2 ± 4.7 63.2 + 4.6 27.7 +- 2.3 

'Cell suspensions or whole  testes were incubated with 10 ~Ci [ I-"Clarachidonate for 22 hr and washed free 
of  exogenous  radioactivity. WT in vivo were injected intratesticularly. Total lipids were extracted and 
separated by thin layer chromatography.  N = number of  experiments. 

ment. Apparent metabolic quiescence of the germinal 
cells after 22 hr in vitro is also consistent with this 
view. However, absolute levels of incorporation 
into the various LCPA suggest that the same 
elongation and desaturation activities (3, 7-9) are 
present, both in vivo and in vitro, although in 
different proportions. The similarities between 
distributions of radioactivity among lipid classes in 
germinal cells and whole testis in vivo suggest that 
the normal pathways of complex lipid synthesis are 
intact in the isolated germinal cells. Both relative 
and absolute levels of incorporation suggest that 
the enzymatic elongation and desaturation activities 
necessary for biosynthesis (3) of 22:4, 22:5, 24:4 
and 24:5 from 20:4 are more concentrated in the 
later stages of spermatogenesis, RS and CS. In 
similar studies reported earlier using [ 1-14C]acetate 
as substrate (12), CS incorporated less radioactivity 
into LCPA than did PS. Since in this heterogeneous 
system, there are multiple substrates giving rise to 
each LCPA by elongation, the stoichiometry of 
acetate incorporation is unclear. Therefore, arachi- 
donate incorporation would seem to be the better 
index of n-6 LCPA synthesis. In vitro studies of 
[~4C]acetate incorporation by testis have resulted in 
recovery oI up to 30% of labeled fatty acid in the 
unesterified fatty acids (12,16,17). In contrast, 
LCPA are rapidly incorporated into complex lipid 
and very little label is found in unesterified fatty 
acids derived from ['4C]arachidonate or in 16 or 18 
carbon fatty acids in which label would be indicative 
of catabolism of 20:4. This suggests a highly 
specific and tenacious conservation of LCPA by 
the germinal cells. Moreover, incorporation of 
radioactivity into LCPA is not likely to have 
resulted from elongation with ['4C]acetate derived 
from fl-oxidation of araehidonate. 

The relative (%) incorporations of radioactivity 
into 22:5 and other LCPA by in vitro incubations 
are not consistent with either the fatty acid compo- 
sitions of the cell types involved or the distribution 

of radioactivity in whole testis in vivo. Most of the 
radioactivity appears in 22:4 rather than 22:5, the 
major LCPA in terms of mass. However, the 
absolute levels of incorporation (specific radio- 
activity) into 22:5 are of the same order of magnitude 
in germinal cells and whole testis, in vitro or in 
vivo. Although these comparisons must be made 
with caution due to the lack of data on specific 
activities of the precursor pools, similarities be- 
tween the incorporation patterns of germinal cells 
which contain no Sertoli cells and whole testis in 
vitro which do contain Sertoli cells in intact tubules 
do not support a sequestering of22:5 synthesis into 
Sertoli cells, as has been suggested by the experi- 
ments of Beckman and Coniglio in the rat (8). 
These investigators looked at distribution of radio- 
activity in lipids of Sertoli and germinal cells 
separated after intratesticular injection (in vivo) of 
[14C]arachidonate. Their approach does not rule 
out the possibility that 22:5 accumulates in the 
Sertoli cell after synthesis in germinal cells. 

It is clear that the characteristic and unique 
LCPA metabolism of the testis is to some degree a 
function of complex interactions between the 
various cell types present in the germinal epithelium. 
These interactions may ocur at the levels of LCPA 
biosynthesis, complex lipid synthesis, intracellular 
lipid transport and humoral, hormonal or com- 
partmental influences regulating metabolism. These 
studies demonstrate that the isolated germinal cells 
of the mouse contain each of the metabolic activities 
necessary for synthesis 0ftheir major characteristic 
lipids, including LCPA. To what extent these 
activities play a major role in biosynthesis of 22:5 
in vivo has yet to be determined. 
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Severe Fatty Liver in Rats Fed a Fat-Free 
Ethanol Diet, and Its Prevention by Small Amounts 
of Dietary Arachidonate 1 
STEVEN C. G O H E E N * ,  E D W A R D  C. LARKIN and G. A N A N D A  RAO, 
Hematology Research Laboratory. VA Medical Center, 150 Muir Road, Martinez, CA 94553 

ABSTRACT 

Rats were fed ethanol and a fat-free diet for 30 days to determine whether dietary fat is needed for the 
development of fatty liver. The severity of fatty liver was similar to that of rats fed an isocaloric diet with 35% 
fat. Small amounts (29 mg/day) of dietary arachidonic acid prevented alcoholic fatty liver. Rats fed either 
the alcohol (AF) or control (CF) fat-free diets developed essential fatty acid deficiency (EFAD) as measured 
by the triene/tetraene ratio of liver and plasma lipids. Rats fed arachidonic acid (AA, alcohol and CA, 
control diets) did not develop EFAD. Although EFAD alone did not cause the development of fatty liver, 
the combination of dietary ethanol and EFAD did. The ratios of 16:1 / 16:0 and 18:1 / 18:0 in liver lipids 
indicated that desaturase enzymes were less active and lipogenesis was reduced in rats fed the AA diet 
compared to those fed the AF diet. In contrast, stimulated lipogenesis appears to have been the cause of fatty 
liver in rats fed the AF diet. 
Lipids 18:285-290, 1983. 

It is well known that alcoholic fatty liver develops 
in rats fed high fat ethanol-containing diets (1-7). 
The triacylglycerols (TG) that accumulate in livers 
of these rats is of dietary origin (3,8) and the 
severity of fatty liver increases with the amount  of 
diet fat consumed (7). Even alcoholic rats fed as 
little as 2% fat develop fatty liver (7), but whether 
rats consuming no fat develop alcoholic fatty liver 
has not been determined. 

When dietary fat is not available, hepatic lipo- 
genesis is stimulated. In the present study, we 
examined whether TG produced de novo would 
also accumulate due to alcohol consumption. Since 
dietary polyunsaturated fatty acids reduce hepatic 
lipogenesis, we also investigated the effect of 
supplementing the fat-free alcohol diet with small 
amounts of arachidonic acid (20:4) on the develop- 
ment of fatty liver. 

MATERIALS AND METHODS 

Animals and Diets 

Sixteen male Sprague-Dawley rats weighing ca. 
50 g were obtained from Hilltop Lab Animals , Inc. 
(Chatsworth, CA). Rats were housed individually 
in stainless steel cages and fed Wayne Lab Blox diet 
(Allied Mills, Chicago, IL) ad libitum for 4 days. 
Animals were divided into 4 groups of 4 each. Each 

J Presented at the XII International Congress of Nutrition, San 
Diego, CA, August 1981. 

*To whom correspondence should be addressed. 
Abbreviations: Diets are indicated as fat-free with ethanol 

(AF), fat-free without ethanol (CF), or similar diets with 0.9% of 
the calories as arachidonic acid with (AA) or without (CA) 
ethanol. The composition of these diets is described in the text and 
Table 1. 

rat was fed a Lieber /DeCarl i  liquid rat diet (Bio- 
Mix 711, Bio-Serv, Inc., Frenchtown, N J) in which 
fa t  was substituted with an isocaloric amount  of 
maltose-dextrins. The contents of  the diets are 
summarized in Table 1. All alcohol diets (AF, AA) 
contained 50 g/1 ethanol (Table 1). Control  diets 
(CF and CA) were made isocaloric to the alcohol 
diets using maltose dextrins. Fat  free diets (AF and 
CF) contained no additional fat. Diets containing 
20:4 (AA and CA) had 1 g of the acid (purchased 
from Nu-Chek Prep, Inc., Elysian, MN) per liter of 
diet. This acid was 70% pure. The fatty acid 
composition of this supplement has been reported 
(3). Rats were individually pair-fed these diets to 
animals in the A F  group for 30 days. Capped 
feeding tubes (Bio-Serv, Inc.) were used to mini- 
mize ethanol evaporation. Rats in the A F  group 
were fed ad libitum. Diets were mixed according to 
suppliers' instructions, kept at 5 C under nitrogen 
and used within 72 hr. After storage for 3 days, 
diets were analyzed for their fatty acid content and 
composition as described below. No change was 
observed in either the content or composit ion of 
the fatty acids with storage of the AA or CA diets. 

Quantitation and Analysis of Lipids 

Rats were sacrificed, plasma was isolated from 
their whole blood and their livers were removed. 
Lipids from plasma and liver were isolated and 
various classes (cholesteryl esters, CE; phospho- 
lipids, PL; and TG) were isolated by thin layer 
chromatography (TLC) (4). Fatty acid methyl 
esters  of various lipids were prepared and analyzed 
by gas liquid chromatography (GLC). These were 
quantitated using methyl pentadecanoate as an 
internal standard (3). 

LIPIDS, VOL. 18, NO. 4 (1983) 
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"I ABLE I 

Diet Compositions 

Diet Protein Ethanol Carbohydrate [-at Salt Vitamins 
/ g , I) 

AF 42.2 50.0 112.8 10.0 5.0 
AA 42.2 50.0 112.8 1.0 10.0 5.0 
CF 42.2 0 202.4 I 0.0 5.0 
CA 42.2 0 202.4 1.0 10.0 5.0 

All components are given as g/t. A modified l.ieber-l)eCarli liquid diel was used in which tat was subslituted 
using maltose-dextrins (I). 

RESULTS 

R a t s  fed the  A F ,  A A ,  C F  a n d  C A  diets  ga i ned  a n  
ave rage  o f  11, 6, 21 and  27 g in the  30-day  per iod .  
D u r i n g  th is  t ime ,  all ra ts  c o n s u m e d  a n  a v e r a g e  of  
29.1 ml  o f  diet per  day.  In an  earl ier  s t udy ,  ra ts  o f  
the  s a m e  age  (23-27 days )  c o n s u m e d  an  ave rage  of 
45.1 ml  o f  a l iquid 35% fat diet  w i t h  34% e t h a n o l  
(5). T h e  fa t - fed  ra ts  ga ined  an  ave rage  o f  44.3 g in 
30 days  (5). T h e  d i f fe rences  be t ween  these  resu l t s  
m u s t  be a t t r i b u t e d  to the  p re sence  or  a b s e n c e  o f  
diet  fat ,  s ince the  diets  were  o the rwi se  i soca lor ic  to 
one  a n o t h e r  by v o l u m e  a n d  s imi la r  in every  o t h e r  
respect .  

M o r e  c o m p l e t e  diet c o n s u m p t i o n  a n d  we igh t  
ga in  d a t a  a re  p resen ted  in T a b l e s  2-4. F r o m  T a b l e  
2, each  g r o u p  of  ra ts  c o n s u m e d  the  s a m e  a m o u n t  o f  
diet  ( they  were  pair - fed)  d u r i n g  all o f  the  4 one -  
week in tervals .  T h e r e f o r e ,  the  a m o u n t  of  diet  
c o n s u m e d  by each  rat  reflects the  des i re  or  abi l i ty  
o f  ra ts  in the  A F  g r o u p  to eat.  D u r i n g  the  first 
week,  they  c o n s u m e d  the  least  food  (23 m l i d a y ) .  

La te r  they  ate at a m o r e  c o n t i n u o u s  level o f  ca. 30 
m l / d a y .  The re fo re ,  the  ra ts  were  in a s t e ady  s ta te  
feed ing  s i t ua t i on  at  a n d  nea r  the  end  o f  the  
e x p e r i m e n t .  R a t s  fed the  A A  diet  lost  the  m o s t  
we igh t  c o m p a r e d  to  the  o the r  g r o u p s  in the  initial 
week,  b u t  thei r  ra te  o f  g r o w t h  was  t he  h ighes t  o f  all 
the  g r o u p s  at the  end  o f  the  30-day  per iod .  Al l  ra t s  
ga ined  we igh t  c o n t i n u o u s l y  a f te r  the  first week.  
Howeve r ,  ra ts  fed the  A F  diet  g rew at  on ly  ha l f  the  
ra te  o f  the  ra ts  in the  A A  g r o u p  t h r o u g h o u t  the  3rd 
and  4 th  weeks.  

S o m e  of  the  ra t s  in the  A F  g r o u p  c o n s u m e d  
g rea t e r  a m o u n t s  o f  diet  t h a n  o thers .  T a b l e  3 
d e m o n s t r a t e s  tha t  rat n u m b e r  4 c o n s u m e d  the  m o s t  
and  rat n u m b e r s  1 and  2 c o n s u m e d  the  least  diet  in 
the  first week  o f  feed ing .  T h e s e  ra t s  m a i n t a i n e d  th is  
pa t t e rn  t h r o u g h o u t  the  s tudy .  C o r r e s p o n d i n g  to 
these  resul ts  a re  the  inc reases  in b o d y  weigh t  as 
s h o w n  in Tab le  4. R a t s  in the  first  pa i r  ga ined  the  
least  weight  (7.0 g / 3 0  day) ,  whi le  t h o s e  in the  
f o u r t h  pa i r  ga ined  the  m o s t  (42.3 g / 3 0  day) .  

"1 A B L E  2 

Weight Gain trod Diet Consumption 

Diet Group  

Week AI- AA CF CA 

(wt in g) 

Diet 
Consumed 

per day 
(ml) 

1 -19.5• 4.5 -30.25~- 4.6 -17.8_ + 4.9 -17.3+10.0 23.0_"-.4.6 
II - 7.7_ + 9.7 -25.3 z10.6 - 9.5_+10.7 - 8.0• 30.2• 

111 7.3• 10.6 -10.? _+20.5 11.5• 16.9 16.0_'21.2 34.0+8.1 
IV 15.5• 12.0 5.3 • 19.9 31.5• 14.3 27.5_+24.8 29.7_ + 3.4 

Rats fed the AF diet were given food ad libitum Rats fed the AA diet were given the amount of food 
consumed by the corresponding paired rats in the AF grnup on the follow*ing day. Rats in the CF and CA 
groups ",,,ere also pair-fed this amount of food on subsequent days. All rats m the AA, CF and CA groups 
consumed all a',ailable diet v,'hde those in the AF group alv.ays had excess food available. Therefore, the 
amount of food consumed by each group of rats was identical and is shown m the last column of the table by 
weeks. The v, eeks of the experiment are as follows: 1 = 0-7 days. II = 8-14 days; I11 = 15-21 days: IV = 22-30 days. 
Rats were weighed daily and the values shown indicate v, eight gain from the t imc that the experimental diet was 
led. All rats lost "~cight in the init ial v,'cck of the experiment. Diet abbrc,,iations are dclined in Table 1. Values 
arc mean _+ SD. 
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TABLE 3 

Diet Consumption for Rats of Each Pair by Week 
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PairNumber 

Week 1 2 3 4 

1 20.3• 20.3_+2.6 22.0_+4.4 26.1-+5.9 
11 25.4_+3.5 26.9_+3.8 35.4• 35.6_+1.5 

II1 27.6-+2.5 27.5• 42.1-+3.9 42.2_+3.8 
IV 30.9• 30.8_+4.4 37.0+_8.8 37.9_+8.6 

Values are in ml of diet consumed per day _+ S D. Each pair contained one rat of each diet group. Rats in each 
pair were fed isocaloric amounts of diet, Weekly periods are defined in Table 2. 

TABLE 4 

Weight Gain for Rats of Each Pair by Week 

Pair Number 

Week 1 2 ' 3 4 

1 -23.3_ + 6.7 -26.8_ + 6.4 -21.3_ + 5.3 -13.5+ 8.7 
II -19.5_+11.1 -22.0_+ 9.0 -11.0_+ 9.6 1.2+ 9.4 

lI| -8.8+_13.6 -10.0_+ 8.8 15.0_+20.1 27.5_+ 8.6 
IV 7.0_+ 12.0 9.8 _+ 14.3 31.3 _+ 24.7 42.3 _+ 10.4 

Values are in g gained during the experimental period as in Table 2. Each value represents the mean_+ SD. 
Weekly periods are defined in Table 2. 

Variat ions in each of these values may have been 
partially due to the expira t ion of e thanol  by rats in 
t h e  A F  and  AA groups. Large deviat ions in the 
weight gain of rats in each diet group (Table 2) are 
related to var iat ions in individual  diet consump-  
t ion  and weight gains of the four  pairs of rats 
(Tables 3 and 4). 

The levels of hepatic total  lipids (TL), TG, PL 
and CE from rats fed all 4 low-fat or fat-free diets 
are shown in Figures 1-4. Fat ty  liver developed 
only in rats fed the alcohol  diet wi thout  added fat 
(AF). The level of hepatic lipids in rats fed a high 
fat alcohol  diet for one m o n t h  is independent  of age 
(5). Therefore,  levels of liver fat observed in this 
study can be compared  to o ther  results for larger 
rats fed higher levels of fat (3,4,7). Two character is-  
tics of  alcoholic fatty liver are elevated levels of  TG 
and CE (1,4). High levels of hepatic  PL have also 
been associated with alcoholic fatty liver in rats, 
but  the difference between alcohol  and  cont ro l  rats 
is usually small (3,4). These t rends were also seen in 
this study. However,  levels of hepatic  CE were 
nearly twice as high in rats fed no fat (Fig. 4) as in 
rats fed 35% fat (1,4). Levels of hepatic  PL  in this 
study (Fig. 3) were the same as when 35% fat was 
fed (3). However,  rats which consumed the CF  diet 
accumulated less TL (Figl 1) and  T G  (Fig. 2) than  
rats fed control  high fat diets (3,4). 

One g of  20:4 per liter of diet (0.9 calorie %) 
prevented alcoholic fatty liver (Fig. 2). Rats  fed the 
A F  diet (Fig. 2) accumulated higher  levels of 
hepatic T G  than  rats fed alcohol  diets conta in ing  2, 
5, 101 15, or 25% fat (7). Yet rats fed 0.9% 20:4 had 
lower levels of hepatic TG than  when rats were fed 
an  alcohol  diet conta in ing 2% fat (7). Levels of 
hepatic TG, CE and  TL in rats fed the AA diet was 
similar to those of  rats fed control  diets (Figs. 1-4). 

Since the ratio of 20:3(n-9) /20:4(n-6)  exceeded 
0.4 in livers of rats fed A F  and CF diets (Fig. 5), 
they had essential fatty acid deficiency (9). In the 
absence of dietary fat, it is known that  hepatic 
lipogenesis is st imulated.  However ,  bo th  essential 
fatty acid deficiency (Fig. 5) and lipogenesis (10) 
are reduced when 20:4 is fed. While lipogenesis is 
inhibi ted by the type and  a m o u n t  of diet fat, 
polyunsatura ted  fat is the most  effective (l  0,11). Of 
the dietary polyunsaturates ,  20:4 is more  effective 
than  18:2, or 18"3 in reducing the activity of fatty 
acid synthetase (12). Therefore,  the mechan ism by 
which fatty liver was prevented in rats fed the A A  
diet may have been mainly by decreased lipogenesis. 

Predominately ,  palmita te  is p roduced  by fatty 
acid synthetase.  Therefore,  chain e longat ion and  
desa tura t ion  play a major  role in the synthesis of 
other fatty acids of tissue lipids. Since nearly all the 
fatty acids in the rats fed fat-free diets are generated 
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FIG. 1. Levels of hepatic fat from rats ti:d various diets 
for 30 days. Diet abbreviations are defined in Table I. 
Rats were individually pair-fed these diets to the rats fed 
the AF diet for 30 days. Lipid levels were measured as the  
weight of their fatty acid methyl esters per wet weight of 
liver. Methyl esters were quantitated using GLC with 
methyl pentadecanoate as an internal s tandard (3). "l-oral 
lipids (TL) of rats fed the AF diet were significantly more 
abundant  than in rats fed either of the other diets with 
p,(0.01 by the 2-tailed t-test. 
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FIG. 3. l+evels of hepatic phospholipids (PL) from rats 
fed various diets as defined in Table I. Levels of PL fatty 
acid methyl esters were determined by GLC as described 
in Figure I after separating the PL fraction from TL by 
TI_.C. Levels of PI+ were not significantly different in 
livers of rats from any of the 4 groups. 

FIG. 2. Levels of hepatic trigiycerides (TG) from rats 
t~ed various diets as defined in Table I. Levels of TG fatty 
acid methyl esters were determined by GI.C as described 
in Figure I after separating the TG fraction from total 
lipids by TLC. Levels of TG were significantly greater in 
rats fed the AF diet than in rats led either of the other diets 
with p<0 .01  by the 2-tailed t-test. 
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FIG. 4, Levels of hepatic cholesteryl esters (CE) from 
rats fed various diets as defined in Table I. Levels of CE 
laity acid methyl esters were determined by GLC as 
described in Figure 1 after separating the CE fraction 
from TI+ by TLC. Levels of CE were significantly greater 
in rats fed the AF diet than in rats in any of the 3 
remaining groups with p<0.001 by the 2-tailed t-test. 
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HG. 5. Ratio of trienes to tetraenes from total lipids 
of liver and plasma from each of tile dict groups as 
described in Table I. Essential fatty acid dcficicncy was 
observed in rats fed the AF and CF diets. 
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FIG. 6. Ratio of fatty acids 16:1- 16:0 from liver and 
plasma phospholipids (PI.) of rats fed each of the diets 
described in Table I. Livers of rats led the AA diet had a 
significantly lower ratio than rats ted the AF (p<.05) 
diet. Livers ot rats fed the CA diet had a lower ratio than 
those led either the AF (p< .01), or AA (p< .05) diets by 
thc 2-tailed t-test. From rats fed the AF diet, plasma lipids 
had a significantly greater 16: 1:16:0 ratio than plasma 
from rats fed the AA (p<.01), CF (p<.05), or CA 
(p<.01) diets. Plasma PI. ot" rats fed the CA diet had a 
lower ratio than in rats fed the AA diet with p<  .05 by the 
2-tailed t-test. 

by de novo synthesis, the ratio of unsaturated to 
saturated fatty acids provides a measure of de- 
saturation activity in the liver. Dietary arachidonic 
acid reduced both the 16:1/16:0 (Fig. 6) and 
18: I/18:0 ratios (Fig. 7) in both alcohol fed and 
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FIG. 7. Ratio o1 fatty acids 18:1, 18:0 from liver and 
plasma phospholipids (PI,) of rats fed each of the diets as 
described in Table I for 30 days. "lhe ratio of 18:1/18:0 
from PI, of rat liver was significantly smaller in rats fed 
the AA diet than in those fed the AF (p<.01) or CF 
(p<.01) diets. Rats fed the CA diet also had a sig- 
nificantly lower ratio of 18: I / 18:0 in liver PL than in rats 
fed the AF (p<.001), AA (p<.05), or CF (p<.001) 
diets. In plasma, 18: I ; 18:0 was significantly lowcr in rats 
fed the AA diet than in those fed the AF (p< .001 ) or CF 
(p< .01) diets. Also in plasma PI,, this ratio was lower in 
rats fed the CA diet than in those fed the AF (O< .001), 
AA (p< .05) and CF (p< .01) diets by the 2-tailed t-test. 

control rats. This indicates that desaturase enzyme 
activities may have been reduced by feeding 20:4 as 
we have suggested previously (3). 

DISCUSSION 

Rats in this study lost weight in the initial week 
of feeding (Table 2). Due to this loss, the net gain in 
weight for the 30-day period was low for all groups. 
After the first week, all rats gained weight con- 
tinuously. Much of the essential fat needed may 
have been mobilized from adipose tissue during the 
initial week of the experiment.  However, it is 
unlikely that these rats had enough residual adipose 
tissue during the second, third and fourth weeks to 
meet their growing needs. Therefore, lipogenesis 
was probably the major source of fat in each of 
these rats, 

Although alcoholic fatty liver develops in rats 
fed high-fat diets, whether a fat-free ethanol diet 
would have a simi}ar effect has not  been inves- 
tigated. The present study shows that  it does (Fig. 
2). The level of fatty liver that developed was nearly 
the same as in rats fed ethanol and a 35% fat diet 
(4). Control  rats fed the fat-free diet without 
ethanol had lower levels of hepatic TG (3.6 mg/g)  
(Fig. 2) than rats fed a similar diet but with 35% fat 
( 14.6 m g/g) (4). Levels o f hepatic P I, were t he same 
in either study, whereas levels of CE were higher in 
livers of rats fed the AF diet (Fig, 4) than in rats fed 
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35% fat with  e thanol  (1,4). This higher  level of 
hepatic  CE may be due to a combina t ion  of effects: 
s t imulated lipogenesis and  reduced lipid mobil iza-  
t ion from the liver (4). 

Upon  compar ing  the levels of hepat ic  T G  f rom 
alcoholic rats fed 35% (4) and no fat (Fig. 2), the 
difference was 11.9 mg T G / g  liver. When  the same 
values were computed  for controls  (4) (Fig. 2), the 
result ing difference was 11.0 rag/g.  This  similarity 
may be consequential  or it may indicate a tendency 
for alcoholic rats to main ta in  the same relative level 
of fatty liver regardless of the fat source. 

It has been suggested that  alcoholic fat ty liver 
may develop due to a decrease in hepatic  fatty acid 
oxidat ion (13). This decrease would be caused by 
an  excess of N A D H  supplied dur ing  e thanol  
metabolism. Fat ty  acid oxidat ion is usually asso- 
ciated with s tarvat ion when animals  have used 
glycogen reserves and must  use s tored fat to 
produce energy. In the present exper iment ,  we fed 
our  animals  a diet in which fat was replaced with 
carbohydrate.  Under  these circumstances, glycogen 
stores should not  be depleted and  fat ty acid 
oxidat ion minimal  or absent.  However,  alcoholic 
fatty liver was still produced.  The rats  which 
developed fatty liver were not  fast ing because they 
were given free access to diet. Therefore,  it is 
unlikely tha t  fatty liver developed in these animals  
due to reduced fatty acid oxidat ion,  

Rats fed e thanol  along with a high-fat  diet 
accumulate  hepat ic  TG tha t  originate f rom the 
diet. However,  liver TG f rom rats fed a fat-free diet 
must  be synthesized within the tissue, When  a small  
amoun t  of arachidonic  acid was supplemented  in 
the fat-free alcohol  diet, the data  f rom liver PL 
fatty acid composi t ion  suggests tha t  desaturase 
activity was reduced (Figs. 6 and  7). Under  other  
circumstances,  lipogenesis and  desaturase activity 
have been st imulated or reduced together  (14). 
Therefore,  it is likely tha t  lipogenesis was s t imu- 
lated upon  feeding the A F  and  CF diets and  tha t  it 
was reduced upon  feeding 20:4. Arach idon ic  acid 
was not  as effective in prevent ing fatty liver when  
35% fat was fed with the alcohol  diet (3,4). This 
may have been due to minimal  hepatic  lipogenesis. 

Fat ty  liver has been reported to aevelop in rats 
fed a (nonalcohol ic)  fat-free diet (15-20). However,  
in the present  study, the a m o u n t  of liver TG 
observed in rats fed the control ,  fat-free (CF) diet 
was not  only low, but it was less (Fig. 2) t h a n  in 
control  rats fed a similar diet with 35% fat (3,4). 
There  are several reasons for  the discrepancy 
between our  low levels of liver TG in controls  fed a 
fat-free diet and  higher levels reported previously 
(15-19). The first is tha t  our  diets did not  include 
sucrose or glycerol which were t hough t  to have a 
significant influence on the deve lopment  of fatty 
liver (15,16). Ano the r  reason is tha t  we fed rats for 
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a shorter  period of t ime (30 days) than  in studies 
where fat ty liver developed in rats fed no fat  (10-30 
weeks) (15-17). Therefore,  the absence of fat  in the 
A F  diet could not  have alone been responsible  for 
the high level of fatty liver observed. 

In conclusion, fatty liver develops in rats fed 
ethanol ,  regardless of the level of  dietary fat. When  
dietary fat is abundan t ,  it is the p redominan t  
source for hepatic  steatosis. W h e n  no  fat  is avail- 
able f rom the diet, TG tha t  are produced de novo 
accumulate.  At  bo th  extremes (no diet fat or high 
fat diet), fatty liver is severe. When  in termedia te  
levels of polyunsatura ted  fat (2-25%) are fed with 
the Lieber-DeCarl i  diet, fatty liver is relatively low 
(7). It appears tha t  when lipogenesis is responsible  
for the generat ion of a significant por t ion  of the 
liver fat, dietary 20:4 reduces fat ty liver. 
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ABSTRACT 

5,8,11-Eicosatrienoic acid (20:3w9), a fatty acid increased in the platelet phospholipids of man and 
animals fed saturated fats, was either added to human platelets simultaneously with the aggregaling agents, 
or incorporated into the platelet phospholipids by preincubation. 20:3o)9 markedly increased the response 
of platelets to all aggregating agents tested when added simultaneously with the agent, but solely to thrombin 
and ionophore, after incorporation into the platelet phospholipids. The potentiating effects of 20:30)9 on 
thrombin aggregation do not appear to be related to prostaglandin formation, but rather to the production 
of a monohydroxy derivative through the lipoxygenase pathway. 
Lipids 18:291-294, 1983. 

INTRODUCTION 

Several polyunsaturated fatty acids have been 
shown markedly to influence platelet functions. 
Arachidonic acid (20:40)6) is a well known (1,2) 
inducer of platelet aggregation as a precursor of 
endoperoxides and prostaglandins. By contrast, 
dihomogammalinolenic acid (20:3w6) and 5,8,11, 
14,17-eicosapentaenoic acid (20: 5~o3), also prosta- 
glandin precursors, are inhibitors of platelet aggre- 
gation (3,4). 

An increase in 5,8,11-eicosatrienoic acid (20: 3w9) 
in certain blood lipids has been reported in athero- 
sclerotic patients (5), as well as in animals deficient 
in essential fatty acids (6,7) or fed saturated fats (8). 
In animals, the higher level of 20:30)9 in the platelet 
phospholipids was associated with a higher suscep- 
tibility of platelets to thrombin-induced aggrega- 
tion (7,8). A similar result was also observed 
recently in farmers from Great Britain and France 
(9). 

The present study determined whether 20:3~o9 in 
platelets might be responsible for the platelet 
hyperactivity observed in men and animals fed a 
saturated fat diet, and, if so, through which 
mechanism. 

MATERIALS AND METHODS 

The human serum albumin (essentially fatty acid 
free), human thrombin and arachidonic acid utilized 
in these studies were obtained from Sigma Chem- 
ical Co. (St. Louis, MO). Collagen was purchased 
from Harm (Munich) and cation-ionophore A 
23187 was given by Lilly Laboratories (Indian- 
apolis). Unlabeled and [t4C]20:3w9 were chemically 
synthesized according to the technique previously 
reported for 20:4r (10). Silica Gel G plates for 

*To whom correspondence should be addressed. 

thin layer chromatography (TLC) were purchased 
from Merck (Darmstadt), and the various solvents 
and reagents from Prolabo (Paris). 

Blood from human volunteers was collected with 
ACD (citric acid 0.8%, sodium citrate 2.2%, dex- 
trose 2.45%) as the anticoagulant (1/9 in volume). 
Platelet-rich plasma was obtained by centrifuga- 
tion (100 G X 15 rain); platelets were isolated from 
their plasma also by centrifugation (900 G X 10 
min) and, for studies reported in Figures 1 and 4, 
resuspended (300,000/#1) in a Tyrode without 
calcium, containing Hepes buffer ( p H - 7 . 4 )  as 
previously described (11). 

For  incorporation of 20:3o)9 in the platelet phos- 

(%) ~ ETHANOL ~ ETHANOL +20:3oJ9 

~ 

THR IONO 20:4co6 COLL 
PLATELET AGGREGATION 

FIG. 1. Influence, on human platelets (resuspended in 
a Tyrode buffer) of20:3oJ9 (5 • 10 6 M), diluted in ethanol 
and added simultaneously with the following aggregating 
agents: thrombin (THR), 0.015 U/ml; ionophore (IONO) 
A 23187, 0.25 • 10 -6 M; arachidonie acid (20:4a~6), 2 • 
lff 6 M; collagen (COLL), 0.5 #g/ml. Results expressed 
as percentage of platelet aggregation (mean+ SE of 5 
determinations). 
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20:4~6 COLL 
PLATELET AGGREGATION 

FIG, 2. Influence of 20:3(o9 incorporated into the 
platelet phospholipids (by a 2-hr incubation period of 
platelets with 20:3(o9 bound to albumin and resuspension 
in Tyrode/Hepes) on aggregation induced by the agents 
as in Figure 1. 
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FIG. 3. Influence of aspirin (left tracings) at 2 • 10 -4 M 
and of 5,8,I 1,14-heneicosatetraynoic acid (TETRA) (an 
inhibitor of platelet lipoxygenase) (right tracings) at 5 • 
l 0  6 M, on the aggregation induced by thrombin (0.015 
U/ml). Before testing the effect of aspirin and TETRA on 
thrombin aggregation, platelets were incubated for 2 hr in 
tyrode albumin not containing (controls) or containing 
20:3(o9 to enrich platelets with this fatty acid. 

pholipids (studies of Figures 2, 3 and Table 1), 
platelets were incubated for 2 hr in a shaker bath at 
37C in a Tyrode/Hepes buffer containing albumin 
(3.5 g/l) and 20:3co9 bound to a lbumin (12). The 
binding of 20:3co9 to a lbumin in a molar ratio of 1 
was done by overnight incubation at 37C of the 
fatty acid in a Tyrode/Hepes buffer /a lbumin (pH: 
7.4) solution. Then, the platelet suspension was 
acidified (pH = 6.4) with citric acid and centrifuged 
at 700 G for 10 min. Finally, the platelets were 
resuspended in the Tyrode/Hepes buffer without 
albumin, to perform platelet aggregation or to 
analyze by gas liquid chromatography (GLC), fatty 
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\ ALCOHOL 

\ H0-20:3~9 

FIG. 4. One typical recording observed in 3 different 
series of the potentiating effect of monohydroxy-20:3(o9 
(0.4• 10 -6 M, final concentration) diluted in ethanol, 
added simultaneously With thrombin. This response of 
human platelets to thrombin (0.015 U / ml) was performed 
under similar conditions to those reported in Figure 1. 

acid composition of the platelet phospholipids 
after TLC separation (13). 

Platelet aggregation was studied with a turbidi- 
metric method (14). In the first series of studies 
(Fig. 1), 20:3co9 was added simultaneously with the 
aggregating agent into the cuvet te  of the aggre- 
gometer. For these experiments, 20:3oJ9 was dis- 
solved in ethanol and 2 #1 of this solution (0.5%) 
were added to 0.4 ml of the platelet suspension 
(5 X 10 -6 M). In studies reported in Figure 3, aspirin 
at 4 X 10 -3 M (20 ~1) diluted in Tyrode/ethanol  (9:1 
in volume) was added to the platelet suspension 
(0.4 ml) 3 min before the aggregating agent. 
5,8,11,14-Heneicosatetraynoic acid, a tpecific in- 
hibitor of human platelet lipoxygenase (15), was 
added in ethanol and used at 5 • 10 -6 M. 

The metabolism of[ 14C]20:3co9 was studied after 
double extraction of lipids as reported recently 
(13). The lipid extract was analyzed by TLC. 
Monohydroxy-eicosanoic acids were separated from 
fatty acids by elution with hexane/diethyl ether/ 
acetic acid (60:4:1, v/v). Prostaglandins and 
thromboxane B were separated by a second elution 
with diethyl ether/methanol/acet ic  acid (90:1: 2, 
v/v), phospholipids staying at the origin (16). 
Finally, the different phospholipids were separated 
by a third elution with chloroform/methanol/acetic 
acid/water (85: 15: 14:4, v/v). After each elution, a 
quantitative radiochromatogram was performed. 
Thus, the amount  of each compound and the 
incorporation into phospholipids could be cal- 
culated. 

Finally, the monohydroxy- 20: 3oJ9 was prepared 
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TABLE I 

Amounts of 20:3t09 in Different Platelet Fractions Before and After 
Stimulation by Thrombin and lonophore 

293 

Cyclooxygcnase Total 
Inductor F r e e  Monohydroxy Products PC PE PI + PS phospholipids 

None 3.2 _40.90 0.17 -+0.08 ND 11.53_+1.26 1.63-+0.31 3.51_+0.68 16.6_+1.8 
(Tyrode) 

Thrombin 2.99_ ~ 0.98 2.27" _+0.45 ND 10.95+0.98 1.46+0.66 2.91 -+0.23 15.3_+ 1.2 
(0.1 U/ml) 
lonophore 1.49_+0.42 5.78~ -+ 0.64 ND 9.56-+0.99 1.17+_0.16 2.10_+0.29 12.9-+ 1.2 
A 23187 
(10-~'M) 

'p<o.o05. 
bp<o.ool. 
Results expressed in nmol. 109 platelets arc mean +_ SE ol 5 experiments. ND=not detectable; PC=phosphatidylcholine: 

PE = phosphatidylethanolaminc; PI + PS = phosphatidylinositol + phosphatidylscrine. 

from exogenous [~4C]20:3to9 as follows: 20:3t,~9 
(final concentration 10 -~ M) dissolved in ethanol 
was incubated for 10 min at 37C with a suspension 
of washed platelets as a source of enzymes. Lipids 
were extracted at p H = 3  by chloroform/e thanol  
(2: 1). The monohydroxy derivative was separated 
and purified by two successive runs with hexane/ 
diethyl ether/ acetic acid (80: 20: 1, v /v)  as eluent. 

RESULTS 

As shown in Figure I, 20:3to9, added simul- 
taneously with the aggregating agents, markedly 
potentiated platelet aggregation induced by all 
agents. In contrast to this, when platelets were 
preenriched with 20:3tu9 (Fig. 2), solely the aggre- 
gation to thrombin and ionophore was increased. 
The aggregations to arachidonate and collagen 
were not modified (Fig. 2). 

[t4C]20: 3t09, when incubated with platelets, was 
predominantly incorporated into the glycerophos- 
pholipids (Table 1) since 83.4+ 9.0% (mean + SE of 
5 experiments) of the 20:3to9 was found in the 
glycerophospholipids, representing 16.6 nmol/109 
platelets. Among the various fractions, it was in the 
phosphatidylcholine that the bulk (69.5%) of the 
radioactive 20:3to9 was incorporated. GLC analy- 
sis of total phospholipid fatty acids of platelets 
incubated with or without 20:3w9 confirmed the 
incorporation into phospholipids of this fatty acid. 
In this fraction, the level of 20:3to9 passed from 0.2 
to 1.9% (mean of 5 experiments). However, the 
increase found by GLC analysis was slightly lower 
than this observed by radioactivity determination. 
Incubation of 20: 3to9-rich platelets in the presence 
of thrombin or cation ionophore A 23187 induced 
the formation of a monohydroxy-20:3to9. The 
formation of this substance was accompanied by a 
decrease of 20:3oJ9, both free and bound to phos- 
pholipids. 

As shown in Figure 3, aspirin added to the 
platelet suspension at a concentration (2 • 10 .4 M) 
which completely inhibits prostaglandin formation 
from arachidonic acid did not modify the poten- 
tiating effect of  20:3oJ9 on thrombin-induced ag- 
gregation. By contrast, this potentiating effect was 
completely suppressed by 5,8,11,14-heneicosa- 
tetraynoic acid (Fig. 3). 

Finally, the monohydroxy-20:3w9, added to a 
human platelet suspension simultaneously with 
thrombin as done for 20:3t09 in the study reported 
in Figure 1, markedly increased the response of 
platelets to thrombin (Fig. 4), as observed with 
20:3to9. However, to achieve the same effect, the 
concentration of the hydroxy derivative was 0.4X 
10 -~ M, whereas it was 5 X 10 6 M for the fatty acid. 

Besides, 5,8,11,14-heneicosatetraynoic acid was 
added at 5 X 10 -6 M (as in the study of Figure 3) to 
human platelet suspensions at the same time that 
the monohydroxy-20:3to9 and aggregation induced 
by thrombin as above. In 6 experiments, the 
increased response (mean + SE) of platelets with 
the monohydroxy alone was 59.9_+ 9.4% whereas it 
was 61.2 + 6.4% in the presence of hcneicosatetray- 
noic acid. 

DISCUSSION 

The present experiments appear to confirm 
previous results suggesting that the fatty acid 
20:3t09 in the platelet phospholipids might be one 
of the factors responsible for the increased response 
of platelets to thrombin aggregation in animals and 
men on a saturated fat diet (8,9). 

The marked potentiating effect of 20:3to9 on the 
response to all agents, when added simultaneously 
with this agent, suggests that 20:3t09 has to be 
present under its free form to increase platelet 
aggregation. Concordant  with this hypothesis are 
the results obtaincd after incorporation of 20:3to9 
into the platelet phospholipids which have shown 
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that  it was solely the aggregation to th rombin  and 
ionophore which was increased. Thrombin  and 
ionophore  (17,18) are known to be able to release 
consistent amounts  of polyunsaturated fatty acids 
f rom the platelet phospholipids,  while collagen 
appears to be much less efficient in that  respect (1). 
Arachidonic acid does not release the esterified 
fatty acids at all. 

It seems that  the increased response to aggrega- 
t ion of 20: 3oJ9-rich platelets may be explained by 
the monohydroxy  derivative produced in substan- 
tial amounts  (ca. 1 nmol /ml  ofplatelet  suspension) 
after stimulation by thrombin  or ionophore.  This 
monohydroxy  derivative appears to be formed 
from 20:3to9 both free and bound to phospholipids. 
By contrast ,  no cyclooxygenase products derived 
from 20:3to9 could be detected. This was expected 
since cyclooxygenase needs a substrate with at least 
3 double bonds at 8,11,14 posit ions on C20 fatty 
acids (19). 

The observation that the potentiat ing effect of 
20:3to9 on platelet aggregation was not inhibited 
by aspirin at 2 • 10 -4 M suggests that  this effect was 
not due to an increase in prostaglandin formation.  
By contrast,  5,8,11,14-heneicosatetraynoic acid at 
a concentrat ion (5X 10 -6 M), known to inhibit 
specifically the lipoxygenase pathway in human 
platelets (15), inhibited the potentiat ing effect of 
20:3to9 but not that of the monohydroxy-20:  3to9. 
Thus, it seems that  lipoxygenase is involved in the 
potentiating effect of 20:3to9. In addition, the 
monohydroxy  derivative of 20:3w9 appears to be 
at least 10 times as potent as the acid itself to 
increase in a similar way the response of platelets to 
thrombin.  Consequently,  the amount  of the mono-  
hydroxy-20:3to9 needed to induce the potent iat ion 
observed is consistent with the amount  synthesized 
(1 nmol /ml  of platelet suspension) in the presence 
of thrombin.  

Another  monohydroxy  fatty acid (12-OH-20:4) 
has been found by other investigators (20,21) to 
play an essential role in the irreversible platelet 
aggregation induced in rat by arachidonic acid. 
Our present results indicate that  a polyunsaturate 
fatty acid such as 20: 3oJ9, which apparently is not a 
prostaglandin precursor, may play an agonist role 
in platelet aggregation. 

Finally, it seems of interest to underline the 
remarkably different effect on platelet functions of 
the 20:3 isomers. When tested under the present 
experimental  conditions,  instead of the poten- 
tiating effect described here for the oJ9, 20:3w3 
presents a moderate,  and 20:3~o6 a strong, in- 
hibitory effect on platelet functions (12), in con- 

firmation of  the work performed by previous 
investigators (22). 
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Lung Lipid Synthesis from Acetoacetate and Glucose 
in Developing Rats in vitro 
PATRIClA M. SHEEHAN and 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 

Acetoacetate (AcAc) and glucose were compared as energy sources and as precursors for lipid synthesis in 
the lungs of developing rats. Minced lung tissue was incubated with [3J4C]AcAc or [UJ4C]glucose and the 
oxidation of each substrate to CO2 or its incorporation into tissue lipids was quantified. The highest rates of 
oxidation were obtained during the first 5 days for AcAc and the first 2 days of life for glucose and oxidation 
of AcAc was 3-4 times greater than that of glucose at all ages. Throughout postnatal development, the rates 
of nonsaponifiable lipid, fatty acid and hence total lipid (chloroform/methanol extractable) synthesis from 
AcAc were 2-3 times those of glucose. The highest rates of total lipid synthesis from AcAc and glucose were 
observed at birth. Glucose was utilized for glyceride-glycerol synthesis at a higher rate than AcAc. Similar 
patterns of incorporation of AcAc and glucose into various lipid classes were noted. Of the total lipids 
synthesized from AcAc and glucose, respectively, phospholipid plus monoglyceride accounted for 64%and 
77%, triglyceridc 13c~ and 13%, diglyceride plus cholesterol 11% and 4%. fatty acids 9~  and 49 ,  and 
cholesteryl esters 3% and I% At birth, the specific activities of all lipids except triglyceride derived from 
AcAc were greater than those from glucose. Rates of synthesis of all complex lipids declined with age. The 
results of these experiments demonstrate that AcAc is utilized more readily than glucose for energy 
production and lipid synthesis in developing rat lungs. 
l.qrids 18:295-301, 1983. 

De novo synthesis of fatty acid provides a source 
of lung lipids (1,2). This type of lipid synthesis is 
particularly important in the production of pul- 
monary surfactant necessary for alveolar stability 
(3,4). Inadequate production of surfactant can 
result in serious respiratory distress, especially in 
premature babies. 

Studies of adult rats have demonstrated that 
several compounds, including glucose, glycerol, 
acetate, amino acids, pyruvate, lactate, and fatty 
acids, serve as substrates for the synthesis of lung 
lipids (1,2,5-10). In developing rats, the quantita- 
tive contribution of substrates other than glucose 
has not been established. It has been noted, 
however, that the relative contribution of glucose 
to total lipid synthesized de novo is higher in adult 
than in fetal and developing rat lungs (11). This 
suggests a greater dependency of the developing 
lung on other substrates. In addition to the earlier 
observations that ketone bodies are preferred 
substrates for lipid synthesis in the developing 
bra~n of rats (12-15), we and others have shown 
that ketone bodies administered to rats during 
various stages of development are incorporated 
readily into lung lipids, especially phospholipids 

*To v, ho rn  correspondence should be addres~,cd, at I.abora- 
torics of Nutrition and Metabolism. St. Jude Children's Research 
tlospital, PO Box 318, Memphis, TN 38101. 

( 14,16,17). However, the quantitative contribution 
of ketone bodies to lung lipogenesis could not be 
assessed from these in vivo studies. In view of the 
increased availability of plasma ketone bodies in 
developing rats (18-20), the present study was 
undertaken to establish quantitatively the impor- 
tance of AcAc compared to glucose as a precursor 
of lipids in the developing lung. The results show 
that ketone body is more readily utilized than 
glucose for production of lung lipids. 

MATERIALS AND METHODS 

Animals 

Sprague-Dawley rats obtained by previously 
described breeding procedures (21) were used in all 
experiments. Fetal rats of 22 days gestation were 
delivered by caesarean section and used for meta- 
bolic study immediately. Rats, 1-20-days old, were 
suckled by their dams until used for in vitro 
experiments. Adult male rats (200-250 g) were 
included for comparison. 

Metabolic Studies 

Rats were anesthesized with diethyl ether. Lungs' 
were removed and placed in ice cold 0.9% saline. 
Tissues were dissected free of vascular tissue, 
blotted, weighed, and finely minced with scissors to 
less than 0.5 mm 3 cubes. The minced tissues were 
incubated immediately, usually within 3-5 min 
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after the removal of the tissue from animals. 
Preliminary experiments indicated that minced 
lung tissue possessed higher metabolic activity than 
did tissues prepared by other methods, such as 
homogenization and tissue slicing. 

The incubation system, in a final volume of 2 ml, 
consisted of Ca2§ Krebs-Ringer bicarbonate 
buffer, pH 7.4; 75-125 mg minced lung tissue; 33 
mg bovine serum albumin; and 20 /~mol [3-14C] 
AcAc or [UJ4C]glucose containing 0.5/~Ci radio- 
activity. Flasks (25 ml) were flushed with O2/CO2 
(95:5%), stoppered, and incubated at 37C in a 
metabolic shaker (90 strokes/min). In a prelimi- 
nary study, linear rates of CO2 and lipid production 
were obtained with AcAc (2-20 mM) incubated for 
0.5-3 hr and glucose (5-20 mM) for 0.5-2 hr. Thus, 
tissues were incubated for 2 hr in the presence of 10 
mM substrate in all experiments. The pH of 7.2-7.4 
was maintained in the medium during the 2 hr 
incubation. The reaction was stopped by adding 
0.5 ml of 2 N H2SO4. Hyamine hydroxide (0.2 ml) 
was injected to filter paper suspended in a center 
well, and incubation was continued for an addi- 
tional 20 min. After CO2 collection, center wells 
were cut out and placed in scintillation vials 
containing 10 ml of aqueous counting scintillant. 
Flasks, in duplicate, containing no tissue were 
incubated to determine nonenzymatic CO2 pro- 
duction. Tisstie was separated from the incubation 
medium by centrifugation (1500• 10 min), 
washed twice with cold 0.9% saline, and homog- 
enized in distilled water. Two 1-ml aliquots were 
transferred to tubes containing 20 ml of chloro- 
form/ methanol (2: 1, v/v) for lipid extraction (22). 
After extraction, samples were evaporated to dry- 
ness under nitrogen. 

The extracted lipids from one aliquot were 
resuspended in 500/~1 of the chloroform/methanol 
mixture. An aliquot of 50/~1 was used to determine 
the radioactivity in the total lipids synthesized from 
the labeled substrate. The remaining lipid suspen- 
sion was saponified with 3 ml of 20% KOH in 
methanol for 2 hr. 14C-labeled nonsaponfiable 
lipids and fatty acids were extracted with petroleum 
ether (bp 50-60) according to previously described 
procedures (13). The radioactivity in the aqueous 
phase represented glyceride-glyce~ol synthesized 
from labeled substrate (17). 

The second extract was used to determine the 
radioactivity incorporated into the following lipid 
classes: phospholipid and monoglyceride (PL 
+ MG), diglyceride and cholesterol (DG + C), free 
fatty acids (FFA), triglycerides (TG), and choles- 
teryl esters (CE). The lipids were separated by thin 
layer chromatography (TLC) as described else- 
where (21). After development, the TLC plates 
were exposed briefly to iodine vapors for visualiza- 
tion of lipids; identification was based on com- 

parison with known standards. Lipid bands were 
scraped from the TLC plates directly into scintilla- 
tion vials containing 10 ml of toluene scintillation 
fluid (4 g Omnifluor, 230 ml ethanol, 770 ml 
toluene). 

The radioactivity of CO2 and all lipid fractions 
was determined by a liquid scintillation counter 
(Model Mark III, Searle Analytic, Inc.). 

The content of tissue DNA was measured by the 
method of Burton (23). 

Chemicals 

[UJ4C]Glucose, [ethyl-3-14C]AcAc, and Omni- 
fluor were purchased from New England Nuclear, 
Boston, MA. Before the experiments, [ethyl-3- 
lac]AcAc was converted to [3J*C]AcAc by the 
method of Krebs and Eggleston (24). Aqueous 
counting scintillant was purchased from Amer- 
sham Corp., Arlington Heights, IL. Lipid standards 
for TLC were obtained from Applied Science 
Laboratories, Inc., State College, PA. Organic 
solvents for lipid extraction were purchased from 
Fisher Scientific Co., Pittsburgh, PA. Bovine 
serum albumin (Fraction V) and other chemicals 
were purchased from Sigma Chemicals Co., St. 
Louis, MO. 

Statistical Analysis 

Data were analyzed by one-way analysis of 
variance. Comparisons of treatment means be- 
tween substrates at each age were made by Student's 
t-test. Developmental comparisons of treatment 
means for each substrate were made by Duncan's 
New Multiple Range Test (25). 

RESULTS 

Oxidation of AcAc and glucose was compared 
by measuring CO2 production from radiolabeled 
substrates. Throughout the developmental period, 
as well as in adult rats, A c A c  was oxidized at a rate 
3-4 times that of glucose (Fig. 1). Rates of AcAc 
oxidation during the first 9 days of postnatal life 
were higher than those for 20-day-old and adult 
rats. A relatively steady decline from 5 to 20 days 
was noted. Glucose oxidation was highest at birth 
and in 1-day-old rats, with a decline at 5 days of age 
( P <  0.05). This lower level of oxidation was main- 
tained throughout development and in adulthood. 

Rates of AcAc incorporation into total lipids 
(chloroform/methanol extractable) were signifi- 
cantly greater than those from glucose at each age 
studied except 1 day (P<0.05)  (Fig. 2A). The 
highest rates of lipid synthesis, 2701 + 299 and 1601 
+ 139 nmol substrate incorporated/g tissue/2 hr 
from AcAc and glucose, respectively, were ob- 
served at birth. After one day, lipid synthesis from 
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Each point represents the meap+  SEM for 4-6 samples. B 
denotes newborn rats at birth and A denotes adult male 
rats fed ad libitum. 
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AcAc and glucose had declined, respectively, to 
47% and 65% of values at birth. Following a further 
decline at 5 days of age, no differences in synthetic 
rate were observed among 5, 9, 20 day old and adult 
rats. 

Lung lipids were fractionated into nonsaponi- 
fiable lipid, fatty acids, and glyceride-glycerol. 
Nonsaponifiable lipid and fatty acid synthesis from 
AcAc was ca. 2-3 times that from glucose at all ages 
investigated (Figs. 2B and 2C). The highest rate of 
nonsaponifiable lipid synthesis from glucose (268 
+13 nmol glucose incorporated/g tissue/2 hr) 
occurred at 1 day of age; there were no statistically 
significant differences in synthetic rates observed 
among the other age groups in developing rats. In 
contrast, AcAc incorporation into nonsaponifiable 
lipid was maintained at a high level at 1, 5 and 9 
days of age (415 to 477 nmol AcAc incorporated/g 
tissue/2 hr). The rate of AcAc incorporation was 
moderate at birth, and the low adult level was 
reached at 20 days of age. Rates of fatty acid 
synthesis from the two substrates were highest at 
birth, decreased sharply throughout the remaining 
suckling period, and subsequently increased mod- 
erately in adults (Fig. 2C). 

Glyceride-glycerol synthesis from glucose was 
greater than from AcAc at all ages except 9 days 
(Fig. 2D). The synthesis from glucose was highest 
at birth and day 1, and declined rapidlyto the adult 
level by day 5. In contrast, glyceride-glycerol 
synthesis from AcAc remained at a relatively 
constant low level at all ages. 

Throughout development, lipids synthesized 
from AcAc were distributed as follows: 23-46% 
nonsaponifiable lipids, 24-57% fatty acids, and 16- 
37% glyceride-glycerol. With glucose as the sub- 
strate, the distribution was 16-32% nonsaponifiable 
lipids, 16-41% fatty acids, and 43-59% glyceride- 
glycerol (Fig. 2). 

Chloroform/methanol extractable lipids were 
analyzed by TLC for distribution into various lipid 
classes. The percentage distribution of lipids syn- 
thesized from AcAc and glucose in lungs of 5-day- 
old rats, presented in Figure 3, is representative of 
other ages investigated. 

A similar pattern of incorporation into complex 
lipids was observed for both substrates. The PL 
+ MG fraction represented 64% and 77% of lipids 
synthesized from AcAc and glucose, respectively. 
As determined by TLC using a solvent system of 
chloroform/acetone/glacial acetic acid (88:12: 0.05, 
v/v/v), this fraction consisted of at least 80% PL. 
Of the remaining lipids synthesized from AcAc and 
glucose, respectively, TG accounted for 13% and 
13%, DG + C for 11% and 4%, FFA for 9% and 4%, 
and CE for 3% and 1%. 

To determine the quantitative incorporation of 
AcAc and glucose into each lipid class during 
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FIG. 3. Percent distribution of [3J4C]acetoacetate 
( ~ )  and [U-laC]glucose ([Z~]) in lipids synthesized in 
lungs of 5-day-old rats. Minced tissue was incubated as 
described in Figure 1. Total lipids were extracted with 
chloroform/methanol (2:1, v/v) and separated by TLC 
into the following classes: phospholipid and mono- 
glyceride (PL+MG), diglyceride and cholesterol (DG 
+C), free fatty acids (FFA), triglycerides (TG), and 
cholesteryl esters (CE). Each bar represents the mean 
+SEM of 5 samples. 

postnatal development, specific activities were cal- 
culated. For all lipid classes except CE, the highest 
levels of lipid synthesis from glucose occurred at 
birth (Table 1). The synthetic rate for each lipid 
class declined rapidly after birth and reached the 
adult rate by 1 or 5 days of age. 

A decline in complex lipid synthesis from AcAc 
with age was also noted (Table 2). Synthesis of PL 
+ MG decreased by 50% between birth and 1 day of 
age, and by 33% between 1 day and 5 days of age. 
Thereafter, incorporation remained constant at the 
adult level. Synthesis of DG + C decreased signif- 
icantly from birth to 5 days of age. A decline in 
FFA synthesis was observed during the early 
suckling period, with a subsequent increase at 20 
days of age and in adult rats to the level observed at 
1 day of age. Incorporation into TG was greatest at 
birth and declined by 50% at 1 day of age. The level 
of TG synthesis remained constant throughout the 
suckling period and then declined further in 20- 
day-old and adult rats. CE synthesis was greatest 
during the early suckling period, decreasing to the 
adult level at 20 days of age. 

The rate of P L + M G  synthesis from AcAc at 
birth was 1793 + 128 nmol AcAc incorporated/g 
tissue/2 hr, which was significantly greater (P 
<0.05) than the rate from glucose (1237+102 
nmol glucose incorporated/g tissue/2 hr). TG 
synthesis from AcAc was greater than from glucose 
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TABLE 1 

Incorporation of [U-~4C] Glucose into Lipids in Lungs of Developing Rats 

Lipid classes 

Age PL + MG" DG + C FFA TG CE 
(days) (nmol glucose incorporated/g tissue/2hr) 

Birth 1237 -+ 102 b 102 -+ 11 b 92 + 7 b 167 + 19 b 12 + 2 b 
l 819-+ 17 ~ 57+- 5 c 51+_4 ~ 106+__ 7 ~ 10-+2 b'c 

5 418-+ 12 d 23-+ 1 ~ 23+2 c 71-+ 3 d 6_+1 b'c'd 
9 458-+ 23 d 32-+. 4 ~ 21-+3 r 61-+ 2 d 8_+1 b'c'd 

20 415+- 21 d 35+- 2 ~ 42+-4 ~ 52 + - 3 d 5+1 ~ 
Adult 431+- 43 d 27+- 5 ~ 38---6 ~ 47-+ 4 d 2+1 d 

~Abbreviations for lipid classes are PL + MG, phospholipid and monoglyceride; DG + C, diglyceride and 
cholesterol; FFA, free fatty acids; TG, triglyceride; CE, cholesteryl ester. 

bValues are means+SEM for 4 or 5 samples. All values within a column not sharing the same 
superscript are significantly different (P< 0.05). 

in 5-day-old rats; whereas  synthesis  f r o m  glucose 
exceeded tha t  f rom AcAc in 20-day-old and  adul t '  
rats. A c A c  was  utilized to a greater  extent  t han  
glucose for  F F A ,  D G  + C and  CE synthesis  at all 
ages investigated. 

To correlate  the deve lopmenta l  changes  in lipo- 
genic capacity,  t issue D N A  content  was  deter-  
mined.  The  rat  lungs conta ined  10.3 - 0.5, 9.7 • 0.2 
and  9.9 + 0.2 # g  D N A / m g  wet t issue at  6 hr, 9 days  
and 15 days of  age, respectively. 

DISCUSSION 

Acetyl CoA (AcCoA) serves as an immediate 
precu r so r  for  lipid synthesis  (26). C a t a b o l i s m  of  
glucose and AcAc  p roduces  equal  a m o u n t s  o f  
AcCoA;  therefore,  the rate of  l ipogenesis  expressed  
in nmol  or  # m o l  of  subs t ra te  i n c o r p o r a t e d / g  
t i s sue /2  hr  permi ts  a quant i ta t ive  c o m p a r i s o n  of  
glucose and  AcAc as lipid p recursors .  The results  
of  the present  s tudy d e m o n s t r a t e  tha t  A c A c  is more  

rapidly utilized t han  glucose for  synthesis  o f  var-  
ious lipids and for  energy p r o d u c t i o n  in pos tna ta l  
and adul t  rat  lungs. T h r o u g h o u t  the  entire pos t -  
natal  stage, the rates o f  synthesis  of  fat ty acids and  
nonsapon i f i ab le  lipids f r o m  AcAc  were 2-3 t imes 
those  f r o m  glucose. 

Moreover ,  the rates of  AcAc and  glucose utiliza- 
t ion for  energy and  lipid p r o d u c t i o n  were greater  
dur ing  the first 24 hr  of  age than  the r ema in ing  
suckling per iod and adu l thood .  This  develop-  
menta l  pa t t e rn  canno t  be a t t r ibuted  to changes  in 
t issue compos i t i on  dur ing  growth .  We have f o u n d  
that  the D N A  conten t  o f  the lung  did not  change  
dur ing  the suckl ing period.  Also,  lung pro te in  and  
wate r  contents  r emain  cons tan t  in suckl ing r a t s ,  
a l t h o u g h  the pro te in  level in adul ts  is 20-30% 
higher  t han  in y o u n g  rats (10). 

Glucose  is a physiological  subs t r a t e  for  lung 
lipids in adult  m a m m a l s  (1,2,5-10). A l t h o u g h  pre- 
fo rmed  fatty acids in the c i rcula tory  sys tem are 
readily incorpora ted  into complex  lipids (1,8), fat ty 

TABLE 2 

Incorporation of [324C] Acetoacetate into Lipids in Lungs of Developing Rats 

Lipid classes 

Age PL + MG" DG + G FFA TG CE 
(days) (nmol acetoacetate incorporated/g tissue/2hr) 

Birth 1793 _+ 128 b 205 + 31 ~ 213 _+ 28 b 209_+ 22 b 18 --- I b 
1 906+-- 118 c 147+- 15 c 123-- + 13 c 105-+ 10 c 33__+4 ~ 
5 606-+ 33 d 101+ 8 d 87-+ 5 d 118-+ 5 ~ 32_+2 ~ 
9 554-+ 97 d 116+- 17 c'~ 85-+11 d 96_+22 ~ 31 -+6 ~ 

20 452-+ 39 d 93-+ II d 106-+ 10 ~ 37-+ 4 d 9-+ I d 
Adult 507+- 50 ~ 103_+20 d'~ i30+- 13 ~ 23+- 2 ~ 6+ I d 

~Abbreviations for lipid classes are PL+ MG, phospholipid and monoglyceride; DG ~kC, diglyceride and  
cholesterol; FFA, free fatty acids; TG, triglyceride; CE, cholesteryl ester. 

~Values are means _+ SEM for 4 or 5 samples. All values within a column not sharing a common 
superscript are significantly different (P < 0.05). 
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acids synthesized de novo from glucose account for 
30-60% and 20-40% of total lipids synthesized in 
adult  and suckling rats, respectively (1,5,11). The 
Preferential use of AcAc for fatty acid synthesis 
indicates the quant i ta t ive  impor tance  of ketone 
bodies for complex lipid p roduc t ion  in the de- 
veloping lung. Indeed, the specific activity of 
complex lipids, part icularly phosphol ipids ,  syn- 
thesized from AcAc is higher  t han  f rom glucose at 
birth. The p redominan t  synthesis of phosphol ip ids  
f rom AcAc observed th roughout  the entire suckling 
period in the present exper iments  is consis tent  with 
earlier findings in our  in vivo s tudy (16). The 
highest rate of phosphol ip id  synthesis f rom AcAc,  
observed at birth,  coincides with increased capacity 
for de novo fatty acid synthesis measured by H 20  
incorpora t ion  (11). This fur ther  substant ia tes  the 
impor tance  of AcAc as a lipid precursor  at a t ime of 
increased de novo  lipogenesis, and when phos-  
pholipids are needed for pu lmonary  surfactant .  
The mechanism of the enhanced  rate of AcAc 
incorpora t ion  into lipids is still not  unders tood ,  but  
may in par t  be a t t r ibuted to increased activities of 
cytoplasmic AcAcCoA  synthetase and  A c A c C o A  
thiolase as discussed in our  earlier report  (16). 

While AcAc is utilized bet ter  than  glucose for 
fatty acid synthesis, more glucose in incorpora ted  
into glyceride-glycerol. T h r o u g h o u t  pos tna ta l  de- 
ve lopmen t ,  g lycer ide-glycerol  syn thes ized  f rom 
glucose accounted for 43-59% of total  lipids, 
whereas tha t  f rom A c A c  was only 16-37% of the 
total. In  the lung, as well as o ther  tissues, glucose is 
converted to c~-glycerol phospha te  via dihyroxy-  
acetone phospha te  by t~-glycerol phospha te  de- 
hydrogenase dur ing  the glycolytic process (27). To 
the contrary,  there is no known pathway for the 
synthesis of  a-glycerol phospha te  f rom AcAc. The 
reason for the persistent detect ion of [3-~4C]AcAc 
label in glyceride-glycerol in the present  in vitro 
study and in our  earlier in vivo exper iment  (16) is 
not  clear. A l though  recycling of the label t h r ough  
metabol ic  pathways,  e.g., recycling of[14C]AcCoA 
th rough  the Krebs cycle, may be a possibility, the 
physiological significance of AcAc convers ion to 
glycerol could not  be established. It is possible tha t  
glucose and  AcAc are complementa ry  to each 
other  as substrates  for the synthesis of glycerol 
lipids, such as phospholipid,  with glucose providing 
the glycerol moiety and AcAc providing fat ty acid. 
It is perhaps  significant in this regard tha t  10 m M  
exogenous glucose in t roduced into the incuba t ion  
medium enhanced the incorpora t ion  of  [3-14C] 
AcAc into to ta l  lipids (data  not  shown). 

It  should be stressed tha t  a rebound  of fatty acid 
synthesis f rom both  AcAc and  glucose was no ted  in 
adul t  rats after a sharp decline t h r o u g h o u t  the 
suckling period. A similar developmenta l  change in 
lipogenic capacity has been reported (10,11). This 

change may be associated with the nutr i t ional  
s tatus of the animals.  As already di~ussed, bo th  
dietary fa t ty  acid and  tha t  synthesizea de n o v o  
contr ibute  to lung lipids. For  suckling ra s milk 
which has a high fat content  (28), could s e ~  as a 
major  source of lipid and lead to the decrease'~, de 
novo fatty acid synthesis observed immediately at~ r 
birth. By contrast ,  the adul t  rats in our  experi- 
ments,  as well as those used by Maniscalco et al. 
(11), consumed labora tory  rat  chow, a high carbo-  
hydrate  diet. De novo synthesis of  fat ty acids f rom 
AcAc and  glucose was p robab ly  increased due to 
the lower availabili ty of  exogenous fatty acids. 
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Conversion of Cyclolaudenol to 24G- and 
24/3-Ethylsterols in the Cucurbitaceae 
GIANNI  BALLIANO, OTTO CAPUTO, FRANCA VIOLA, LAURA DELPRINO and LUIGI CATTEL,* 
Istituto di Chimica Farmaceutica Applicata, Universit~ di Tot/no, Corso Raffae/Io 31, 
10125 Torino, Italy 

ABSTRACT 

[2JH]Cyclolaudenol was converted into et-spinasterol, 24fl-ethylcholesta-7,25-dien-3/3-ol and 24/~- 
ethylcholesta-?,22,25-trien-3/3-ol by seedlings of Cucurbita maxima. As 24-methylenecycloartanol is the 
obligatory precursor of 24-ethylsterols, it can be assumed that the transformation of cyclolaudenol to 24- 
methylenecycloartanol must have occurred. These results lead us to postulate the existence, in the 
Cucurbitaceae family, of an enzymatic system capable of isomerizing a25alkylsterols into A241281sterols. 
Lipids 18:302-305, 1983. 

INTRODUCTION 

Sterols of most higher plants and algae are C2s 
and C29 compounds in which the additional group 
at C-24 is derived from methionine (1). 

The mechanism of the reaction can differ in 
various classes of algae, fungi and higher plants, 
thus leading to intermediates differing in the 
position of the olefinic bonds and the final con- 
figuration assumed by the C-24 alkyl group (2). For  
example, in Chrysophyte algae and higher plants, a 
24-ethylidenesterol (12) is produced, which is then 
reduced to give either 24t~-ethyl (16)or  24/3-ethyl 
(14) sterols (3-5). In algae of the order Chlorococ- 
cales, the experimental evidence is consistent with 
the production of 24/3-methyl-25-methylene inter- 
mediates, such as cyclolaudenol (3A), which are 
then reduced giving the corresponding 24/3-methyl- 
sterols (4) (5-8). In Cucurbitaceae, two alternative 
pathways have been suggested for the biosynthesis 
of either 24a-ethyl- or 24/3-ethylsterols (9,10). 

Recently, the cooccurrence of 24-methylenecy- 
cloartanol (SA) and cyclolaudenol (3A) in maize (11) 
has led to the suggestion that higher plants may 
generally give two products of alkylation from 
cycloartenol (IA): the 24-methylene derivative (SA), 
which is the precursor of both 24a-methyl (7) and 
24-ethylsterols, and cyclolaudenol (3A), potential 
precursor of 24/3-methylsterols (4). 

Labeled cyclolaudenol (3A) and cycloeucalenol 
were detected in Polypodium vulgate after ad- 
ministrating ~ H / 14C mevalonate (12). In Trebuxia 
spp. (Clorococcaceae), it was demonstrated that 
31-norcyclolaudenol could be converted only into 
24/3-methylsterols but never into 24/3-ethylsterols 
(13). If the pathway for the synthesis of 24/3- 
isomers in higher plants is similar to that in 
Trebouxia, cyclolaudenol (3A), while it could give 
24/3-methylsterols, could not be further metab- 
olized into 24-ethylsterols (11). 

*To whom correspondence should be addressed. 

In the present paper, we describe, for the first 
time, the transformation of cyclolaudenol (3A) 
into both 24c~-ethyl and 24/3-ethylsterols in Cu- 
curbita maxima seedlings. 

EXPERIMENTAL 

General 

Methods (infrared, mass spectrometry, thin layer 
chromatography, radio-thin layer chromatogra- 
phy, and liquid scintillation counting) are generally 
as previously described (10). 

C. maxima var. True Hubbard seeds were ob- 
tained from Fratelli Ingegnoli (Milan, Italy). 
Chemical purity of cyclolaudenol, kindly supplied 
by Dr. A.S. Narula, was tested by TLC-AgNO3, 
GLC-MS and OsO4 treatment (7). 

[2-~H]-Cyclolaudenol 

[2-3H]Cyclolaudenol (3A, sp act 5.9 mCi/mmol) 
was prepared from the corresponding 3-ketone 
derivative by alumina-catalyzed exchange with 
3H20 (14), followed by NaBH4 reduction of [2- 
H]cyclolaudenone. 

In order to determine the chemical purity of [2- 
3H]cyclolaudenol (3A), an aliquot of labeled 3A 
(2.1 • 106'dpm) was diluted with carriers (3A) (~ 2 
mg) and (SA) ("~ 2 mg), acetylated and treated with 
OsO4 in pyridine at room temperature overnight 
(7). The crude mixture was then treated with 
Na2S205 for 2 hr under stirring, extracted with 
Et20 and chromatographed on silica gel (CHC13/ 
MeOH, 98:2). TLC radioscanning and liquid scin- 
tillation counting of the triol monoacetates showed 
the label was associated almost entirely with 9/3,19- 
cyclo-4,4,14c~,24~:-tetramethyl-5e~-cholesta-3/3,25~, 
26-triol 3-acetate (17, 2.0)< 106 dpm, 99.4% of the 
diol fraction), whereas the label associated with 
9/3,19-cyclo-4,4,14c~,24f-tetramethyl-5c~-cholesta- 
3/3-24~:, 28-triol 3-acetate (IS, 8000 dpm, 0.4% of 
the diols fraction) was negligible. 
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Test to Exclude the Cooccurrence of Cyclolaudenol and 
24-Methylenecycloartanol in C, max/rna Seedlings 

C. maxima seeds were germinated at 25C 
under light on moist filter paper in Petri dishes. A 
solution of 7.6 • 106 dpm of [2JnC]acetate (10 ml, 
sp act 50 mCi/mmol) was fed to 10 five-day-old 
seedlings under continuous light for 24 hr. After 
incubation, the seedlings were homogenized, ex- 
tracted with boiling 80% aqueous ethanol, sapon- 
ified and the neutral lipids extracted with petro- 
leum ether. TLC on silica gel (cyclohexane/ethyl- 
acetate, 85: 15) gave a 4,4-dimethylsterol fraction, 
which was acetylated (C5 HsN-Ac20) to the acetates 
(3 mg, 65x 105 dpm). After argentation TLC 
(CHC13 free from EtOH) of the acetates, a band 
corresponding (Rf, GLC) to 24-methylenecyclo- 
artanyl acetate was isolated, counted (I.1 • 105 
dpm) and hydroxylated with OsO4 following the 
above described procedure. 

Analytical TLC (CHC13/MeOH, 94:6) of the 
crude reaction mixture showed only one spot, 
visualized by vanillin, corresponding to 9/3,19- 
cyclo-4,4,14a,24~-tetramethyl-5a-ch olesta-3/3,24~, 
28-triol 3-acetate (18). 

An amount (6• 104 dpm) of the oxidized frac- 
tion, diluted with cold (17) (2 mg) and (18) (2 rag) 
was ehromatographed (CHCI3/MeOH, 96:4) and 
bands corresponding to carriers were scraped off 
and counted: 9/3,19-cyclo-4,4,14a,24~:-tetramethyl- 
5a-cholesta-3/3,24sr,28-triol 3-acetate (18) 5.6)< 10 4 

dpm and 9fl, 19-cyclo-4,4,14a,24(-tetramethyl-5a- 
cholesta-3/3,25~:,26-triol 3-acetate (17), 230 dpm. 

Lack of radioactivity in the compound (17), 
derived from cyclolaudenol (3A), excluded the 
occurrence of cyclolaudenol (3A) in C. maxima 
seedlings. 

In vivo Experiments 

C. maxima seeds were germinated at 25C under 
light in Petri dishes on moist filter paper. On the 
5th day after seed germination, labeled cyclo- 
laudenol (22X 106 dpm) in acetone solution (0.5 
ml) was applied to cotyledons of 35 seedlings as 
previously described (9). The seedlings were kept 
under alternate lighting for 7 days, then extracted 
with boiling ethanol. Unsaponifiable lipids were 
separated on TLC (cyclohexane/EtOAc, 85:15) to 
give desmethysterols (1.6X 106 dpm) and 4,4-di- 
methylsterols (4 X 10 6 dpm) which were acetylated 
(CsHsN-Ac20). Multiple argentation TLC (CHC13 
free from EtOH) of the steryl acetates gave the 
labeled sterols (Table 1) which were identical (GLC 
and GLC-MS) with authentic standards (15). Re- 
crystallization of the individual steryl acetates from 
CHC13/MeOH led to samples of constant specific 
activity: 15B, 14,200, 14,750, 14,400 dpm mg t; 10B 
11,200, 11,000 dpm mg-I; l i B  71,400, 72,090, 
71,850 dpm mg -~. 

TABLE1 

Radioactivity Incorporated into Sterols after Incubation 
of 5-day-old Seedlings of C. maxima 
with 12-3 H]Cyctolaudenol (10 #Ci) 

Sterols 3H dpm ~ %b 

a-Spinasterol (15B) 2.44 • 105 19.3 
24fl- Et hyl-cholesta-7,25- 
dien-3B-ol (lOB) 0.68• l0 s 5.3 

24/3-Ethyl-cholesta- 
7,22,25-trien-3/3-ol (lIB) 9.52• 105 75.3 

aDetermined as pure acetates. 
bpercentage relative to the sterol fraction only. 

a-Spinasteryl (15B) acetate (10.7 mg, 138,000 
dpm) was saponified and treated with CrO3/ 
pyridine complex (16) to give the corresponding 3- 
keto derivative 15C (6.15 mg, 71,700 dpm), which 
was purified by TLC (cyclohexane/EtOAc, 90: 10). 
The only radioactive peak, corresponding to 3- 
keto-a-spinasterol, was scraped off (2.67 mg), 
counted (40,850 dpm) and treated with 5% NaOH 
in ethanol at reflux for 24 hr. Petroleum extract of 
the reaction mixture was subjected to TLC (cyclo- 
hexane/EtOAc, 90: 10) and the recovered ketone 
15C (1.70 rag) was counted (250 dpm, 147 dpm 
mg -~, 99% loss of the tritium). An aliquot of the 
previously separated 4,4-dimethylsterbl fraction 
(1 • 106dpm) was purified by argentation TLC 
(CHCI3 free from EtOH) after acetylation. The 4,4- 
dimethylsteryl acetates (6 • 105d_._mp), after dilution 
with 3A and 5A acetates, were treated with OsO4 
overnight under the described conditions giving the 
mixture of diols 17 and 18 which were separated by 
T L C  (CHC13/MeOH, 98: 2) and counted in a liquid 
scintillator: 17, 3.7• 105 dpm; 18, 150 dpm. 

RESULTS AND DISCUSSION 

[2-3H]Cyclolaudenol (3A) was efficiently con- 
verted into both 24a (15B) and 24fl(10B and l iB)  
ethylsterols by C. maxima seedlings (Table 1); 
recovered radioactive 4-desmethylsterols consti- 
tuted almost one-third of the total sterol fraction 
(4,4-dimethyl- and 4-desmethylsterols). The con- 
version yields are comparable with those reported 
for the incubation of [24-3H]-[26,27J4C]cycloar - 
tenol (1A) with C. maxima seedlings (9). The 
labeled cyclolaudenol (3A) was unambigously 
tested, before the incubation experiments, in order 
to exclude the co-presence of 24-methylenecyclo- 
artanol (SA), which is known to be the precursor of 
the 24-ethylsterols (2). 

Our data indicate that C. maxima may contain 
an enzyme system which can isomerize the C- 
25(26) double bond in 3A giving the C-24 methylene 
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derivative 5A (Fig. l), which is the obligatory 
precursor of the C29 phytosterols (2,11). On the 
other hand, the lack of 24-methylsterols (15) and 
cyclolaudenol (see Experimental) in C. maxima 
seedlings could suggest that 3A is not the physio- 
logical substrate of the supposed A2~-- A24~2~-sterol 
isomerase. 

It can be presumed that the true role of the 
above-cited enzyme is that of protonating the A 2S- 
24fl-ethylsterol (10B), giving rise to the 24t~-ethyl- 
sterol via the carbocations 9 and 8. If such an 
enzyme is operative, the Cucurbitaceae may possess 
a system capable of transforming the 24fl-ethyl- 
sterol into 24t~-ethylsterol, e.g., (10B)-(15B). In 
Bryonia dioica, we showed that active synthesis of 
both 24a- and 24fl-ethylsterols depends on the 
development stage of the plant (10). In Cucurbita 

pepv (/7), it has been shown ,.hat in the adu!t plant 
only 24a-alkytsterols are present, whereas the seeds 
contain both 24a- and 24fl-alkylsterols. 

Taking the abovementioned findings into ac- 
count, it could be envisaged that, in some Cucurbi- 
taceae, the 24B-ethylsterols may be progressively 
transformed into the 24a-ethylsterols during the 
maturation of the tissues via a A2~--A 2"~2~ isomer- 
ase. 

The anomaly of the Cucurbitaceae among the 
higher plants could be further exemplified if we 
consider their slerol composition, which comprises 
sterols present both in algae and in more evolved 
plants. A striking example of this peculiarity is the 
recent isolation in B. a'ioica roots of stigmasta- 
7,E24(28)-dien-3fl-oll19B) which had never been 
found in the plant kingdom, whereas the very 
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similar fucosterol (stigmasta-5,E24(28)-dien-3/3-ol) 
is predominant in the marine brown algae ( 18,19). 
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Increases in Hyperlipoproteinemia, Disturbances 
in Cholesterol Metabolism and Atherosclerosis 
Induced by Dietary Restriction in Rabbits Fed 
a Cholesterol-Rich Diet 
C H R I S T I A N E  L A C O M B E * ,  GENEVIEVE C O R R A Z E  and M A R Y S E  N IBBELINK,  
ERA 412 CNRS, Institut de Physiologie, Rue Francois Magendle, F-31400 TOULOUSE, France 

ABSTRACT 

The influence of dietary restriction on cholesterol transport and metabolism was investigated in rabbits 
given standard or cholesterol-rich diets (0.2 g cholesterol/kg body weight daily) either ad lihitum or with 
50~ caloric ration. Dietary restriction which has only a slight influence in control rabbits markedly 
aggravated the disturbances induced by exogenous cholesterol. With limited feeding, control rabbits 
presented a moderate increase in plasma cholesterol, whereas marked aggravation of hypercholesterolemia 
was observed in cholesterol-fed rabbits. Analysis of the lipoprotein profile showed that the excess of plasma 
cholesterol with the restricted cholesterol-rich diet corresponded to an increase in the concentration of very 
low density lipoprotein (VLDI.) and low density lipoproteins (LDL) without any additional changes in the 
composition of these lipoproteins. No significant change appeared in the high density lipoprotein (HDL) 
concentration. The parameters of cholesterol metabolism were determined, from the curves of [~H] 
cholesterol radioactivity decrease, using a two-pool model. The increase in cholesterol turnover rate induced 
by the cholesterol-rich diet was accentuated by dietary restriction, whereas rabbits on standard restricted 
diet show'ed a slight decrease. The large increase in the size of both pools A and B in cholesterol-fed rabbits 
was even more pronounced with limited feeding. Dietary restriction induced additional accumulation of 
cholesterol in the aortic wall and the grade of thelesions was also aggravated. 
Lipids 18:306-312, 1983. 

INTRODUCTION 

In our  previous experiments  on hyperl ipopro-  
teinemia induced by semisynthetic diets, rabbi ts  
spontaneously  reduced their food intake (1, 2). 
Numerous  works on the nutr i t ional  origin of 
cardiovascular  diseases report  the influence of 
various dietary components ,  while few studies deal 
with the impor tance  of total  caloric intake. Cur-  
rently, the influence of dietary restriction on hyper- 
cholesterolemia and atherogenesis  is not clear. In 
humans,  improved l ipoprotein profiles were ob- 
served dur ing weight reduction induced by dietary 
restriction (3-7). Studies carried out in species 
which develop spontaneous atherosclerosis showed 
the beneficial effect of a low calorie diet. The 
incidence of atherosclerosis can be reduced by 
dietary restriction started early in life in genetically 
obese rats (8) as well as in white Carneau  pigeons 
(9). Conversely,  experimental  atherosclerosis  in- 
duced by cholesterol-rich diet in the chick was not  
prevented by dietary restriction (10). 

The aim of the present study was to investigate 
the influence of dietary restrict ion on cholesterol  
t ranspor t  and metabol ism as well as on the grade of 
atherosclerosis in rabbi ts  on s tandard  or a thero-  
genie diets. 

*To whom correspondence should be addressed. 

MATERIALS AND METHODS 

Animals and Diets 

Four  groups of 8 New Zealand male rabbits ,  
average weight at the start  of exper imenta t ion  2.9 
kg, received the dietary t rea tment  described in 
Table I for 3 months.  Cholesterol  intake was 
adjusted to body weight in bo th  cholesterol  and 
restricted-cholesterol groups. This was performed 
using diets conta ining 5% cholesterol with which 
the daily amount ,  necessary to provide 0.2 g /kg ,  
was calculated for each rabbi t  and the dietary 
rat ion complemented  with s tandard  diet. 

Cholesterol Turnover 

Body weight and plasma cholesterol  (11) were 

IABLE I 
l)ietary Treatment 

Standard diet' Cholesterol h 
(g, day) (g/kg/day) 

C 160 
RC 80 
Ch 160 0.2 
R.Ch 80 0.2 

~tJAR-- Rabbit chow diet. 
"Cholcstcr~l was incorporated in t.he chow diet in the 

crystalline torm 
C - control; R = restricted; Ch = cholesterol. 
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measured weekly. When these parameters became 
stabilized, each rabbit was injected, via the margin- 
al vein of the ear, with 25 # Ci of[ 1,23H]cholesterol 
(CEA-Saclay, France) prepared as described by 
Goodman and Noble (12). The injection of labeled 
cholesterol was carried out after 5 and 6 weeks of 
experiment in control and cholesterol groups, 
respectively; blood samples were collected from the 
opposite ear daily for the following 7 days and then 
weekly for 50 days. After specific extraction (12), 
radioactivity was measured in a Packard liquid 
scintillation counter using toluene (0.4% PPO and 
0.01% POPOP) as scintillator. 

Kinetic parameters of cholesterol turnover were 
calculated from the curves of specific plasma 
radioactivity decrease using a two-compartment 
model according to Goodman and Noble (12). 

Lipoprotein Analysis 

Animals were fasted overnight before exanguin- 
ation and the blood collected over EDTA (1 
mg/ml). 

Lipoprotein fractions: V L D L  ( d <  1.006), LDL 
(1.006< d<1.063), HDL2 (1.063< d <  1.125), HDL3 
(1 .125<d< 1.21) were separated on a KBr density 
gradient in a Beckman SW 41 rotor using a modifica- 
tion of the technique described by Chapman et al. 
(13). The density of the bottom of the tube was 
increased by replacing the solution of density 1.24 
by one of 1.30 to reduce contamination by protein 
of the denser fractions. The gradients were then 
constructed and centrifuged as previously described 
(13). HDL3 was purified by additional centrifuga- 
tion at density 1.21 (40.000 rpm for 48 hr). 

Determination of lipoprotein compositions and 
quantitative analysis were performed as previously 
described (2,14). 

rabbits. Statistical significance was determined 
using Student's t-test. 

RESULTS 

Body Weight 

Changes in body weights during the experiment- 
al period are presented in Figure 1. Rabbits on 
restricted diets presented a weight reduction which 
took place principally in the first weeks of the 
experiment. No significant changes were observed 
with cholesterol supplementation of the diets. 

Plasma Cholesterol and Lipoproteins 

Dietary restriction induced only a slight increase 
in plasma cholesterol in control rabbits, whereas it 
markedly enhanced the hypercholesterolemia in- 
duced by exogenous cholesterol (Fig. 2). Plasma 
cholesterol was doubled in rabbits on restricted 
cholesterol-rich diets compared to the cholesterol 
group. 

The rise in plasma cholesterol was associated 
with changes in lipoprotein level (Table 2) and 
composition (Table 3) and also in the percentage 
distribution of cholesterol between the lipoprotein 
fractions (Table 4). 

Profound modifications in lipoprotein profile 
were observed in both groups receiving cholesterol. 
Cholesterol-rich diets induced a marked increase in 
VLDL and LDL concentration but no significant 
changes were seen in the level of HDL2 and HDL3. 
Marked alterations in VLDL and LDL composi- 
tion were observed in cholesterol-fed rabbits. These 
lipoproteins showed an increase in their choles- 
terol content and a decrease in triglycerides and 

Tissues Analysis 

The liver, intestine and aorta were removed and 
weighed. 

The extent of the lesions of the arch and thoracic 
aorta were determined from photographs by plan- 
imetry. The artery samples were then pulverized in 
0.25 M sucrose, 1 mM tris buffer (pH 7.2) for the 
determination of N-acetyl-glucosaminidase activ- 
ity (15) and protein content (16). The remaining 
homogenates were lyophilized and extracted in a 
chloroform methanol (2:1, v/v) mixture for choles- 
terol determination (17). 

The cholesterol content was also determined in 
liver and in aliquots of the whole intestine homog- 
enate (17) after extraction with chloroform me- 
thanol. 

Statistics 

All values are expressed as means + SEM of 8 

BODY WEIGHT 

K9 Control 

/ 1/i 
/ . / ' / ~  - - - ' -  Cholesterol 
I I ] I/T/ / 

3J I / /  Restricted_Cholesterol 
~-....~ TZ~" r r 
r.-<r/  
I \\ "~ T.... T }' �9 i r... -~. l /  " '~r �9 J ~ i  ' \ - "  ! /  \ ' / "  
/ " " ~ ! J ' \  \ . r / l " / ~  �9 . ^ " , 
J \ T/" .estrlcteo.t,  ontrm 

/,S]: !--'" 

i 2 Months 

FIG. 1. Changes in body weight during the experi- 
mental period. 
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,.= 10/100 ml 

1.4 

,, 
Restricted .Cholesterol 

[ /  

. / II 

"/] ' * ** Restricted Control 
- ~ ' ~  �9 Z . ~  " i . :==-- :z-: : : -~-:z~:;  =2~ Control 

' t t 2 Months 3 
�9 Q 

F I G .  2. I n f l u e n c e  o f  d i e t a r y  r e s t r i c t i o n  on  c h o l e s t e r o l -  
e m i a  in r a b b i t s  fed e i t h e r  s t a n d a r d  o r  c h o l e s t e r o l - r i c h  

d ie ts .  * I n j e c t i o n  o f [ 3 H ] - c h o l e s t e r o l  a f t e r  5 a n d  6 w e e k s  o f  

e x p e r i m e n t  in c o n t r o l s  a n d  c h o l e s t e r o l  g r o u p s ,  r e spec -  
t ive ly .  

C .  L A C O M B E ,  G .  C O R R A Z E  A N D  M.  N I B B E L I N K  

PLASMA CHOLESTEROL 3ABLE 2 

Influence ot Dietary Restriction on 1.ipoprotcln Levels 
in Rabbits  Fed either Standard or Cholesterol-Rich Diets 

V L D L  L D L  HI)I..~ H D L  

C 62•  14' 22 •  4 .T  69•  13 101•  
RC 45•  25 ~ 54•  101•  84•  
Ch 849•  h - 183•  9 4 •  118•  
R.Ch 1883+305 ~ 357•  82•  9.7 91 •  

(mgi  I00 ml plasma); m e a n s •  of 8 rabbits. 
""" 'OSuperscript  letters indicate intergroups statistical differ- 

ence, means not sharing a common letter are significantly 
different ( P <  0.05). 

C = control; R = restricted; Ch = cholesterol. 

TABLE 3 

Influence of Dietary Restriction on Percent Composi t ion of Lipoproteins in Rabbits  
Fed Either Standard or Cholesterol-Rich Diets 

Proteins Triglycerides Phospholipids Cholesterol Esters Free Cholesterol 

C 1 5 . 0 •  54.3•  ~ 16.3• 10.7• 3 . 7 •  
RC 15 .5•  45.0• 17.6• J 16.6• ~ 5.3• 
Ch 8 .6•  ~ 5 .0•  ~ 19.0• "h 55.2•  12.2• h 
R.Ch 7 .6•  h 4 .8 •  b 24.4•  48 .5~2.6  d 14.7• b 

C 2 6 . 3 •  19.1• ~ 2 4 . 5 •  ~ 24.4• 5 .7 •  ~ 
RC 31.0•  16.4• 27 .2•  h 17.1• 8 .3 •  ~ 
Ch 19.7• ~ 2 .6•  20 .0•  J 43.0•  14.7• 
R.Ch 18.2• h 3 .0•  h 19.2• ~ 42 .7•  ~ 16.9z0.8 ~ 

C 50.4•  11.4• 24 .7•  ~" 9 .2 •  4 . 3 •  J 
RC 45 .2•  11.8• 27 .4•  9 .8 •  ~h 4 . 8 •  
Ch 51.5•  16.1• 6 .8•  4 .8•  20.8•  1.5 h 
R.Ch 47.7•  4 .7 •  h 21 .6•  h 14.6• h 11.4• h 

C 63.8•  4 . 8 •  20 .7•  ~ 8 .4 •  2.3•  
RC 58.2•  7.1• '~ 20.7•  11.3• 2.7•  
Ch 63.1•  1.3• 18.1• "h 13.1• 4 4 •  ~h 
R.Ch 59.1•  5 .8•  ~" 14.0•  15.3• 5 .8•  h 

M c a n s + S E M  of 8 rabbits. 
" 'h" 'JSuperscript letters indicate intergroups statistical difference, means not 

arc significantly different (P<0.05). 
C = control; R = restricted; Cb = cholesterol. 

shar ing a common  letter 
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TABI.E 4 

Influence of Dietary Restriction on the Distribution of Cholesterol Betv, een the Lipoproteins 
in Rabbits Fed either Standard or Cholesterol-Rich Diets 

309 

VI.DL LDI+ H DI.., HDL 

C 23.0 + 3.68+ 22.5 + 3.00 26.8 +- 3.75 + 27.7 +_ 3.00" 
RC 18.5-+3.82 + 27.6"--2.25 33.0___ 3.00+ 20.9+_ 1.80" 
Ch 81.6 _+ 2.51 h 15.2 +- 2.56 1.9 + 0.38" 1.3 +- 0.25" 
R.Ch 8 I. 1 _+ 2.67 h 16. I _+ 2.20 1.8 -+ 0.44 +' 1.0 _+ 0.14" 

(Percent of total plasma cholesterol): means_+ SEM of 8 rabbits. 
""Superscript letters indicate intcrgroups statistical difference, means not sharing a common letter are 

significantly different (P<0.05). 
C =control; R = restricted; Ch = cholesterol. 

proteins.  The HDL2 also presented an enr i chment  
in cholesteryl  esters. The dietary restr ict ion accen- 
tuated the rise in apoB-con ta in ing  l ipoprote ins ,  but 
had only a slight influence on their  compos i t ion .  
No  addi t ional  changes  were observed except  a 
slight increase in free choles terol  of  HDL2 and 
HDL3 and a decrease in cholesterol  esters of  
VLDL.  

Quant i ta t ive  and  qual i tat ive a l tera t ions  of  the 
l ipoprote ins  induced by cholesterol  feeding result-  
ed in p r o f o u n d  d i s tu rbance  of  choles terol  t rans-  
port .  The par t ic ipa t ion  of  H D L  in choles terol  
t r anspo r t  was  markedly  reduced,  whereas  the 
p r o p o r t i o n  associated with V L D L  increased f rom 
23 to 81% total cholesterol.  This  d i s t r ibu t ion  was  
altered to the same  extent  in bo th  g roups  receiving 
cholesterol,  restricted or  not. 

The increase in p lasma  cholesterol  observed in 
cont ro l  rabbi ts  with limited feeding co r r e sponded  
to an increase in L D L  concen t ra t ion  and an 
enr ichment  of  V L D L  in cholesteryl  esters. 

Cholesterol Metabolism 

The  kinetic pa ramete r s  of  cholesterol  me tabo l -  

ism are presented in Table  5. "l'hc metabol ic  
clearance fract ion was markedly  delayed in all 
g roups .  The inc rease in  the metabol ic  t u r nove r  rate 
(PRA) induced by cholesterol  feeding was accentu-  
ated by dietary restrict ion,  whereas  rabbi t s  on 
s t andard  restricted diet showed  a significant de- 
crease. 

The mass  of  pool  A was  higher  in cont ro l  rabbi t s  
on restricted diet but no changes  occurred in the 
mass  of  pool  B. Choles terol - fed rabbi ts  presented 
an increase in bo th  pools  A and B which was  
markedly  accentuated by dietary restriction. 

Changes in the Cholesterol Content of Various Tissues 

Dietary restrict ion has no effect on the choles-  
terol content  of  the liver or  intestine in cont ro l  
rabbits ,  as s h o w n  in Table  6. Therefore ,  in this 
g roup ,  the increase in pool  A mainly co r r e sponded  
in hypercholes tero lemia .  

A marked  increase in hepat ic  and intestinal 
cholesterol  concen t ra t ion  was  observed  in choles-  
terol-fed rabbits .  This  was  aggravated  by dietary 
restr ict ion principally in the intestine. 

1 ABLE 5 

Influence of Dietary Restriction on the Kinetic Parameters of Cholesterol Turnover 
in Rabbits Fed either Standard or Cholesterol-Rich Diets 

Ma MB I'R~ M('F 

(mg: kg body wt) (mg. kg: day) (% day) 

C 266 +- 15.5' 633 _+ 65.2" 52.7 4_ 2.1()" 394 _+ 0.4 ~ 
RC 349 + 13.9 ~ 614• + 38.6_+ 1.90 h 1.39+0.1" 
Ch 1235 + 84.5 991 _+ 58.6 ~ 90.6 ._+ 2.16" 0.40 • 0. I' 
R.Ch 1597~-83.3 ': 1617_+ 150 ~ 123 L4.30 J 0.29• 

Ma: Mass ofcholesterol in pool A: Mt~: minimum mass of cholesterol in pool B assuming that cholesterol 
synthesis in tissues of pool B is negligible: PRA: production rate of cholesterol in pool A: M('F: metabolic 
clearance fraction; means -+. SE M of 8 rabbits. 

"+'""Superscript letters indicate intergroups statisti++al diflerencc, means not sharing a common letter 
are significantly different (P<0.05). 

C = control; R = restricted; Ch = cholesterol. 

LIPIDS, VOl.. 18, NO. 4 (1983) 
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TABLE 6 

Influence of Dietary Restriction on the Changes in 
Cholesterol Content of Liver and Intestine in Rabbits 

Fed either Standard or Cholesterol-Rich Diets 

Liver Intestine 
(mg/kg body wt) 

C 60_+ 2.7" 53_+ l.l 4 
RC 66_+ 2.2 a 59_+ 2.5 ~ 
Ch 1144 _+ 1458 97 _+ 6.3" 
R.Ch 1448_+ 195 b 140-+9.2 ~ 

Means+SEM of 8 rabbits. 
~'"'CSuperscript lelters indicate intergroups statistical differ- 

ence, means not sharing a common letter are significantly 
different (P<0,05). 

C = control; R = restricted; Ch = cholesterol. 

Atherosclerosis 

Cho le s t e ro l  f eed ing  r e su l t ed  in d r a m a t i c  a t h e r o -  
sc le ros is  in the  a r ch  as well a s  in t he  t h o r a c i c  a o r t a  
(Tab le  7), A c c o r d i n g  to  the  c h a n g e s  in poo l  B, 
m a r k e d  a c c u m u l a t i o n  o f  cho le s t e ro l  o c c u r r e d  in 
the  a r te r ia l  wal l  w h i c h  was  a c c e n t u a t e d  by d i e t a ry  
res t r ic t ion .  A c o n c o m i t a n t  i nc rease  in t he  ac t iv i ty  
o f  a l y s o s o m a l  enzyme:  N-ace ty l  g l u c o s a m i n i d a s e  
( N A G A )  was  obse rved .  

T h e  e x t e n t  o f  t he  les ion a r ea  was  d o u b l e d  w h e n  
cho les t e ro l  f eed ing  was  a s soc i a t ed  wi th  d i e t a ry  
res t r ic t ion .  N o  s p o n t a n e o u s  les ions  were  o b s e r v e d  
in e i ther  g r o u p  rece iv ing  t he  s t a n d a r d  diet.  

DISCUSSION 

Die t a ry  re s t r i c t ion  h a d  a m o d e r a t e  i n f l uence  in 
con t ro l  r abb i t s  bu t  m a r k e d l y  a g g r a v a t e d  t he  dis- 

m r b a n c e s  i nduced  by  cho le s t e ro l  feed ing .  
T o t a l  s t a r v a t i o n  is well  k n o w n  to  resul t  in 

h y p e r c h o l e s t e r o l e m i a ,  as s h o w n  in m a n  (18) a n d  
r abb i t  (19-22). I n  con t r a s t ,  l imi ted  f eed ing  m a y  
have  a benef ic ia l  effect.  R e s t r i c t i o n  o f  d i e t a ry  
i n t ake  is genera l ly  a c c o m p a n i e d  by a dec rease  o f  
s e r u m  cho les te ro l  a n d  t r ig lycer ide  c o n c e n t r a t i o n  in 
n o r m a l  a n d  obese  h u m a n s  (3-7). T h e  benef ic ia l  
effect  o f  d ie t a ry  res t r i c t ion  was  a l so  r e p o r t e d  in 
genet ica l ly  obese  ra t s  (8) a n d  in t he  W h i t e  C a r n e a u  
p igeon  (9), r e d u c i n g  the  inc idence  o f  s p o n t a n e o u s  
a the rosc le ros i s .  T h e  p r e s e n t  e x p e r i m e n t  s h o w s  t h a t  
d ie t a ry  r e s t r i c t ion  ha s  a n  a d v e r s e  effect  w h e n  
a s s o c i a t e d  wi th  cho le s t e ro l  feeding .  A n  inc reased  
h y p e r c h o l e s t e r o l e m i a  wi th  a s e m i p u r i f i e d  diet  c o n -  
t a i n ing  case in  was  p r ev ious ly  o b s e r v e d  in y o u n g  
r abb i t s  w h e n  a res t r ic ted  f eed ing  r eg ime  was  ap -  
pl ied (23). T h e  effect o f  d ie t a ry  r e s t r i c t ion  was  less 
m a r k e d  in adu l t  r abb i t s  (23), b u t  in th i s  e x p e r i m e n t  
wi th  a s emipur i f i ed  diet ,  t he  da i ly  f ood  i n t a k e  in t he  
g r o u p  fed ad l i b i t u m  was  low. A s l igh t  inc rease  in 
e x p e r i m e n t a l  a t he ro sc l e ro s i s  w i th  d i e t a ry  res t r ic -  
t i on  was  also o b s e r v e d  in ch icks  (10). T h e r e f o r e ,  
the  in f luence  o f  d i e t a ry  r e s t r i c t ion  s eems  to be  
d i f fe ren t  in e n d o g e n o u s  o r  e x o g e n o u s  h y p e r c h o l e s -  
t e ro l emia .  

E m a c i a t i o n  i n d u c e d  by  d ie ta ry  r e s t r i c t ion  in 
c o n t r o l  r abb i t s  is a c c o m p a n i e d  by a s l ight  hype r -  
c h o l e s t e r o l e m i a  wh ich  c o r r e s p o n d s - t o  a n  inc rease  
in L D L  a n d  a n  e n r i c h m e n t  in cho le s t e ry l  es te rs  o f  
V L D L  w i t h o u t  c h a n g e s  in the  ra t io  H D L  cho les -  
t e r o l / t o t a l  choles tero l .  F a s t i n g  h y p e r c h o l e s t e r o l e -  
m i a  p rev ious ly  o b s e r v e d  in r abb i t s  a lso cor re -  
s p o n d e d  to  an  inc rease  in L D L  (21). 

C h a n g e s  in t he  l i pop ro t e in  prof i le  in cho le s t e ru l -  
fed rabbi t s :  i nc rease  in a p o  B - c o n t a i n i n g  l i pop ro -  

TABLE 7 

Influence of Dietary Restriction on the Changes in Cholesterol Content, NAGA Activity and 
Visual Grading Athernsclerosis of Aorta in Rabbits Fed either Standard or Cholesterol-Rich Diets 

Arch Thoracic 

C 235_+ 358 152+ 10.5" 
Cholesterol RC 206_+ 14" 169_+ 7.5 a 

(mg/100 g Ch 844_+ t54 b 472_+ I l0 b 
wet weight) R.Ch 2557 + 300 ~ 1031 -+ 243 c 

C 0.40 _+ 0.026 ~ 0.40 _+ 0.020 ~ 
NAGA RC 0.38_+0.021 = 0.31 +_0,015 b 

(mU/mg protein) Ch 0.94_+0.13" 0.56-+0.073 c 
R.Ch 2.60 -+ 0.29 c 0.72 -+ 0.078 c 

Lesions Ch 39 -+ 8.6 ~ 9 -+ 3.3" 
(% surface area) R.Ch 78 -+ 2.7 h 17 +_ 2. I b 

Means 4" SEM of 8 rabbits. 
;'"'~Superscript letters indicate intergroups statistical difference, means not sharing a common letter are 

significantly different (PK0.05J. 
C = control; R = restricted; Ch = cholesterol. 

LIPIDS, VOL, 18, NO. 4 (1983) 



DIETARY RESTRICTION AND 

teins, mainly the VLDL, and alterations in their 
composition have been extensively reported (24- 
27). The results presented here are in complete 
agreement with these observations. Aggravation 
by dietary restriction of the hyperlipoproteinemia 
induced by exogenous cholesterol is spectacular. It 
is noted that the excess of plasma cholesterol 
corresponds to an increase in VLDL and LDL 
without additional changes in their composition. 
In cholesterol-fed rabbits, it i~ well known that the 
increase in /3 migrating VLDL represents an ac- 
cumulation of chylomicron remnants (28) which 
result from saturation of the hepatic lipoprotein 
receptors (29). In the present experiment, the 
increase in the fraction d <  1.006 is markedly 
accentuated by dietar3( restriction, yet further 
investigations will be needed to elucidate if this 
increase corresponds to chylomicron remnants or 
to VLDL of intestinal and/or hepatic origin. The 
difference observed in restricted animals could be 
caused either by a more rapid inhibition of the 
hepatic uptake mechanism or by an increased 
production of lipoproteins. In fact, in the rabbit, a 
moderate increase in fl VLDL results in saturation 
of the hepatic receptors. When the fl VLDL 
cholesterol is above 1.4 mg/dl, the removal mech- 
anism begins to be saturated and the fractional 
clearance rate decreased (29). Thus, overproduc- 
tion ofchylomicron or VLDL is probably responsi- 
ble for the excess accumulation. 

The values obtained for kinetic parameters of 
cholesterol metabolism in control and cholesterol- 
fed rabbits are consistent with data previously 
reported (30, 31). In control rabbits, there is no 
dietary intake of cholesterol; therefore, the produc- 
tion rate in pool A represents the endogenous 
synthesis. The results show a reduction in endog- 
enous synthesis with the standard restricted diet. 
Similarly, fasting rabbits exhibited hypercholes- 
terolemia and decreased fecal steroid excretion 
(22). The proportional relationship between the 
daily quantity of cholesterol synthesized, and the 
energy expenditure was first reported in the rat 
(32). Our data are in agreement with this observa- 
tion. In addition, the simultaneous rise in plasma 
cholesterol confirms the model system reported by 
Chevallier et al. (33) where a reduction in synthesis 
results in an increase of cholesterolemia. 

Conversely to standard diets, cholesterol feeding 
induced an increase in metabolic turnover rate 
which is accentuated by dietary restriction. Rabbits 
have been shown to be deficient in control mechan- 
isms to prevent the very large increase in total body 
cholesterol observed with cholesterol feeding (30). 
This is markedly aggravated in restricted animals 
in spite of a similar intake of exogenous cholester- 
ol. The fact that dietary restriction reduces endog- 
enous synthesis in control rabbits suggests that the 
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adverse effect observed in cholesterol-fed rabbits 
corresponds to increased intestinal absorption of 
cholesterol. Nevertheless, an interaction between 
cholesterol feeding and dietary restriction is not 
excluded. 

The aggravation of atherogenesis by dietary 
restriction is remarkable. Rabbits on the restricted 
cholesterol-rich diet present a rise in the activity of 
NAGA, a lysosomal enzyme well known to in- 
crease during atherosclerosis (15). The accumula- 
tion of cholesterol in the aortic wall and the grade 
of atherosclerosis are markedly accentuated when 
cholesterol feeding is associated with dietary re- 
striction. This increased cholesterol accumulation 
in the aortic wall could be facilitated by limitation 
of storage in the adipose tissue. Assuming that the 
difference in body weight occurring with dietary 
restriction corresponds to a reduction in the mass 
of adipose tissue which represents an important 
part of pool B (34), the deposition in other tissues 
of pool B could be accentuated. 

The relationship between the concentration of 
VLDL and LDL and the extense of atherosclerosis 
is noted. The atherogenic effect of apo B-contain- 
ing lipoproteins has been widely reported (35,36). 
The appearance of abnormal lipoproteins in ex- 
perimental atherosclerosis (24-27) as well as in 
familial hypercholesterolemia (37,38) and the fact 
that they stimulate the proliferation of aortic 
smooth muscle cells (39) and also the accumulation 
of cholesteryl ester in macrophages (40,41) have 
been the focus of recent research. The present 
experiment, where increased concentration occur- 
red without additional changes in composition, 
suggests the primordial importance of the quanti- 
tative aspect of the lipoprotein profile. 

In conclusion, dietary restriction, which has only 
little influence in control rabbits, markedly aggra- 
vates the disturbances of cholesterol transport and 
metabolism as well as atherogenesis when associ- 
ated with cholesterol feeding. Study of the turnover 
provides interesting information concerning the 
distribution of cholesterol between the different 
pools, but additional investigations will be needed 
to explain the definite mechanism by which such 
accumulation of cholesterol occurs. 
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ABSTRACT 

The stereospecificity of 4 lipases towards enantiomeric alkyldiacylglycerols and alkylmonoacylglycerols 
was investigated. No stereospecific breakdown of the former substrate was observed for lipases from, 
pancreas, Rhizopus arrhizus, Pseudomonasfluorescens, or bile salt-stimulated lipase from human milk. All 
lipases degraded 2-oleoyl-3-tetradecyl-sn-glycerol faster than l-tetradecyl-2-oleoyl-sn-glycerol. Among X- 
l-acyl-3-alkylglycerol isomers, l-acyl-3-alkyl-sn-glycerol was preferentially attacked by the 3 first mentioned 
lipases. Possible mechanisms and metabolic implications for these stereospecificities are discussed. 
Lipids 18:313-318, 1983. 

INTRODUCTION 

It is generally recognized that the first degrada- 
tion of triacylglycerol by lipases involves ester 
bonds at one or both of the primary positions of 
glycerol (1). Since the lipase first studied, pancreatic 
lipase, did not discriminate between positions 1 
and 3 (2), little interest was devoted to the possible 
stereospecificity of different lipases. This was also 
due to the lack of suitable substrates and methods 
for the assessment of stereospecificity. More-re- 
cently, it was demonstrated that lipoprotein lipase 
(3,4) and the heparin-releasable hepatic lipase (5) 
preferentially attack position 1, whereas tongue 
lipase prefers position 3 of triacylglycerol or alkyl- 
diacylglycerol (4). Several lipases did not show any 
stereospecificity in attacking triacylglycerol or its 
analogues, such as pancreatic lipase (4) and liver 
lysosomal lipase (5). Our studies have now been 
extended to other lipases with unknown stereo- 
specificity. The bile salt-stimulated lipase of milk 
was studied to compare its specificity to that 
reported for milk lipoprotein lipase. Furthermore,  
2 microbial lipases have been investigated. The 
specificity of the 3 enzymes was compared to that 
of pancreatic lipase. 

EXPERIMENTAL 

Materials 

1,2-Di[3 H]oleoyl-3-tetradecyl-sn-glycerol, 1-tet- 
radecyl-2,3-di[14C]oleoyl-sn-glycerol, 2-[3H]oleoyl - 
3-tetradecyl-sn-glycerol, 1-[ H]oleoyl-3-tetradecyl- 

14 1 sn-glycerol, 1-tetradecyl-2-[ C]oleoyl-sn-glycero, 
14 and l-tetradecyl-3-[ C]oleoyl-sn-glycerol were pre- 

pared as described previously (5). They were 

*Address correspondence to: B. Akesson, Department of Clinical 
Chemistry, University Hospital, S-221 85 Lund, Sweden. 

IA preliminary account of this work was given in Abstract 457 
of the ISF/AOCS World Congress, New York, 1980. 

purified by thin layer chromatography (TLC). At 
intervals, the purification was repeated to minimize 
the concentration of acyl migration products. The 
following lipase preparations were used: lipase 
from Rhizopus arrhizus in ammonium sulfate 
suspension (ca. 13750 U/mg) (obtained from Boeh- 
ringer, GFR),  a highly purified lipase from Pseudo- 
monas fluorescens (obtained from Amano Phar- 
maceutical Co., Nagoya, Japan (6)), bile salt- 
stimulated lipase isolated from human milk as 
described previously (7) and purified pancreatic 
lipase and colipase obtained from Dr. T. Wieloch, 
Department of Physiological Chemistry, University 
of Lund (8). 

Lipase Assays 

3H- and 14C-labeled substrates were mixed to 
obtain racemic mixtures of alkyldiacylglycerol or 
alkylmonoacylglycerol. Two mg of these mixtures 
were taken to dryness in a centrifuge tube. Two ml 
of acacia in water (15 mg/ml)  was added, and the 
mixture was sonicated twice at 0C for 5 min, and 
0.1 ml was then added to lipase assay mixtures 
(0.25 ml total volume). The assay mixture for bile 
salt-stimulated lipase contained 0.1 M Tris-HC1 
(pH 9.0), sodium taurocholate (8 mg/ml),  0.2 M 
sodium chloride, and bovine serum albumin (16 
mg/ml). The assay mixture for other lipases was 
0.1 M Tris-HC1 (pH 7.4), 0.1 M sodium chloride 
and bovine serum albumin (16 mg/ml).  To incuba- 
tions with pancreatic lipase, 10-fold more colipase 
than pancreatic lipase was added. The amount  of 
lipases added was varied to give different degrees of 
hydrolysis. For R. arrhizus lipase, the desired 
lipolysis was obtained by 5-250 ng of the enzyme 
preparation. The incubations were shaken for 30 
rain at 37C, and lipids were then extracted and 
separated by TLC (5). Radioactivity was measured 
by liquid scintillation counting, and counting effi- 
ciency was monitored using the external standard 
ratio method. 

LIPIDS, VOL. 18, NO. 4 (1983) 
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RESULTS 

Lipolysis of Alkyldiacylglycerol 

I n - t h e  first series of experiments, different 
amounts  of lipases were incubated with equal 
amounts  of[J4C]- and [~H]alkyldiacylglycerol, and 
the appearance of '4C and ~H in different break- 
down products was compared. Lipase from P. 
fluorescens degraded the 2 alkyldiacylglycerol iso- 
mers at equal rates, as evidenced by the constant 
t4C/3H ratio in the substrate even at 90% hydroly- 
sis (Fig. I). In fatty acid, ~4C/3H was 0.6-0.7 and in 
alkylmonoacylglycerol the ratio was well above 
unity, especially at extensive lipolysis. The devia- 
tions of ~4C/~H from unity indicate that the 
proportions of the breakdown products varied 
markedly for the 2 alkyldiacylglycerol isomers. 
[ '4C]Alkylmonoacylglycerol accumulated more 
than [~H]alkylmonoacylglycerol, which instead 
was split to fatty acid and alkylglycerol to a higher 
degree. This indicates that a stereospecificity was 
exerted at the alkylmonoacylglycerol level, al- 
though no specificity vs enantiomeric alkyldiacyl- 
glycerols could be detected. 

Similar experiments were performed with 3 
other lipases (Table I). No significant change in 
~4C/~H of alkyldiacylglycerol during varying de- 
grees of hydrolysis could be observed. In the 
breakdown products, small but reproducible 
changes in ~4C/3H were observed but they cannot 
be taken as definite evidence for existing stereo- 
specificities. The increase of ~4C/~H to 1.41 in 
alkylmonoacylglycerol after incubation with R. 
arrhizus lipase suggests, however, such a specificity 
at the alkylmonoacylglycerol level. It was clearly 
less marked than that observed for P.fluorescens 
lipase (Fig. I). 
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FIG. I. l,ipolysis of racemic alkyldiacylglycerol by 
lipase from P..lTuorescen.~. 25 #g of 1,2-di[~H]oleoyl-3 - 
tetradecyl-sn-glycerol plus I-tetradecyl-2,3-di[~"C]oleoyl - 
.~-n-glycerol was incubated for 30 min with different 
amounts of lipase. Symbols: A, amount of remaining 
substrate ([~H]alkyldiacylglycerol, %); ~4C/~H ratio in 
alkyldiacylglycerol ~7 alkylmonoacytglycerol El, and 
fatty acid o. The t4C~ ~H ratio in the substratc was set at 
unity. Data are means of two observations. 

Lipolysis o f  X-  1 - A l k y l - 2 - a c y l g l y c e r o l  

Since the experiments indicated that lipases 
attacked alkylmonoacylglycerols stereospecifically, 
the next series of experiments were performed with 
2-[3H]oleoyl-3-tetradecyl-sn-glycerol and l-tetra- 
decyl-2-[~4C]oleoyl-sn-glycerol, which are the ex- 
pected intermediates in the incubations described 
in Table I and Figure 1. Figure 2 shows that lipase 
from P..puorescens degraded the former isomer 
several times more rapidly than the other isomer. 

TABLE I 

Hydrolysis of Alkyldiacylglycerol Isomers  by Different Lipases ~ 

~H-I. abeled '~ C I ~ H 

substrate 
remaining Alkyldiacyl- Alkylmono- Fat ty 

Lipase (%) glycerol acylglycerol acid 

Pancreatic 
lipase 

Bile salt- 
st imulated 
lipase 

R. arrht~.u.s 
lipase 

82.5 1.04 0.82 0.91 
42.8 1.05 0.99 0.87 

714  1.06 1.01 0.80 
56.3 1.08 1.02 0.87 

52.0 1.10 0.93 0.84 
35.5 1.02 1. I 1 0.88 
13.2 0.90 1.41 0.73 

"Different amounts  of lipases were incubated with a racemic mixture  ol 1,2-dl[ H]oleoyl-3-tetradecyl- 
sn-glycerul and I-tetradccyl-2,3-di[~C]olcoyl-.sn-glycerol as described under Experimental .  The "~C ~H ratio 
of the substrate was set at unity. Data are means  from 2 incubations. 
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FIG. 2. Lipolysis of rac-l-alkyl-2-acylglycerol by lipase 
from P. fluorescens. Equal amounts (50 #g) of 2-[3H] 
oleoyl-3-tetradecyl-sn-glycerol and l-tetradecyl-2-[~4C] 
oleoyl-sn-glycerol were incubated with different amounts 
of lipase for 30 min. Symbols: '4C/~H ratio in alkylmono- 
acylglycerol BB; and fatty acid [~. The ~4C/3H ratio in the 
original substrate was set at unity. 

The 14C/3H ratio of the liberated fatty acid was 
below 0.3 at varying degrees of hydrolysis. This 
supports the stereospecificity described in Figure 1. 
Similar stereospecificities were observed for R. 
arrhizus lipase and pancreatic lipase, whereas the 
specificity for bile salt-stimulated lipase was less 
marked (Table 2). This pattern is somewhat sur- 
prising, since the data in Table 1 did not indicate 
any marked stereospecificity for these lipases. 

The substrates contained less than 5% of X-I-  

alkyl-3-acyl isomers, and control incubations with- 
out enzyme showed that acyl migration was negli- 
gible under the incubation conditions used. There- 
fore, it can also be concluded that the lipases used 
can attack the ester bond at the secondary hydroxyl 
group directly, and that previous acyl migration is 
not necessary. 

Lipolysis of X-l-Alkyl-3-acylglycerol 

The experiments were performed to elucidate the 
stereospecific degradation of the possible acyl 
migration products from the substrate mentioned 
above. The degradation of X- 1-alkyl-3-acylglycerol 
should also be compared to that of alkyldiacyl- 
glycerol, since the former compound deviates from 
the latter only in lacking the 2-acyl group. 

The 3H-labeled isomer was degraded more rap- 
idly by pancreatic lipase (Fig. 3). A similar but less 
marked specificity was found for lipase from P. 
fluorescens, and for R. arrhizus lipase (Table 3). 
No stereospecificity was detected for bile salt- 
stimulated lipase. All the specificities observed 
were evident at different degrees of hydrolysis. In 
control experiments, where enantiomeric alkyl- 
acylglycerols were hydrolyzed by KOH in meth- 
anol/water ,  the 14C/3H ratio in free fatty acids was 
0.93-1.04, which substantiates the expectations for 
a nonstereospecific hydrolysis. 

DISCUSSION 

Triacylglycerols in food and in the body consist 
of a large number of isomers with different stereo- 
structure and fatty acid composition. Preferential 
lipolysis of a triacylglycerol molecule may be due to 
a stereospecificity or fatty acid specificity of the 
lipase. Using triacylglycerol as substrates, it is 

TABLE 2 

Hydrolysis of X-1-Alkyl-2-acylglycerol Isomers by Different Lipases ~ 

Lipase 

3H_Labele d I4C/3H 
substrate 
remaining Alkylmono- Fatty 

(%) acylglycerol acid 

Pancreatic 
lipase 84-94 1.06 - 1.22 0.23 - 0.44 

Bile salt- 
stimulated 
lipase 55-84 1.06 - 1.12 0.61 - 0.89 

R. arrhizus 
lipase 69-89 1.06 - 1.45 0.17 - 0.38 

P. jluorescens 
lipase 23-88 I. 11 - 3.58 0.17 - 0.29 

"Lipases were incubated with a racemic mixture of 2-[3H]oleoyl-3-tetradecyl-sn-glycerol and l-tetradecyl- 
2[ ~4C]oleoyl-sn-glycerol, as described under Experimental. The amount of lipases were adjusted to give varying 
degrees of lipolysis. The ~4C/3H ratio of the substrate was set at unity. The data for each lipase represent 
ranges from 6-10 observations. 
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FIG. 3. Lipolysis of rac-l-alkyl-3-acyl-glycerol by pan- 
creatic lipase. Equal amounts (50 tag) of I-[~H]oleoy|-3 - 
tetradecyl-sn-glycerol and l-tetradecyl-3-[L4C]oleoyl-sn - 
glycerol were incubated for different time periods with 
pancreatic lipase and colipase. Symbols: o ~H in fatty 
acid; t4C/~H ratio in alkylmonoacylglycerol m, and fatty 
acid El. The ~4C/~H ratio in the original substrate was set 
at unity. 

difficult to discriminate between these types of 
specificity. In the alternate approach (4,5) used in 
this paper, enantiomeric alkyldiacylglycerols or 
alkylmonoacylglycerols are used. The acyl moiety 
was the same in both enantiomers, thereby ex- 
cluding effects due to fatty acid specificity and the 
physical form of the substrate. 

The present study confirms previous observa- 
tions that pancreatic lipase has no stereospecificity 
vs any of the primary positions of triacylglycerol or 
alkyldiacylglycerol (2,4,9). This also holds for bile 
salt-stimulated lipase and lipase from R. arrhizus 
and P. fluorescens (Table 4), which has not been 
studied previously. 

Instead, another type of stereospecificity was 
discovered, namely that lipases which degrade 

alkyldiacylglycerol without stereospecificity can 
attack 2-acyl-3-alkyl-sn-glycerol faster than l-alkyl- 
2-acyl-sn-glycerol. An indication for such a speci- 
ficity was obtained previously for pancreatic lipase 
but alkylmonoacylglycerols were not tested as 
substrates (4). In the previous study, crude pan- 
creatin was used, but the present experiments were 
performed with purified enzyme. A similar speci- 
ficity at the diacylglycerol level was observed~for 
lipoprotein lipase (4,10) and the heparin-releasable 
hepatic lipase (5) but, in these cases, a stereospeci- 
ficity was also observed towards triacylglycerols or 
alkyldiacylglycerols. 

The mechanism behind the stereospecificity vs 
alkylmonoacylglycerot remains unknown.  The en- 
zymes must have attacked the ester bond of the 
secondary alcohol directly, since the hydrolysis of 
1,3-diacylglycerol analogues, which are the possible 
products after acyl migration, was less stereospe- 
cific. Noda et al. found (I I) that 2,3-dioleoyloxy- 
butane and I-hexadecyloxy-3-oleoyloxybutane were 
degraded slowly by pancreatic lipase, and that l- 
hexyloxy-2-octanoyloxypropane resisted hydrol- 
ysis. Under our conditions, X-l-alkyl-3-acylglyc- 
erol was hydrolyzed at least 20-fold faster than X- 
l-alkyl-2-acylglycerol by pancreatic lipase and R. 
arrhizus lipase, ca. 10-fold faster by P.fluorescen~ 
lipase but less than 2-fold faster by bile salt- 
stimulated lipase. 

This study also deriaonstrates that I-acyl-3-alkyl- 
sn-glycerol is degraded faster than its enantiomer 
by pancreatic lipase, and lipases from P.fluorescens 
and R. arrhizus (Table 3). A similar specificity was 
noted for bovine milk lipoprotein lipase (4) but no 
clear stereospecificity was noted in the degradation 
of 1,3-diacylglycerols by pancreatic lipase (10). 

It has been demonstrated that pancreatic lipase 
is more easily bound to a triacylglycerol surface 

T A B L E  3 
HydroLysis of X-I-Alkyl-3-alkylglycerol I somers  by Different Lipases ~ 

Lipase 

H-Labeled ~aC/~ H 
substrate 
remaining Alkylmono- Fatty 

(%) acylglycerol acid 

Pancreatic 
lipase 38-92 1.05 - 1.78 0.22 - 0.67 

Bile salt- 
st imulated 
lipase 45-86 0.87 - 1.05 0.82- 1.10 

R. arrhizus 
lipase 57-95 1.01 - 1.19 0.58-0.87 

P. fluorescens 
lipase 75-90 1.04 - 1.10 0.52 -0.84 

'Different  amounts  of lipases were incubated with a racemic mixture  of l-t '*H]oleoyl-3-tetradecyl-sn-glycerol 
and I-tetradecyl-3[~4C]oleoyl-sn-glycerol. The ~4C/~H ratio of the substrate was set at unity. The data for each 
lipase represent ranges from 9-18 observations.  
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TABLE 4 
Stereospecificity of Different Lipases vs Alkylacylglycerols 
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Lipase 

Preferred isomer 
among l-alkyl,2- 
acyl-sn-glycer ol 

Preferred posilion (IA2E) and 2-acyl, 
in X-l-alkyk 2 , 3 -  3-alkyl-sn-glycerol 

dlacylglycerol (2E3A) Reference 

Lipoprotein 
lipase 
(milk, post-heparin plasma, 
adipose tissue) 1 2E3A 4 

Heparin-releasable 
hepatic lipase 1 2E3A 5 

Hepatic lysosomal 
lipase Non-spec -- 5 

Pancreatic lipase Non-spec 2E3A 2, this study 

Lingual lipase 3 --  4 

Bile salt-stimulated 
milk lipase Non-spec 2E3A This study 

R. arrhizus lipase Non-spec 2E3A This study 

P. ftuorescens 
lipase Non-spec 2E3A This study 

than  to a trialkylglycerol surface (12), indicat ing 
the impor tance  of the ester carbonyl  groups in the 
substrate  in this process. The carbonyl  group at the 
secondary ca rbon  of glycerol is p robab ly  impor-  
tant  for the interaction of substrate  with l ipoprotein 
lipase, since no stereospecificity for this enzyme 
was observed when it was incubated with rac - l ,2 -  
dialkyl-3-acyl-glycerol (13), A no t he r  example  of  
the role of the subst i tuent  at the secondary ca rbon  
is the fact that  R. arrh i zus  lipase does not  hydrolyze 
sn-2-phosphat idylchol ine  but  is active towards  the 
dimethylester  of 1,3-diacylglycerol-2-phosphoric 
acid (14). In spite of this, it is clear tha t  a 2-acyl 
group in the substrate  is not  always necessary for 
stereospecificity, since X-l-alkyl-3-acylglycerols  
can be degraded with specificity by some lipases. 

The general conclusion f rom this s tudy is tha t  
different lipases degrade alkyldiacylglycerols and  
alkylmonoacylglycerols with varying degrees of 
stereospecificity. Whether  the stereospecificities 
observed are due to the interact ions of the subst ra te  
with the active center of  the enzyme remain  to be 
studied. 

The stereospecificity of lipases may have meta-  
bolic implications,  The fo rmat ion  of  2, 3-diacyl-sn-  
glycerol by lipases (3-5,15) may hinder  the fo rma-  
t ion ofphosphol ip ids  f rom lipolysis products ,  since 
only 1,2-diacyl-sn-glycerol is utilized in phospho-  
lipid synthesis. Alkyldiacylglycerol found in natu~:e 
is the 1-alkyl-2,3-diacyl isomer, which is hydrolyzed 
slower than its enan t iomer  by l ipoprote in  lipase 

and hepatic lipase. The metabol ic  significance of 
this remains unclear. Also, analogues of the na tura l  

glycerides may be degraded a n d / o r  synthesized in 
the animal  body and, using newly developed 
techniques,  stereospecific handl ing  of. enant io-  
meric glycerides has been demons t ra ted  also in the 
intact  organism (16,17). 
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Bromine Levels in Tissue Lipids of Rats 
Fed Brominated Fatty Acids 
B A R B A R A  A. J O N E S  1, IAN  J. T I N S L E Y *  and R O B E R T  R. LOWRY,  
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ABSTRACT 

Rats have been fed diets containing either 0.8% brominated corn oil or 0.5% of the ethyl ester of 9,10- 
dibromostearate or 9,10,12,13-tetrabromostearate. The brominated compounds were incorporated into 
semisynthetic diets and animals were observed after feeding periods of 5 days to 3 months. With the 
exception of adipose tissues, the highest concentration of lipid-bound bromine was observed after 5 days on 
the experimental diets. It was also observed that feeding of the dibromostearate resulted in the highest levels 
of lipid-bound bromine in heart, whereas the tetrabromostearate tended to result in higher levels of lipid- 
bound bromine in liver. Brominated corn oil produced more substantial changes than the brominated fatty 
acid esters, inducing fatty livers and enlarged yellow hearts. Microscopic examination indicated myocardial 
degeneration and occasional early necrosis. 
Lipids 18:319-326, 1983. 

INTRODUCTION 

Brominated vegetable oils have been used for 
many years as food additives and more recently as 
flame retardants (1); however, studies of the toxi- 
cological properties of these compounds have been 
limited. Depressed growth and enlarged heart and 
liver were observed in young male rats fed diets 
containing 2.5% brominated cottonseed oil (2,3). 
Lipid accumulated in liver and microscopic exami- 
nation of the heart showed fatty degeneration 
involving the entire myocardium. These observa- 
tions were essentially confirmed by Gaunt et al. (4) 
who fed rats diets containing 0.8% brominated 
maize oil. Some kidney and thyroid involvement 
was also noted in the latter study. 

Lipid-bound bromine was detectable in most 
tissues of rats fed brominated oil (4-6). A maximum 
concentration in adipose tissue was attained after a 
13-week feeding period. Restricting food intake 
increased the bromine concentration in adipose 
tissue dramatically, indicating that the brominated 
acids and /o r  metabolites were being mobilized at a 
rate slower than conventional fatty acids. 

The major brominated components of a bro- 
minated oil would be the di- and tetrabromo 
stearates derived from addition of the bromine 
across the double bonds of oleic and linoleic acids. 
Some dibromopalmitate and hexabromostearate  
may also be present, depending on the levels of 
palmitoleic and linolenic acids in the original oil. 
Some sterols, for example, may also be brominated. 
At this point the contribution of these components 
to the toxicological effect of a brominated oil has 
not been defined. 

1Student, Nuclear Medicine Technology Training Program, 
3710 SW US Veterans Hospital Road, Portland, OR 97201. 

*To whom correspondence should be addressed. 

This study was designed to compare the uptake 
and distribution of bromine from brominated oil 
and brominated fatty acids. In addition, some 
gross toxicological effects were monitored. 

METHODS 

Preparation of Brominated Oil 

Oleic acid, for the synthesis of 9,10-dibromo- 
stearic acid, was isolated from olive oil by saponifi- 
cation and formation of  urea adducts of the 
resulting free fatty acids (7,8). The purified oleic 
acid was found, by gas liquid chromatography 
(GLC) of methyl esters, to contain less than 2% 
linoleic acid and no linolenic acid. 

Linoleic acid, for the synthesis of 9,10,12,13- 
tetrabromostearic acid, was isolated from safflower 
oil using similar procedures and contained less 
than 1% o leic acid and only a trace of linolenic acid. 
Corn oil (60% linoleic acid, 25% oleic acid and 1% 
linolenic acid) was used for the preparation of the 
brominated corn oil and as the oil in the control 
diet. 

The oils were brominated by adding liquid 
bromine to a stirred solution of the oil in ether, at 
such a rate that the temperature could be main- 
tained near 0C with a salt/ice bath. Under  these 
conditions, substitution reactions were minimized 
(9). Stirring at 0C was continued for 1 hr after a 
bright orange solution was obtained (indicating a 
slight excess of bromine). Excess bromine was 
removed by successive washes with 2% aqueous 
solutions of sodium sulfite (acidified with HC1), 
sodium thiosulfate, and twice with water. The 
solutions were then dried over sodium sulfate and 
the solvent removed in a rotary evaporator.  Bro- 
mine levels were determined by neutron activation 
and corresponded to those predicted from addition 
of the bromine to the double bonds. 
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To minimize any possible gastrointestinal irrita- 
tion that might occur by feeding free fatty acids for 
long periods of time and to reduce precipitation of 
the free acid in the intestine, the brominated free 
fatty acids were fed as the ethyl esters. These were 
prepared by refluxing in 95% ethanol with sulfuric 
acid added as a catalyst (10) and evaporating water 
and ethanol with a variable reflux condensor to 
drive the reaction. The mixture was refluxed until 
analysis showed less than 5% free fatty acid 
remaining (1 l). The solution was then neutralized 
with aqueous potassium carbonate, extracted with 
hexane, and the organic phase dried over sodium 
sulfate. The ethyl esters were recovered after 
removal of the hexane in a rotary evaporator.  

Brominated corn oil was a light brown, very 
viscous oil and, after several days at room tempera- 
ture, some crystallization was observed. Ethyl 
dibromostearate was a slightly cloudy oil with a 
greenish tinge and remained liquid on standing. 
Ethyl tetrabromostearate was a clear, slightly 
orange-brown oil which became a cream-colored 
solid after several days at room temperature. 

Diet and Animals 

Four  powdered semisynthetic diets (Table l) were 
prepared, identical in all respects except for the oil 
content. The control diet contained 10% corn oil, 
the brominated corn oil diet (BCO) contained 0.8% 
BCO and 9.2% corn oil, the ethyl dibromostearate 
diet (DBS) and ethyl tetrabromostearate diet (TBS) 
each contained 0.5% of the brominated fatty ester 
and 9.5% corn oil. The BCO was fed at a concentra- 
t ion of 0.8%, a level sufficient to produce iesions, 
according to Gaunt et al. (4). 

TABLE 1 

Composition of Experimental Diet 

Ingredient Percent by weight 

Casein a 22.0 
Cerelose b 63.0 
Fat c 10.0 
HMW salts d'~ 4.0 
Vitamin pre-mix f'~ 1.0 

~The Borden Chemical Co., Dominguez, CA. 
aCorn Products Co., New York, NY. 
~ oil control diet. 
ONutritional Biochemicals Corp., Cleveland, OH. 
~ was added at a level of 6 mg/kg as zinc acetate. 
fProvided as rag/100 g of diet, the following: thiaminehy- 

drochloride, 0.4; riboflavin, 0.8; pyridoxine hydrochloride, 0.50; 
D-calcium pantothenate, 4.0; inositol, 20; menadione, 0.40; folic 
acid, 0.40; niacin, 4.0; choline dihydrogen citrate, 424; biotin, 
0.03; B~2, 0.02. 

~Vitamins A, D and E were added in ethanol solution to provide 
per 100 g of diet .875 IU of vitamin A, 125 units of vitamin D and 
3.64 mg of D-a-tocopherol acetate. 

Given the  uncertainties of composit ion and 
extent of bromination,  65-70% of the mass of the 
brominated corn oil could be attributed to the 
tetrabromostearate. Thus, using a level of 0.5% 
TBS would approximate  that present in the 0.8% 
BCO diet and give some indication as to whether 
the effects of the BCO could be attributed to its 
major brominated constituent. Feeding a compar- 
able level of the DBS provides a comparison with 
the tetrabromo counterpart; however, this expe- 
dient represents a compromise in that it would 
represent a decrease of 20% in the bromine level but 
an increase of 35% in the moles of fatty acid. 

Litter mate groups of weanling rats (50-70 g) 
from a random bred Wistar colony were placed on 
each of the 4 diets to give a total of 3 males and 3 
females for each diet at each time period. Diets 
were fed ad libitum, for periods of 5 and l0 days 
(short-term animals) and for 1, 3 and 6 months 
(long-term animals). 

The 5- and 10-day groups were removed from 
their lab chow diets and placed on the powdered 
synthetic control diet 24-48 hr prior to beginning 
the experimental diet to adapt to the new food form 
and to give more consistent intake of brominated 
oil intakes during these short feeding periods. 
Animals were housed in individual hanging wire 
cages, with food intakes routinely monitored, and 
body weights recorded weekly. Animals were sacri- 
ficed at the end of their feeding period by asphyxia- 
tion with carbon dioxide. Heart,  liver, kidneys, 
adipose tissue (mesenteric), skeletal muscle, testes 
and brain were removed, weighed and frozen for 
subsequent analysis. To obtain some preliminary 
histological data, tissue samples from animals from 
each feeding period were fixed in formalin. Sec- 
tions were stained with hematoxylin eosin for 
histopathological examination. 

Analytical 

Total lipids were extracted from tissue samples 
with ch loroform/methanol  (2:1, v /v)  (12), and 
lipid content determined by evaporating a 100/~1 
aliquot of the extract in a tared aluminum pan, 
using a Perkin-Elmer microbalance for weighing. 
Methyl esters were analyzed by gas chromatog-  
raphy using a 200 ft stainless steel capillary column 
coated with ethylene glycol succinate. 

L ip id  extracts were analyzed for lipid-bound 
bromine by instrumental neutron activation anal- 
ysis (NAA) at OSU's  T R I G A  reactor facilities. 
Lipid (5-50 mg) was weighed (to 0.01 nag) into thin 
aluminum foil pans and placed in polyethylene 
activation vials which were then heat  sealed. Stan- 
dards of pure dibromostearic acid were prepared in 
the same manner. Samples were activated for 1 hr 
at one megawatt in the rotating rack assembly. 
,~/ctivated lipids were then stored overnight in the 
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reactor to allow short half-life isotopes to decay, 
especially-24Na and 27A1, to  minimize background 
radiation. Samplesand standards were counted 1-7 
days after activation for X2Br (tl,2=35.3 hr) by 
accumulation of the 777 keV peak using a 30 cc 
Ge(Li) detector and a 2048 channel analyzer. 
Geometry of sample and standard were comparable 
and analyzer dead time was kept below 10% by 
allowing the hotter samples to decay. Sufficient 
counts (i.e., 10,000+) were accumulated above 
background radiation to ensure a less than 1% 
counting error. The largest error in the entire NAA 
procedure was from sample weighing and ranged 
from + 1 to 25 ppm, depending upon sample 
activity. 

Data were analyzed by standard analysis of 
variance techniques using the natural logarithm of 
the response variables (13). Differences between 
treatment and control means averaged over time 
were tested using Dunnett's procedure (14). When 
treatment and control means were compared at a 
given time interval, a protected least significant 
difference procedure was used with only prob- 
ability levels less than .01 considered significant. 

TABI,E 2 

Total Grams of Brominated Oils Consumed 

RESULTS 

Growth and Food Intake 

The brominated oils, especially the BCO, initially 
affected the overall response of the animals. Ani- 
mals were lethargic and food consumptions were 
lower than controls. However, in 7-10 days, the 
animals adapted to the diets and thereafter no 
significant differences in growth or food efficiencies 
were observed. With the exception of the 5-and 10- 
day groups, food intakes were comparable among 
diet groups and differences in total intake of 
brominated oil thus reflected differences in levels of 
brominated compounds in the diet (Table 2). As 
will be discussed later, the time sequence of symp- 
toms noted above corresponds to changes in 
bromine levels at the organ level. 

Necropsy 

Fatty livers were observed in all the animals fed 
BCO, in a few of the animals fed the brominated 
esters, and in one control (3 month, female). Hearts 
from many of the animals fed the BCO were 
enlarged, yellow colored, and firm to hard in 
texture; when cut, the edges of the cut bulged, 
indicating edema. The incidence of this gross lesion 
was 53% in females and 33% in males. The 
condition was most evident in the 5-day groups of 
males and the 3- and 6-month groups of females 
(Table 3). 

Histopathology 

Microscopic examination revealed myocardial 
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Feeding 
period BCO" I) BS ~ "IBS" 

Females 

5 days 0.36+0.03 0.37-+014 0.23+-0,01 
10 days 0.78+0.06 0.49-+0.12 0.57+0,03 

I month 2.90-+0.70 2.11-+0.49 2.06-+0,09 
3 months 956-+0.51 6.31 + I. lI  7.00-+0.16 
6 months 2157-+4.01 15.16-+0.14 14.39-+0.12 

Males 

5 days 0.36-+0.06 0.21 -*0 .01  0.23+0.03 
10 days 097 + 0.05 0.60 -+ 0.05 0.57 _+ 0.03 

l month 3.62_+030 2.16-+0.16 2.85-+0.47 
3 months 10.57+096 7.10+-0.64 7.57+-0.51 
6 months 26.79+__2.86 17.12-+3.31 17.25-+ 1.21 

"0.8% of diet as brominated corn oil (BCO). 
"0.5~/, of diet as the ethyl ester of either dibromo- (DBS) or 

tetrabromosteatate (TBS). 

I ABLE 3 

Incidence of "Discolored" Hard Hearts 
in Animals Fed Brominated Corn Oil 

Female Male 

5 day 0 3 3'3 
10 day 1 3 I) 3 

I month I. 3 0 3 
3 month 4.5 I 3 
6 month 3 3 I 3 

Total 9 17 5. 15 

degeneration and occasionally early necrosis in the 
long-term animals fed BCO. Evidence of early 
heart lesions was seen in the male rats fed DBS for 5 
days, but the changes were mild and not conclusive. 
Liver hyperplasia, cardiac edema, and testicular 
degeneration and necrosis were seen in the animals 
fed TBS for 6 months. However, no pronounced 
differences among the dietary groups were revealed 
by histological examination. 

Organ Weight and lipid Accumulation 

Some differences in the toxic effects of the 
brominated components were indicated by effects 
on liver size and lipid content (Table 4). Feeding 
female rats BCO produced liver enlargement 
(Table 5). Increased liver size was also indicated in 
female rats fed DBS or TBS for the 5- or 10-day 
interval; however, the difference was not significant 
for TBS. All male rats fed BCO had enlarged livers; 
however, the effect was only slight with the DBS 
and seen only in the 5- and 10-day groups fed the 
TBS. The BCO-induced liver enlargement was 
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]ABLE 4 

Elfeet of Brominated Corn Oil (BCO), Dihromostearate (DBS) and Tetrabromostearate (TBS) 
on Liver Size, and Heart and Liver Lipid Content- Analysis of Variance Data 

Source of Liver size Liver lipid Heart lipid 
variation M F M F M F 

Time p<<.001 p< .005 p<.05 p<.01 p<.005 ns 
Diet p<<.001 p<<.001 p~.001 p=.025 p<.001 p<.00 I 
Time and diet p= .01 p-~ .025 ns p-~.025 ns p<.05 

Treatment vs 
control means 

BCO p< .01 p< .01 p<.01 ns p<.01 p<.01 
DBS p< .01 p< Ol ns ns ns ns 

(day 5} (days 5 & 10) 
"FBS p< .01 ns ns p<.01 ns ns 

(day 5) (day 90) 

TABI.E 5 

laver Enlargement in Rats Fed Brominated Oils: Grams Tissue: 100 g of Body Weight 

Diet 5 days 10 days 1 month 3 months 6 months 

Females 

C() ~ 5.40 + 0.24 5.35 • 0.20 5.14 _+ 0.44 4.41 -+ 0.26 4.2 ] • 0.45 
BCO 6.89 • 0.59 7.43 + 0.30 7.1 I +_ I. I I 6.09 + 0.30 5.47 + 0.16 
DBS 6.47• 6.51 -+0 .37  5.88+0.60 4 . 6 0 + _ 0 . 5 1  4.73• 
IBS 6.32• 6.15_+0.26 541 "+0.86 4 . 8 6 + _ 0 . 2 2  4.07_+0.31 

Males 

CO 5.23 +_ 0.51 5.70 +_ 0.22 5.45 _+ 0.45 3.81 + 0.26 3.62 +_ 0.22 
BCO 7.51 +_0.06 7.38 _+0.26 6.98 _+0.72 4.67 +0.05 4.20 _+ 0.38 
DBS 6.25 _+ 0.25 6.30 +_ 0.12 5.86 _+ 0.73 3.78 • 0.29 3.89 • (I.25 
1 BS 6.38 +_ 0.19 6.33 • 0.26 5.59 +_ 0.70 3.96 +_ 0. l0 3.63 _+ 0.07 

~Corn oil. CO; brominated corn oil, BCO" dibromostearate, DBS; and tctrabromostcarate, "IBS. 

g rea te r  in ma l e s  a n d  dec reased  s ign i f i can t ly  wi th  
l onge r  feed ing  per iods .  In females ,  liver en l a rge -  
m e n t  did no t  dec rease  s teadi ly  wi th  t ime  in a n i m a l s  
fed the  B C O  bu t  did  wi th  the  b r o m i n a t e d  es ters .  No  
increase  in liver size was  no ted  in a n i m a l s  o f  e i ther  
sex fed the  T B S  for  6 m o n t h s .  On l y  the  B C O  
p r o d u c e d  any  cons i s t en t  inc rease  in l iver lipid 
c o n t e n t  (Table  6). 

Ca rd i ac  e n l a r g e m e n t  (10%) was  seen on ly  in the  
a n i m a l s  fed BCO.  A s l ight  effect  was  o b s e r v e d  in 
a n i m a l s  fed D B S  for  l0 days .  C a r d i a c  l ipids were  
e levated rela t ive to the  con t ro l  in all a n i m a l s  fed 
B C O  and  th is  d i f ferent ia l  was  g rea tes t  in the  5 -day  
g r o u p s ,  dec r ea s ing  t he r ea f t e r  (Table  6). 

A n i m a l s  d e v e l o p i n g  g ross  hea r t  l es ions  w h e n  fed 
the  B C O  all s h o w e d  en la rged  hear t s  a n d  inc reased  
ca rd iac  lipid c o n t e n t  w h e n  c o m p a r e d  to the i r  li t ter 
m a t e  con t ro l s .  

Lipid-Bound Bromine 

F e e d i n g  b r o m i n a t e d  co rn  oil or  b r o m i n a t e d  fa t ty  

ac ids  p r o d u c e d  e levated  b r o m i n e  levels in l ipids o f  
all t i s sues  e x a m i n e d  (Fig. D - - b r o m i n e  levels in 
Ilpids of  t i s sues  f r o m  con t ro l  a n i m a l s  r a n g e d  f r o m  
10 to 20 ppm.  T h e  h ighes t  c o n c e n t r a t i o n s  in hea r t  
and  liver were f o u n d  in the  5-day  g r o u p s ,  wi th  the  
e x c e p t i o n  of  the  hea r t  l ipids f r o m  ma le s  fed T B S  
for 3 m o n t h s  (Fig.  2). A s imi l a r  r e s p o n s e  was  
obse rved  in o t h e r  t i s sues  ana lyzed ,  wi th  the  excep -  
t ion o f  ad ipose  t i ssue wh ich  s h o w e d  h igher  b r o m i n e  
c o n c e n t r a t i o n s  at th ree  m o n t h s .  A n i m a l s  fed B C O  
had  h ighe r  lipid b r o m i n e  c o n c e n t r a t i o n s  t h a n  t h o s e  
fed e i ther  of  the  b r o m i n a t e d  es ters ,  excep t  for  the  
hear t  l ipids o f  the  l o n g - t e r m  a n i m a l s  fed DBS .  

A m a x i m u m  b r o m i n e  c o n c e n t r a t i o n  in lipid 
f r om hear t  and  liver was  obse rved  at 5 days .  Af t e r  
dec reas ing ,  b r o m i n e  c o n c e n t r a t i o n s  t hen  i~ c reased  
aga in  to a m a x i m u m  at 1-3 m o n t h s  (Fig.  2). T h e s e  
curves  i l lus t ra te  d i f fe rences  in r e s p o n s e  of  hea r t  
a n d  liver t i s sues  to the  di- and  t e t r a b r o m o s t e a r a t e s .  
W i t h  liver lipids, a n i m a l s  fed T B S  have  h ighe r  lipid 
b r o m i n e  c o n c e n t r a t i o n s  t h a n  the  a n i m a l s  fed the  
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TABLE 6 

Lipid Accumulation in the Hearts and Livers of Rats Fed Brominated Oils 
Milligrams of Lipid per Gram of Tissue 

323 

Diet 5 days 10 days 1 month 3 months 6 months 

Heart tissue 

Females 
CO S 22.7+__ 1.3 26.8_+4.0 28.5_+ 4.6 28.3_+4.3 29.1 _+ 1.2 
BCO 32.2_+5.8 33.3_+2.4 32.2 + 3.8 38.9-+0.8 34.6+3.8 
DBS 24.3-+4.0 30.0-+2.8 35.0-+ 15.9  30.4_+5.2 34.7_+3.9 
TBS 23.8_+0.9 29.2_+6.2 23.8_+ 2.6 26.2_+6.7 34.6_+5.6 

Males 
CO 28.2-+3.4 26.5_+2.6 23.3_+ 1.6 24.2_+ 1.6 26.5_+3.1 
BCO 40.8_+7.1 30.4-+ 1.2 27.6_+6.6 35.6_+0.8 32.3-+ 1.6 
DBS 28.6_+3.9 29.2-+3.8 27.1 _+4.0 25.4-+ 1.5 28.1 -+4.7 
TBS 28.7_+4.2 26.5_+2.1 23.6-+5.1 27.1-+3.0 27.4_+ 1.9 

Liver tissue 

Females 
CO 37.0-+ 1.3 41.2_+ 2.8 43.2_+2.4 46.8-+8.0 37.0_+ 1.0 
BCO 42.5-+ 1.8 43.7-+ 10.9  49.0_+4.8 38.5_+5.1 45.3_+6.4 
DBS 34.4-+ 1.8 37.8_+ 0.9 40.1 _+7.6 41.8_+6.5 37.4-+ 1.2 
TBS 37.1 _+3.2 37.8_+ 4.2 45.1 _+3.4 35.8_+2.0 41.4_+4.7 

Males 
CO 38.0-+1.9 34.3_+4.7 40.3_+6.1 41.1_+3.2 39.9-+1.6 
BCO 47.3_+9.0 38.6_+ 1.5 47.8-+4.6 46.6_+4.6 51.4_+9.4 
DBS 39.4-+2.4 35.1 -+ 1.5 32.5_+3.7 45.6_+ 16.7  41.9-+4.8 
TBS 40.5 _+ 5.7 35.7 _+ 2.9 35.5 _+ 2.7 39.6 _+ 2.9 44.2 _+ 6.3 

"Corn oil, CO; brominated corn oil, BCO; dibromostearate, DBS; and tetrabromostearate, TBS. 

DBS; in cardiac lipids, the reverse is true. In the 
males fed DBS for one month  or longer, the 
bromine concentrat ions in heart lipids are even 
greater than those found in males fed BCO for 
comparable periods. 

DISCUSSION 

Subsequent experiments in our laboratory (15) 
have demonstra ted that most  of the bromine in the 
tissue lipids of rats fed diets containing brominated 
oils can be attributed to the presence of brominated 
fatty acids and their shorter chain metabolites. 
With the intake of brominated compounds  rela- 
tively constant,  the observation of a sharp maxi- 
mum in tissue lipid bromine concentrat ion after 5 
days' exposure suggests an adaptive response. 

The rapid decline in lipid bromine concentrat ion 
in liver and heart, presumably due to the metab -. 
olism of the brominated fatty acids, compares with 
a similar decrease in erucic acid in rats fed clofibrate 
which induces the proliferation of peroxisomes 
with their B-oxidative system (16,17). High fat diets 
resulting in an elevated influx of fatty acids or the 
accumulation of fatty acids not metabolized by the 
mitochondrial  pathway induce an increase in the 
capacity of the peroxisomal system (18,19). Atyp- 
ical long-chain fatty acids as well as trans isomers 

of unsaturated acids are oxidized at significant 
rates in the peroxisomal pathway, and conse- 
quently one might postulate that  brominated acids 
may also be metabolized by this route. Fur ther  
investigations would be needed to confirm this 
suggestion. It has been reported that  d ibromo-  
palmitate is not oxidized by the B-oxidative system 
of mitochondria  (20). 

There is a marked difference between animals 
fed DBS and TBS in the distribution of bromine in 
tissue lipids. With DBS, bromine concentrat ions 
are, for the most part, lower in liver lipids and 
higher in other tissues (particularly heart) analyzed. 
Just  the reverse is true with TBS, with highest levels 
of bromine being found in liver lipid. It would 
appear that te t rabromostearate  is not incorporated 
into lipoproteins to the same extent as the di- 
bromostearate.  

Rats fed brominated corn oil developed enlarged, 
hard, yellow hearts and enlarged livers. Crude lipid 
con ten t  of heart and liver were also elevated. 
(Whether the increase in tissue lipid involves 
increased levels of triglyceride or a simple increase 
in lipid mass from the substitution of brominated 
fatty acids for nonbrominated  acids has not been 
resolved.) The myocardial degeneration and focal 
necroses seen in previous experiments with bro- 
minated oils (4) was not observed in this study. The 
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FIG. 2. Lipid bromine levels in heart and liver as a function of type of brominated compound 
and time of feeding. 

r e a s o n  for  th is  d i f fe rence  is n o t  a p p a r e n t .  It  cou ld  
invo lve  d i f fe rences  in r e s p o n s e  wi th  d i f fe ren t  ra t  
s t r a in s  o r  d i f fe rences  in c o m p o s i t i o n  o f  the  b ro -  
m i n a t e d  oils, s o m e  s tud ies  be ing  ca r r ied  ou t  wi th  a 
c o m m e r c i a l  p r o d u c t  (6). 

It  is a lso o f  in te res t  t ha t  f e ed i ng  e q u i v a l e n t  levels 
o f  the  maj  o r  c o n s t i t u e n t  o f  the  b r o m i n a t e d  c o r n  oil, 
t he  t e t r a b r o m o s t e a r a t e  did  n o t  p r o d u c e  a r e s p o n s e  
c o m p a r a b l e  to t ha t  obse rved  in a n i m a l s  fed the  
b r o m i n a t e d  co rn  oil. Th i s  m a y  be due  to be t t e r  
a b s o r p t i o n  wi th  the  b r o m i n a t e d  c o r n  oil or  to  the  
effect  o f  o t h e r  b r o m i n a t e d  c o n s t i t u e n t s .  
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Toxicology of Brominated Fatty Acids: 
Metabolite Concentration and Heart 
and Liver Changes 
B A R B A R A  A. J O N E S  1, IAN J. T INSLEY* ,  GLENN WILSON and ROBERT R. LOWRY,  
Department of Agricultural Chemistry and Environmental Health Sciences Center, 
Oregon State University, Corvallis. OR 97331 

ABSTRACT 

Rats were fed for 35 days diets containing 2% of either brominated corn oil (BCO), monoglyceride of 
dibromostearate (DBS), monoglyceride of tetrabromostearate (TBS) or a mixture of the two monoglycerides 
(BMG) which provided proportions of brominated acids comparable to that of the BCO. Hearts from all 
animals fed BCO were yellow colored and firm in texture. Myocardial cellular degeneration, mild to 
moderate edema and occasional small necrotic foci were observed. Hearts from animals fed DBS showed 
moderate edema and some slight necrosis. All diets produced an increase in lipid content of heart. Animals 
fed the experimental diets developed enlarged livers and showed elevated liver lipid content. The 
tetrabrornostearate appeared to be the more active in producing these changes, in particular a severe 
intracellular fatty degeneration. Shorter-chain (C-16, C-14) metabolites of di- and tetrabromostearate were 
identified and the concentration of brominated fatty acids in heart, liver and adipose tissue determined and 
found to account for 80% of the bromine detected in these tissues by neutron activation analysis. TBS 
accumulated in liver while the highest concentration of DBS was observed in heart lipids. Although the 
concentrations of brominated acids in heart and liver lipids were comparable in rats fed BCO or BMG, BCO 
produced the more pronounced effects. This differential could be due to additional active components in 
BCO or to a variation in response associated with changes in the location of the fatty acid on the glycerol 
molecule. 
Lipids 18:327-334, 1983. 

INTRODUCTION 

In a previous study, the feeding of ethyl di- and  
te t rabromosteara tes  to weanling rats failed to 
produce a toxic response equivalent  to tha t  seen 
when bromina ted  corn oil (BCO) was fed at  a 
similar dietary level (1). However,  it was observed 
that  b romine  f rom d ibromos tea ra te  was accumu-  
lating in cardiac lipids, and bromine  f rom tetra-  
b romos tea ra te  was accumula t ing  in hepatic  lipids. 
M a x i m u m  concentra t ions  of  bromine  in tissue 
lipids were observed after only 5 days on experi-  
ment. These observat ions indicated tha t  mobil iza-  
t ion a n d / o r  metabol ism of b romina ted  fat ty acids 
was occurring and differences existed in these 
processes for the di- and  te t rabromosteara tes .  

The differences in toxic response between BCO 
and the bromina ted  fatty acid ethyl esters was 
a t t r ibuted largely to absorpt ion,  with .the ethyl 
esters resulting in lower doses being received than  
originally anticipated.  To remedy this s i tuat ion 
and  assess bet ter  the toxicological  effects of the 
b romina ted  fatty acid, the monoglycerides were 
synthesized. 

Our objectives in this s tudy were: (a) to charac-  
terize fur ther  the effects of the d ib romos tea ra te  
(DBS) and the t e t rabromos tea ra te  (TBS); (b) to 

=Student, Nuclear Medicine Technology Training Program, 
3710 SW U.S. Veterans Hospital Road, Portland, OR 97201. 

*To whom correspondence should be addressed. 

duplicate the toxic response of the an imal  to the 
BCO with a mixture  of the b romina ted  mono-  
glycerides (similar in DBS and TBS levels to the 
BCO); and (c) to isolate and identify any brominated 
metaboli tes  that  might  be accumula t ing  in the 

! tissue lipids. 

METHODS 

Preparation of Sromineted Oils 

Brominated  corn oil was prepared as previously 
described (1) by the direct addi t ion  of liquid 
bromine  to the dissolved oil which conta ined 60.9% 
linoleate and 24.7% oleate. Monoglycer ides  of  di- 
and te t rabromostear ic  acids were prepared s tar t ing 
with the isolation of oleic (A9-octadecenoic) and 
linoleic (A9,12 octadecadienoic) acids f rom olive 
and safflower oils, respectively. Following saponifi- 
cation, the soaps were extracted successively with 
50% ( l •  and 30% (3)<) ether in hexane  to remove 
unsaponif iable  matter .  The efficiency of this step 
was confirmed by the appearance  of a single spot 
for the acids and a trace residue of o ther  material  
with th in  layer ch roma tog raphy  on silica gel. Urea 
adduct ion  was carried out  on the free acids using a 
modif icat ion of the method  of Swern and  Parke r  
(2) and the efficiency of the process moni tored  by 
gas ch romatography  of the methyl  esters. 

The monoglycerides were prepared by heat ing a 
l : l  mixture  of fatty acid and  glycerol under  
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vacuum with constant stirring to a temperature 
which maintained the production of water but 
avoided excessive bumping of the oil (i.e., 150-160 
C for oleic acid and 175-200 C for linoleic acid), 
When the calculated amount of water for the given 
sample of monoglyceride was removed, the mono- 
glyceride was sampled and analyzed for free fatty 
acid (3). Once the level of free fatty acid was found 
to be 1% or less, the esterification reaction was 
discontinued. 

Thin layer chromatography (TLC) of the mono- 
glycerides confirmed that the majority of the 
oil was monoglyceride with traces of di- and 
triglyceride. Gas liquid chromatography (GLC) 
analysis of the methyl esters of the monoglycerides 
showed the glycerol monooleate to be 81% oleate, 
less than 1% linoleate and the remaining 18% 
saturates. The glycerol monolinoleate was found to 
be 98% linoleate and 1.4% oleate. The mono- 
glycerides were then brominated as described (1). 

The bromine content of the BCO, DBS and TBS 
was determined by neutron activation analysis to 
be 47.5%, 32.4% and 53.9%, respectively. These 
data compare reasonably well with predicted values 
of 45%, 27% and 48%, considering the error 
involved in both the neutron activation analysis 
(+ 5% considering both counting and sample han- 
dling) and fatty acid analysis. 

Diets and Animal 

The brominated oils were dissolved in corn oil 
and incorporated into powdered semisynthetic 
diets (1) at a level of 2%, replacing 2% of the 10% 
corn oil normally added. The control diet con- 
tained 10% corn oil. Animals were also raised on 
rations containing 3% corn oil or 3% glycerol 
monooleate or glycerol monolinoleate to provide a 
low-fat reference and evaluate the effect of feeding 
a monoglyceride, 

In addition to the experimental diets containing 
the BCO, DBS and TBS, a mixture of the DBS and 
TBS (labeled the brominated monoglyceride mix- 
ture:BMG), representative of the BCO, was added 
to the experiment. Computed as the free acid, the 
brominated monoglyceride mixture and the bro- 
minated corn oil provided per kg of diet 4.1 g and 
4.9 g of the dibromostearate and 13.6 g and 10.7 g 
of the tetrabromostearate, respectively. 

Five male Wistar rats (~100 g), obtained from 
Charles-River of California, were placed on each 
diet. Animals were housed individually in hanging 
wire cages and fed ad libitum for 35 days. Both the 
dietary level and the feeding period were chosen to 
produce significant toxicological changes in car- 
diac and hepatic tissues (4-6). Food intakes were 
monitored and body weights recorded weekly. 

At the end of the feeding period, the animals 
were sacrificed by asphyxiation with CO2; heart, 

WILSON AND R.R. LOWRY 

liver and kidneys were quickly removed, weighed 
and samples taken for frozen and formalin fixed 
sections. The remaining heart, liver and kidney 
tissues and samples of adipose tissue, skeletal 
muscle and testes were frozen for subsequent lipid 
extraction, lipid bromine analysis and fatty acid 
analysis. 

Histopathology 

Samples of liver, heart and kidney were fixed in 
formalin and sections stained with hematoxylin- 
eosin to evaluate degenerative and/or necrotic 
changes. Other sections were stained with osmium 
tetroxide, a fat fixative, to visualize fatty infil- 
tration and degeneration. The latter procedure was 
only partially effective due to inadequate penetra- 
tion into the tissue block. Fatty infiltration was 
confirmed using an Oil-Red-O stain with frozen 
sections. 

Analytical 

Lipids were extracted by the method of Bligh 
and Dyer (7). Aliquots of the crude lipid extract 
which had been made to volume were then weighed 
to determine crude lipid content, prepared for 
neutron activation analysis as previously described 
(1) or methylated with methanolic HC1 for GLC 
analysis of normal and brominated fatty acids. 

The methylated portion was analyzed for fatty 
acids using a 200 ft, 0.03 in. id stainless steel 
capillary column coated with EGS at 160 C with 
helium as the carrier gas. A flame ionization 
detector was used. Under these conditions, the 
monobrominated but not the polybrominated fatty 
acids are detected. 

A 2-3 mg portion of the methyl esters in hexane 
was applied to a 500 micron alumina GF TLC plate 
(Analtech) which had previously been activated for 
1 hr at 150 C. Plates were developed with hexane in 
the continuous mode, with a narrow opening at the 
top of the tank (R.R. Lowry and I.J. Tinsley, 
personal communication). Additional hexane was 
added as needed during the 2-hr development. 
These conditions gave 4 bands with an increasing 
degree of resolution from the bottom to the top of 
the plate. Band no. 1 (near solvent front) contained 
the C-16 through C-22 saturated fatty acids; band 
no. 2 contained the monoenes palmitoleic and oleic 
acids; band no. 3 contained C-16 and C-18 dienes; 
and band no. 4 (just above origin), linolenic acid, 
arachidonic acid, and C-22 unsaturated acids, as 
Well as the di- and tetrabrominated fatty acids. On 
occasion, plates with better separation have been 
obtained where the fourth band separates, yielding 
a band containing the dibrominated fatty acids and 
linolenic acid, and a fifth band (near the origin) 
which contains the tetrabrominated fatty acids and 
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arachidonic acid. Experiments with standard mix- 
tures indicate that monobromo acids would chro- 
matograph with the dibromo acids if present. The 
22 carbon unsaturated acids distribute between the 
bands according to their degree of unsaturation. 
Since debromination yielded fatty acids with only 
one or two double bonds, the presence of the more 
unsaturated fatty acids did not present a problem 
in subsequent analysis. 

The bands were detected with iodine vapor,  and 
the fraction containing the brominated acids 
scraped from the plates and extracted 3 times with 
diethyl ether. The extracts were combined and 
concentrated, and a few micrograms removed for 
gas liquid chromatography to determine any carry- 
over of mono-  and diunsaturates, since the pro- 
cedure is very sensitive to loading and atmospheric 
conditions. 

The brominated esters were debrominated (8) by 
first removing all solvent, adding ~ 100 mg of zinc 
powder, 3 ml of anhydrous methanol, and one drop 
of 5% HC1 (g) dissolved in anhydrous methanol, 
and heating at 80 C for 2 hr. The debrominated 
esters were recovered by adding 3 ml each of 
hexane, diethyl ether and water, shaking, cen- 
trifuging briefly and then removing the organic 
layer. The aqueous layer was reextracted with 
diethyl ether in hexane (50/50, v:v), and the 
organic layers combined and concentrated. The 
resulting mixture of unsaturated methyl esters was 
analyzed by GLC and the amounts of BFA deter- 
mined by comparison of peak areas of these 
unsaturated fatty methyl esters to an external 
standard (methyl stearate). A sample of lipid from 
rat liver spiked with dibromostearate gave a re- 
covery of 91.1 +2.7%. 

When appropriate, data were analyzed using a 
standard one-way analysis of variance of the 
logarithms of the response variables. Differences in 
treatment means were tested using the Newman- 
Keuls method (9). 

RESULTS 

Dietary Response and Brominated Oil Intakes 

As expected, feeding the brominated oils at a 2% 
level had more effect on the animals than the 0.8% 
level of BCO and the 0.5% level of the brominated 
fatty acid ethyl esters used in the previous study (1). 
Animals were initially lethargic and consumed less 
food than the controls but, as in the previous study, 
in 7-10 days the animals appeared to adapt to the 
brominated oils, and activity and food consump- 
tion increased. However, the greater toxicity of the 
brominated oils fed at the 2% level was apparent 
through the feeding period. Intermittent diarrhea 
and soft feces were a problem with many of the 
animals fed the oils containing the tetrabromo- 
stearic acid and there was occasionally some weight 
loss, but this generally amounted to only a few 
grams and was recovered by the next weighing. 
Animals fed brominated oils were also less well 
groomed and had coarser fur than controls. 

Food efficiencies (Table 1) were slightly higher in 
the animals fed the brominated oils. Total food and 
thus brominated oil intakes are similar for all diets. 
Intakes of the brominated oils and estimated 
intakes of the di- and tetrabromostearic acids are 
given. There was no overall effect of any of the 
brominated oils on growth. Animals fed the mono- 
glycerides of either oleic or linoleic acid responded 
normally and data from these animals are not 
reported. 

Necropsy 

All the animals fed diets containing a brominated 
oil had fatty livers with those from the animals fed 
the oils containing TBS showing the more pro- 
nounced response. The animals fed BCO had the 
largest livers, which, in fact, were easily pal- 
pable before sacrifice and generally weighed twice 
as much as those from control animals. The livers 

TABLE 1 

Food Efficiencies and Brominated Oil Intakes 

Food efficiency Brominated oil intake 
g weight gain TotaP as DBS b 

Diet 100 g food consumed (g) (g) 
asTBS ~ 

(g) 

CO ~ 28• 
BCO 32• 15.6• 3.2 10.6 
BMG 29• 15.4• 3.7 8.3 
DBS 31• 14.9• 10.9 (<0.15) 
TBS 32• 16.5• (0.20) 14.4 

"As glycerol esters. 
hAs free fatty acid, dibromostearate, DBS and tetrabromostearate, TBS. 
~Corn oil control, CO; brominated corn oil, BCO; and brominated monoglyceride mixture, BMG. 
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f rom animals  fed the B M G  and  TBS appeared  
slightly less fatty than  those of the animals  fed BCO 
and  were not  as large. DBS produced the mildest 
response and  it was only obvious  when  they were 
compared  to control  animals  fed 3% corn  oil, 
indicat ing that  the condi t ion might  have been the 
result of the amoun t  of fat  in the diet r a ther  than  
the DBS. 

The gross heart  lesion observed previously (1), 
characterized by a firm to ha rd  texture,  edema,  and  
a pale yellowish colorat ion,  was more  prevalent  in 
this study. All animals  fed the BCO exhibi ted the 
lesion, while 70% of those fed the TBS, 50% fed the 
BMG,  and  only 30% fed the DBS had the same 
texture and  appearance.  

Kidney and all o ther  tissues appeared normal  
and  all animals  had  sufficient abdomina l  adipose 
deposits, indicating tha t  the 2% dietary level was 
not  toxic enough,  under  these exper imenta l  con- 
ditions, to cause wast ing and  severely al ter  the 
metabol ism of the animal.  

Organ Enlargement and Tissue Upid Increases 

The effects of the various diets on organ  size and  
lipid concentra t ions  are shown in Table  2. W h e n  
the increases are expressed relative to the 10% corn  
oil control ,  the data  indicates differences in the 
response of  cardiac and  hepatic  tissues to  the 
various b romina ted  oils. 

Hear t  size was highest in animals  fed diets 
conta in ing either DBS or BCO; however,  the 
increase c o m p a r e d  to the controls  was not  sig- 
nificant. No cardiac enlargement  was observed 
with the animals  fed TBS and  BMG.  All diets 
produced an  increase in the lipid conten t  of the 
hea r t - - the  B M G  mixture producing the least effect. 

B.A. JONES, l.J. TINSLEY, G. WILSON AND R.R. LOWRY 

Feeding BCO produced dramat ic  increases in 
bo th  liver size and  lipid concentra t ion.  TBS and  
B M G  produced somewhat  milder  responses, with 
the DBS giving the least amoun t  of hepat ic  enlarge- 
ment  and  the mildest lipidosis. 

The enlargement  and  lipid accumula t ion  data  
suppor t  the observat ions made at the necropsy and 
illustrate two other  impor tan t  results of this  experi- 
ment. The first point  is that ,  as seen in the previous 
study (1), total  organ enlargement  is not  always 
accounted for by increases in tissue lipids, es- 
pecially in the case of the DBS diet. The second 
point  is tha t  the B M G  mixture  is not  producing  a 
toxic response equivalent  to the BCO, indicat ing 
the possible influence of a toxicant  in the BCO 
other  than  b romina ted  fatty acids. 

Histopathology 

Histopathological  examina t ion  of hear t  and 
liver tissues revealed intracel lular  fatty degenera-  
t ion in all the tissues f rom the animals  fed the 
b romina ted  oils. Cellular degenerat ion,  necrosis, 
and  in f lammat ion  were a little more  obvious  in this 
study than  in the previous one, but  overall  the 
lesions were mild, similar among  diets, and not  
sufficiently definitive to a t t r ibute  lesions to the di- 
or te t rabromostear ic  acids. No significant lesions 
were reported in kidney tissue with any of  the 
exper imental  diets. 

Cardiac  tissue exhibi ted fatty degenerat ion,  
t h roughou t  the myocardium,  in the form of very 
fine droplets  often in l inear arrays parallel ing the 
contracti le  fibers. The greatest fat ty degenera t ion  
was seen with the BCO and DBS,  and  occasionally 
the DBS appeared to have a greater  effect than  the 
BCO; however, s taining was poor  with the osmium 

TABLE 2 

Relative Organ Size and Lipid Content ~ 

Diet g/100 g body wt mg lipid/g tissue 

Heart 
CO s 0.45 +0.08 c.d (1.00) b 26.9+ 1.0 ~ (l.00) 
BCO 0.52-+0.07 d (1.16) 46.8+6.1 ~ (1.74) 
BMG 0.45+0.04 ~'d (1.00) 37.8_ 3.8 d (1.41) 
DBS 0.53+0.04 d (1.17) 42.9+-2.6 d'~ (1.59) 
TBS 0.42-+0.04 ~ (0.93) 41.1 +4.3 ~ (I.53) 

Liver 
CO 4.09_+0.24 ~ (1.00) 44.9+ 1l.C (l.00) 
BCO 9.39+0.75 f (2.30) 83.0+ 13.5 d (1.85) 
BMG 7.86_+0.47 ~ (1.92) 68.2+6.0 ~ (1.52) 
DBS 7.10+0.41 d (1.74) 50.5___ 3.8 c (1.26) 
TBS 8.25+0.24 ' (2.01) 77.2+_10.6 d (1.72) 

"Mean and standard deviation: n=6. 
~Relative to corn oil control. 
~'d"'fMean values with the same superscript are not stgnificantly different (p < .01). 
gCorn oil control, CO; brominated corn oil, BCO; brominated monoglyceride mixture, BMG; mono- 

glyceride of dibromostearate, DBS; and monoglyceride of tetrabromostearate, TBS. 
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tetroxide and interpretation of sections often diffi- 
cult. Sections stained with Oil-Red-O had to be 
prepared to confirm the presence of large amounts 
of fat, especially in the cardiac tissue from animals 
fed the DBS which seemed particularly resistant to 
the osmium tetroxide stain. Not all sections from 
all animals were stained with the Oil-Red-O, so 
assessment of the relative influence of the diets on 
myocardial lipidosis must be done from the in- 
creased lipid levels rather than the histology. 

The animals fed the BCO appeared to have the 
greatest incidence of myocardial cellular degenera- 
tion, necrosis, and inflammation. Fiber degenera- 
tion, mild to moderate edema, and occasional 
small loci of  necrosis and macrophage infiltration 
were seen in 5 of the 6 animals examined. The DBS 
caused mild to moderate edema in all 7 animals 
examined, fiber degeneration and some slight 
necrosis in 3 animals, but no inflammatory re- 
sponse was observed in any of the sections. Most of 
the animals fed TBS exhibited mild cardiac edema, 
2 showed signs of fiber degeneration, and one 
animal exhibited necrosis and macrophage infiltra- 
tion. No edema, necrosis or inflammatory re- 
sponse were observed in any of the cardiac sections 
from animals fed the BMG diet. 

In hepatic tissue, all animals fed the TBS- 
containing oil exhibited severe intracellular fatty 
degeneration, the degree of effect being B C O >  
T B S >  BMG. Animals fed the DBS showed only 
mild fatty degeneration which appeared to be 
slightly greater than that seen in the 10% corn oil 
controls. The fatty degeneration was in the form of 
fine to very large droplets, occasionally with portal 
distribution. The fat content of the hepatic tissue 
was often severe enough, especially with the BCO, 
to make fixing and sectioning difficult. 

Mild degeneration, an occasional necrotic cell, 
and some inflammation was seen in liver sections 
from 3 of the animals fed the BMG and DBS, and 
one fed the BCO. All animals but one fed the TBS 
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had swollen cells and nuclei, indicating the begin- 
ning of degenerative changes. 

Lipid-Bound Bromine 

All tissue lipid from animals fed brominated oils 
contained high concentrations of bromine (Table 
3). Noteworthy in the distribution of the lipid 
bromine is the fact that the tetrabromostearic acid- 
containing oils produced the highest concentra- 
tions in hepatic,lipids and the DBS diet produced 
the highest concentrations in cardiac lipids. Cardiac 
lipid bromine concentrations in the animals fed the 
TBS-containing diets are one-half or less those 
encountered in the cardiac ]ipids of the animals fed 
the DBS. It is also noteworthy that the animals fed 
the B M G  mixture had higher cardiac lipid bromine 
concentrations than those fed the BCO. 

Fatty Acid Analysis 

Fatty acid composition of the cardiac and hepatic 
lipids from the animals fed the brominated oils did 
not show any obvious differences from controls 
that could not be accounted for by the increased 
triglyceride levels or membrane proliferation. 

Analysis of the isolated brominated fatty acid 
methyl esters by GLC of the debrominated un- 
saturates resulted in the identification of C- 14 and 
C-16 mono- and diunsaturated fatty acids. The 
retention times of the latter did not correspond to 
those of C-14 and C-16 A9-unsaturated acids. 
Ozonolysis of the debrominated products (10,11) 
showed that the double bonds in the C-14 acids 
were in the A5 and A8 positions; in the C-16 acids, 
the double bonds were found to be in the A7 and 
A10 positions; and in the C-18 acids, the double 
bonds were found to be in the original A9 and A12 
positions. The positions of the double bonds in the 
shorter-chain unsaturated acids produced by de- 
bromination confirmed that the derivatives were fl- 

TABLE 3 

Bromine Content of Tissue Lipids 
(#mol Br/g lipid) 

Tissue 

Diet Heart Liver Adipose Kidney Muscle Testes 

Corn oil 0.26+.17 a 0.17_+.07 0.05_+.01 0.13_+.08 0.19_+.04 0,17_+.13 
BCO b 123_+ 16 759_+ 116 172_+59 185+34 203-+ 19 62.9-+23.2 
BMG 192-+23 644_+ 136 203_+72 107_+21 168_+27 69.5_+36.7 
DBS 482_+63 196_+ 24 245_+21 132_+29 193_+38 39.8+ 13.4 
TBS 97.0_+ 18.1 818_+ 175 143 _+45 164_+40 127+ 12 52.6_+ 18.7 

~Mean and standard deviation: n=3 for corn oil, n=5 for brominated compounds. 
~Brominated corn oil, BCO; brominated monoglyceride mixture, BMG; monoglyceride of dibromo- 

stearate, DBS; and monoglyceride of tetrabromostearate, TBS. 

LIPIDS, VOL. 18, NO. 4 (1983) 



332 B.A. JONES, 1.J. TINSLEY, G. 

oxidation products of the di- and tetrabromo- 
stearic acids in the form of the di- and tetra- 
bromomyristate (C14) and palmitate (C16). The 
amounts of these metabolites found in lipids of 
heart, liver and adipose tissue of the animals fed the 
various brominated oil diets are shown in Figures 1 
and 2. On the average, 80% of the bromine detected 
by neutron activation is aocounted for by these 
compounds. 

No shorter-chain intermediates were detected. 
However,  the volatility of an unsaturated methyl 
laurate makes the loss of this ester a distinct 
possibility during our preparative and concen- 
trating steps, especially if only small amounts  were 
present. As noted previously, methyl esters of 
monobrominated fatty acids may be detected along 
with the conventional fatty acids on a stainless steel 
capillary column. No such derivatives were de- 
tected in tissue lipids of rats fed the brominated 
compounds. 

Metabolites represented from 17 to 30% of the 
total brominated fatty acids isolated from the 
various tissues. The greatest proport ion of metab- 
olites appeared to be accumulating in cardiac lipids 
and in the hepatic lipid of the animals fed the DBS. 
The dibrominated fatty acids accumulated in car- 
diac lipids, and tetrabrominated fatty acids ac- 
cumulated to a greater extent in hepatic lipids. The 

WILSON AND R.R. LOWRY 

ratio of di- to tetrabrominated acids in the cardiac 
lipids of the animals fed the BCO and BMG 
mixture is ca. 3:1; this represents a 10-fold increase 
over the same ratio in hepatic lipids. 

Rats ingesting diets containing BCO and BMG 
show comparable amounts of brominated fatty 
acids in tissue lipids. This is of interest considering 
the differing response to these two diets. 

Metabolite distribution varies from tissue to 
tissue. The dibromomyristic acid concentrations 
are lower than the dibromopalmit ic  acid con- 
centrations in cardiac and adipose lipids, whereas 
the reverse is true in liver lipid. Concentrat ions of 
the tetrabromomyristate are higher than the tetra- 
bromopalmitate in lipids of all tissues analyzed. 
This observation further accentuates the fact that 
the di- and tetrabromo derivatives are being metab- 
olized quite differently. 

DISCUSSION 

In this assessment of the toxicity of the di- and 
tetrabromostearic acids, it has been found that the 
dibromostearic acid had a greater effect on cardiac 
tissue than the tetrabromostearic acid, with the 
converse being true in hepatic tissue. The DBS 
appears to be metabolized and /o r  released more 
readily from the liver than the TBS. The amounts 
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FIG. 1. Concentrations of dibromo- (DB) and tetrabromo- (TB) myristate (M), palmitate (P) 
and stearate (S) in tissue lipid from rats fed brominated corn oil or a mixture of the 
monoglycerides of dibromostearate and tetrabromostearate. 
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FIG. 2. ('onccntrations ofdibromo- (DB) and tetrabromo- (TB) myristatc (M), palmitate(P) 
and stcaratc (S) in tissue lipid lrom rats fed monoglyccrides of dibromostearate or tetra- 
bromostearate. 

of tetrabromo derivatives which were transported 
andi or incorporated into the cardiac lipids were 
small compared to the amounts o fd ib romo deriva- 
tives that accumulated, supporting previous find- 
ings made in our laboratory (I). 

Overall, the toxic response of the animals fed 
diets containing the BCO is greater than that 
observed in animals fed the other brominated oils. 
]h is  might be explained by the presence of small 
amounts of some other brominated compound,  
such as a brominated sterol or the small amount  of 
hexabromostearic acid (I %) derived from linolenic 
acid. 

Another consideration is the position of the 
brominated acid on the glycerol. In corn oil, the 
majority of the linoleic acid is found in the 2- 
position on the triglyceride molecule and thus, with 
BCO, the majority of the TBS would be absorbed 
as the 2-monoglyceride aftcr lipolysis in the intes- 
tine. The synthetic monoglycerides, however, 
would have the majority of  the BFA in the I -and  3- 
position, since migration from the 2-position is a 
common occurrence during esterification reactions 
(12). Thus, a much smaller proport ion would be 
absorbed as the 2-monoglyceride. That the dis- 
tribution of fatty acids on the glycerol molecule can 
be a factor has been demonstrated by Hung et al. 

(13). In feeding studies with natural and ran- 
domized high and low erucic rapeseed oils, sub- 
stantial differences in response were observed. 
Differences in toxicity encountered in this study 
between the BCO and BMG mixture diets, despite 
similar intakes of brominated acids and the similar 
BFA concentrations produced in tissue lipids, may 
also indicate that there are differences in dis- 
tribution and /or  metabolism between the 1- and 3- 
monoglycerides and the 2-monoglycerides. 

] h e  shorter-chain metabolites of the brominated 
stearatcs isolated from the tissue lipids indicates 
that these acids are being metabolized by /3_ 
oxidation. The two cycles of,B-oxidation compares 
with that observed with erucic acid (14). Failure to 
demonstrate #-oxidation of dibromopalmit ic  acid 
by mitochondrial preparations (15) would provide 
additional evidence to that presented in our pre- 
vious study (1) that BFA are metabolized to some 
extent by peroxisomes. Further studies with iso- 
lated peroxisomes are required to confirm this 
suggestion. 
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Asymmetric Distribution of Decanoate 
in Triacylglycerol Synthesized in vitro 
by Mammary Glands of Lactating Mice 
G. A N A N D A  RAO a * and S. A B R A H A M  b,~ Veterans Administratton Medical Center, 
150 Muir Road, Martinez, CA 94553 and b Children's Hospital Medical Center of Northern 
California, 51st and Grove Streets, Oakland, CA 94609 

ABSTRACT 

Slices, prepared from the mammary glands of lactating mice. were incubated with either [ 12~C]acetate. 
[U-HCJglucose, or [ IJ~C]decanoatc. From all 3 substrates, radioactivity in the synthesized lipids was lk~und 
mainly in triacylglycerols (TG). When acetate or glucose served as substrate, decanoate (C.,) accounted for 
24% of the fatty acids in TG. Hydrolysis of the TG by pancreatic lipase yielded [~C] fatty acids which had 
relatively more Cto (389i) than did either of the other hydrolysis products mono- or diacylglycerol ( 14-17%). 
However, when "IG produced by slices from C., were hydrolyzed, the acid was found to be esterified equally 
at the C-l. C-2 and C-3 of glycerol. Thus, when fatty acids are synthesized de novo and areconverted t o l G  
by gland slices, C., is predominantly located in the C-3 position, a finding in accord with the situation in milk 
TG. although such preferential incorporation does not occur when the free acid is presented to the tissue 
slices. 
l.q~id.~ 18:335-338. 1983. 

INTRODUCTION 

A major portion (ca. 98%) of the lipid in milk is 
present in the form of triacylglycerol (TG). Non- 
ruminant milk TG contain appreciable amounts  of 
medium chain length fatty acids which are pre- 
dominantly found acylated to the C-3 position of 
glycerol (I). The medium chain length fatty acids 
are synthesized by the mammary glands during 
lactation while the long chain saturated, mono- 
and polyunsaturated fatty acids found in the milk 
are principally derived from the circulating blood 
lipids (1). When slices prepared from the mammary 
glands of lactating mice were incubated with [ l -  
14C]acetate and glucose, labeled lipids composed 
mainly of TG were produced which contained 
decanoate (C,,) at a level of ca. ~/4 of the total latty 
acids (2,3). In the present study, to determine 
whether the pattern of radiolaheling in vitro was 
what would be expected from observations made in 
vivo in milk, we investigated the position of C., on 
the glycerol moiety of TG through the use of 
pancreatic lipase hydrolysis. 

MATERIALS A N D  METHODS 

Female C3 H mice which were act ively lactat ing 

*lo v, hom correspondence should be addressed. 

and suckling at least 6 pups for 17 days were killed 
by cervical fracture. ]he i r  mammary glands were 
excised and sliced by procedures described pre- 
viously (2). Slices (100 mg) were incubated for 2 hr 
at 37 C in 2 ml Krebs-Henseleit bicarbonate buffer 
(pH 7.4) containing [IJ4C]acetate (2.5 mM) and 
glucose ( 10 mM) with 95% O.~ and 5% CO2 as gas 
phase. In some experiments, acetate was omitted 
and [UJnC]glucose ( 10 mM) was used as substrate. 
The conditions of incubation with [l-t4C]C,,were 
the same as those described earlier (3). After 
incubation, total lipids were extracted from the 
slices and the lipid classes were isolated by prepara- 
tive thin layer chromatography (TI_C) (3). 

Enzymatic hydrolysis o f - I G  with pancreatic 
lipase was carried out as described by Lands et al. 
(4). Porcine pancreatic lipase was obtained from 
Calbiochem (La Jolla,  CA). ~4C-Labeled TG pro- 
duced by mammary gland slices (ca. 10,000 cpm) 
and carrier TG (1 mg), obtained from mouse milk, 
both dissolved in ether, were coated on the sides at 
the bottom of a 15 ml centrifuge tube by evapora- 
tion under a gentle stream of nitrogen. -Iris buffer 
pH 8.05 (I .0 M; 0.1 ml), NaCI (I .0 M; 0. I ml) and 
lipase (0.2 units in 0. I ml) were added and the tube 
and its contents (0.3 ml) were shaken vigorously on 
a vortex mixer for 2 min at room temperature. The 
reaction was stopped by the addition of 0.2 ml of N 
HCI. ] 'he total lipids were extracted and the classes 
were separated by TLC and isolated as given 
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previously (3). The TG, 2-monoacylglycerol (MG) 
and diacylglycerol (DG) were individually saponi- 
fled and the fatty acids (FA) were isolated. Fatty 
acid methyl esters were prepared with diazo- 
methane and were separated by gas liquid chroma- 
tography (GLC) programmed at 10 C/ra in  over the 
range of 80-180 C (3). A Varian Aerograph (model 
2740) provided with a flame ionization detector, a 
stream splitter and stainless steel column (6 ft. 
• in.) packed with 15% diethylene glycol sue- 
cinate on H / P  chromosorb G was used for GLC. 
Individual fatty acid methyl ester fractions were 
collected and assayed for radioactivity (3). 

RESULTS AND DISCUSSION 

As observed earlier (2,3), the major lipid (>  90%) 
produced from either [IJ4C]acetate,  [U-14C]glu - 
cose or [1J4C]C10 by slices of mammary glands of 
lactating mice was TG (Table 1). Furthermore,  in 
both DG and TG synthesized from acetate or 
glucose, Ct0 comprised ca. 20% of the labeled fatty 
acids. The radioactivity in C~0 found in the FA and 
the phospholipid (PL) fractions was considerably 
less. The level of C12 was also greater in TG and DG 
than in FA and PL fractions (Table 1). As observed 
previously, when mammary gland slices were in- 
cubated with [ IJ4C]C~0 and glucose, ca. 93% of the 
radioactivity in TG was still found in C~0 (3), 
indicating that when presented to the tissue as such, 
this fatty acid was not elongated but was in- 
corporated into complex lipids (TG and DG) as an 
intact unit. 

Among the fatty acids synthesized from labeled 
acetate or glucose by mouse mammary gland slices, 
significant levels of monounsaturated fatty acids 
(16:1 and 18:1) were also observed (Table 1). 
Earlier we showed that A9 desaturase in the micro- 
somes from lactating mouse mammary glands uses 
stearate rather than palmitate or myristate as the 
preferred substrate (5). The distribution of  radio- 
activity in the fatty acids synthesized from [ l -  
14C]acetate or [U-14C]glucose (Table 1) suggests 
that this is also the situation in the intact cell, since 
the proportion of monounsaturated to saturated 
(16:1 / 16:0 and 18: 1 / 18: 0) was greater in the case 
of 18 carbon FA than with 16 carbon FA. 

The distribution of  labeled fatty acids in PL was 
different from that in TG (Table 1). Phospholipids 
contained a relatively high level of long chain FA 
and only traces of C~0. These observations with 
mice are similar to those with rats and show a 
distinct difference in the fatty acid composit ion of 
PL and TG in milk fat and tissue lipids (6). 
Although DG are generally considered to be 
common intermediates in the biosynthesis of PL 
and TG, the data (Table 1) indicate that only 
selected species of DG such as those with short or 
medium chain FA and those with C-2 saturated FA 
are converted to TG. This selective use of DG for 
glycerolipid biosynthesis may be due either to 
enzyme specificity (7) or to a separation of the DG 
pools (8). 

To determine the positional distribution of the 
Cl0, TG produced from either [1-14C]acetate, [U- 
14C]glucose or [1J4C]decanoate were separately 

TABLE I 

[~4C] Fatty Acid Distribution in Lipids Synthesized by Slices of Mammary Gland from Lactating Mice 

Percent 
Lipid [t4C] in Labeled [~4C] Fatty acid (mole %) 
class total lipid percursor C8 CIO C12 C14 C16 CI6:1 C18 Cls:l 

Triacylglycerol 92.8 Acetate 2.9 24.0 25.3 22.7 15.6 2.8 3.9 2.5 
90.5 Glucose 1.9 24.0 27.3 22. l t6.2 1.9 3.9 2.6 
94.5 Decanoate 1.6 92.5 1.4 1.2 1.6 T 1.0 T 

1,2-Diacylglycerol 3.6 Acetate 1.3 19.5 26.2 26.8 22.1 1.3 2.0 0.6 
5.1 Glucose 2.6 17.8 28.6 26.4 19.7 0.6 3,2 1.1 
4.4 Decanoate 1.5 91.1 2.4 1.6 t.3 T 1.0 T 

Fatty acid 1.5 Acetate T 1.5 16.4 25.4 40.3 2.2 11.9 2.2 
2.6 Glucose T 0.8 13.7 28.3 45.6 3.1 6.8 1.3 

Phospholipid 2.1 Acetate T 3,0 11.4 22.9 42.8 3.0 13.7 3.0 
1.8 Glucose 0.5 1.8 14.0 21,6 44.2 5.7 10.8 1.4 
1.0 Decanoate 

Mammary gland slices ( 100 mg wet wt) from mice lactating for 17 days were incubated for 2 hr at 37 C in 2 ml 
Krebs-Henseleit bicarbonate buffer containing [ lJ4C]acetate (2.5 raM) and glucose ( 10 mM) or [UJ4C]glucose 
(10 raM) or [lJ~C]decanoate (1.25 mM) and glucose (10 mM) with 95% Oz and 5% CO2 as gas phase. After 
isolation of the total lipids from the slices, lipid classes were separated by preparative TLC. Following total 
saponification and preparation of methyl esters, fatty acids were analyzed by radio G LC. Values less than 0.5% 
are given as T. Analysis of radioactive fatty acids in the phospholipids obtained from CJ0 was not carried out 
due to the small amounts of ~C activity in this fraction. The values are averages of closely agreeing duplicate 
determinations (_+ 5%) with slices from 2 lactating mice. 
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hydrolyzed by pancreat ic  lipase. The products  of 
lipolysis, FA, MG,  and DG, as well as the residual 
TG were isolated and  the distr ibution of radioactive 
fatty acids in each fract ion was analyzed (Table  2). 
In experiments  with  radiolabeled acetate and  glu- 
cose, the fatty acid composi t ion  of labeled TG 
obtained after part ial  hydrolysis was similar  to tha t  
of the original TG, a f inding which suggests tha t  
pancreat ic  lipase shows no selectivity for a par-  
t icular TG species. On the other  hand,  the l iberated 
fatty acids contained a greater  p ropor t ion  of C~o 
(38%) than  any other  fatty acid (Table 2) and,  as a 
consequence, the level of C~0 in the M G  was less 
(14%) than  tha t  in the original TG (24%). Hence, 
the l iberated C10 must  have been located pre- 
dominant ly  in the C-1 and  C-3 of TG. It is likely 
tha t  the p ropor t ion  of Clo acylated at C-1 was not  
appreciably greater than  at C-2, since the level of 
this acid in the DG produced by hydrolysis was 
only 17%. Thus,  our results show that ,  in TG 
synthesized f rom acetate or glucose by m a m m a r y  
gland slices in vitro, C,0 is most  likely acylated 
preferentially at the C-3 posit ion.  Fur the rmore ,  
since the levels of C~4 and  C16 in M G  are greater  
than  in TG (Table 2), the data  also suggest tha t  
these acids were esterified at C-2 relatively more 
than  at C-1 or C-3. 

On the other  hand,  the s i tuat ion is quite different 
when the m a m m a r y  gland slices were presented 
with a preformed medium chain length fat ty acid. 
In the case of TG produced from [~4C]decanoate, we 

could show tha t  for each 1000 cpm of the subst ra te  
hydrolyzed by the lipases, MG,  D G  and FA, were 
found to have 205,218 and  577 cpm, respectively. If  
we assume that  C~0 was esterified in equal  por t ions  
on the 3 carbons  of glycerol, then after  hydrolysis 
of TG, the [14C] activity in the l iberated FA would 
be expected to contain  519 cpm (2 X 205 + 218/2). 
Since the value we obtained experimental ly  (577 
cpm) was so close to tha t  predicted, it would appear  
tha t  when the free acid was presented to the tissue 
slices, the acyl transferases did not  exhibi t  posi- 
t ional  specificity for TG synthesis and almost  all of 
the [~4C] activity was found in Cl0. 

Dur ing  de novo synthesis, free Clo generated by 
fatty acid synthetase (FAS)  does not  accumulate  to 
any appreciable extent  in lactat ing m a m m a r y  
gland cells. Therefore,  the acyl t ransferases are 
usually not  exposed to high levels of C~0 as the 
blood of mice does not contain appreciable amounts  
of this acid. We, therefore,  suggest tha t  the dif- 
ference in the posi t ion on the glycerol moiety of the 
TG is due to the specificity of acyl transferases 
towards the free acid and that  produced by FAS  
and  is p robably  related to the concent ra t ion  of the 
decanoate  in the cell dur ing the period when 
esterification takes place. 

Our  experiments  with slices of m a m m a r y  glands 
from lactating mice show that  this p repara t ion  is 
capable  of producing TG which contain  a degree of 
acyl specificity analogous  to tha t  found in milk TG 
produced in vivo by the gland. 

TABLE 2 

[~4C] Fatty Acid Distribution of the Products of Pancreatic Lipase Hydrolysis 
of Triacylglycerol Produced by Mammary Gland Slices 

Lipid [~4C] Fatty acid (mole %) 
class C8 CIO C12 CI4 CI6 CI6:1 C18 C18:1 

Triacylglycerol (original) a 2.9 24.0 25.3 22.7 15.6 2.8 3.9 2.5 
Triacylglycerol (residual) 0.6 20.9 29.3 26.1 19.6 0.9 1.7 0.9 
Diacylglycerol 0.9 15.9 29.2 29.9 17.3 3.0 1.8 2.0 
Monoacylglycerol 0.5 12.9 27.9 34.1 17.7 2.7 1.4 2.7 
Fatty acid 1.2 38.2 29.1 15.8 12.7 0.9 1.3 0.8 

Triacylglycerol (original) ~ 1.9 24.0 27.3 22.1 16.2 1.9 3.9 2.6 
Triacylglycerol (residual) 0.5 2t.4 29.2 25.3 18.8 1.8 1.3 1.2 
Diacylglycerol 0.9 16.5 30.5 28.5 17.9 1.9 2.0 1.9 
MonOacylglycerol 1.0 14.0 26.9 33.3 18.7 2.7 1.5 2.0 
Fatty acid 0.6 38.2 28.3 16.0 13.5 0.9 1.2 1.2 

aValues given were obtained when mammary gland slices were incubated with [124C]acetate and glucose 
and are averages of closely agreeing (_+ 5%) duplicate determinations. 

bResults from experiments with [UJ4C]glucose are given as averages of closely agreeing (_+ 5%) duplicate 
determinations. 

About 50-60% of TG were hydrnlyzed by lipase in these experiments. In some cases, lipase reaction was 
stopped after 1 rain incubation, in which case only 20% of TG were hydrolyzed. The distribution of 
radioactivity in FA of various chain lengths in MG, DG and FA in these instances was similar to that given in 
Table 1. 
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Altered Microsomal Phospholipid 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 alters liver microsomal membrane fatty acid composition. The present 
study was undertaken to determine if such changes in fatty acid composition were due to changes in the 
amount ol individual phosphoglycerides or to disproportionate changes in fatty acid composition in any of 
the individual phosphoglycerides. The diabetic animals showed a small increase in total microsomal 
phospholipid, which is due to a selective increase in the phosphatidylethanolaminc fraction. The changes in 
fatty acid composition in the total lipid extract (decreased palmitoleic, oleic and arachidonic acids and 
increased linoleic and docosahexaenoic acids) from the diabetic animals were present in both the major 
phosphoglycerides, phosphatidylcboline and phosphatidylet hanolamine, with very little change in fatty acid 
composition in the phosphatidylserine and inositol fraction. Further studies are necessary to delineate the 
cause of the abnormal membrane phospholipid composition in the diabetic animal. 
Lipid.s 18:339-342, 1983. 

INTRODUCTION 

Alterations in fatty acid composition of  liver 
microsomal phospholipid have been reported in 
the streptozotocin diabetic rat (1). These include 
decreased proportions of palmitoleic (16:1w9), 
oleic (18: 1(o9) and arachidonic (20:4w6) acids and 
an increased proport ion of linoleic (18:2w6) and 
docosahexaenoic (22:6w3) acids. Decreases in liver 
microsomal phospholipid without an alteration in 
the proport ion of individual phospholipids have 
been reported in the alloxan diabetic rat (2), but a 
slight increase in liver microsomal phospholipid 
per mg protein occurred in the streptozotocin 
diabetic rat (I). An increase in total platelet 
phospholipids has been described in poorly con- 
trolled diabetic patients with the largest increase 
being in the phosphatidylethanolamine fraction 
and a smaller increase in the phosphatidylserine 
fraction (3). The methyl transferase enzymes that 
convert phosphatidylethanolamine to phospha- 
tidylcholine showed decreased activity in the se- 
verely alloxan diabetic rat (4). It was speculated 
that this decrease in the methylating pathway in the 
diabetic rats might change the composit ion of 
phospholipids and properties of cellular mem- 
branes since this pathway provides phosphatidyl- 
cholines with more polyunsaturated fatty acids 
than the CDP-chol ine pathway (4,5). 

The present study was undertaken to determine 
if streptozotocin diabetes caused either changes in 
the amount  of individual liver microsomal phos- 

*To whom correspondence should be addressed. 
Abbreviations: The abbreviated latty acid nomenclature refers 

to the number of carbon atoms in the chain, the number of 
unsaturated bonds, and the position of the first unsaturated bond 
counting from the terminal methyl group; thus arachidonic acid, 
5,8,11,14-cicosatetracnoic acid, is 20:4r 

phoglycerides or disproportionate changes in fatty 
acid composition in any of the individual phospho- 
glycerides. 

MATERIALS AND METHODS 

Animals and Their Treatment 

White, male, Sprague-Dawley rats from Charles 
Rivers 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 composition of 1.7% 14:0, 22.9% 16:0, 
1.9% 16:ho9; 7.8% 18:0, 32.4% 18:1(o9, 29.8% 
18:2t06 and 3.1% 18:3(o3. 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 8 
U protamine zinc insulin subcutaneously daily 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 determi- 
nation by a commercial glucose oxidase method. 
Rats were killed 14-21 days after streptozotocin 
injection in the fed state. 

Microsomal Lipid Analysis 

Washed liver rnicrosomes for phospholipid and 
fatty acid analyses were prepared and total lipids 
extracted as described previously (6). A portion of 
the total lipid extract from each sample was taken 
for total phosphorus determination. Another  por- 
tion was taken for phospholipid separation by thin 
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layer chromatography on Silica Gel H by a modifi- 
cation of the method of Skipski et al (7). 

2',7'-Dichlorofluorescein was used to locate the 
lipid spots. Phosphatidylserine and phosphatidyl- 
inositol travelled together in this system. The spots 
were identified by comparison with authentic stan- 
dards. The spots were scraped and eluted with 
chloroform/methanol/7M ammonium hydroxide 
(13: 7: 1, v/v/v). One portion of the eluate was used 
for lipid phosphorus determination to calculate the 
proportion of each major phospholipid. Mean 
recovery of lipid phosphorus was 94% of the 
amount applied to the chromatogram. The re- 
mainder of the eluate was used for preparation of 
fatty acid methyl esters, which were separated by 
gas liquid chromatography as described previously 
(6). 

Analytical Procedures 

Phospholipid phosphorus and protein deter- 
minations were carried out as described previously 
(8,9). 

Statistical Analysis 

Significant differences between groups were 
determined by using the one-way analysis of vari- 
a n c c .  

RESULTS 

Metabolic State of Diabetic Animals 

The untreated diabetic animals had overt poly- 
dipsia and polyuria and overtly elevated plasma 
glucose levels (404+ 16 mg/dl, mean+SE) com- 
pared to control rats (103 + 2 mg/dl). The diabetic 
rats treated with 8 U protamine zinc insulin daily 
for 2 days had less polyuria and significantly lower 
glucose levels (321 + 23 mg/dl) than the untreated 
diabetic animals at the time of sacrifice (p< 0.01). 

Microsomal Phospholipid Composition 
in Diabetic Animals 

Figure 1 shows that total microsomal phospho- 
lipid phosphorus was increased 11% in the diabetic 
animals (482+3 nmol/mg protein) compared to 
controls (434 + 8 nmol/mg protein). This increase 
was prevented by insulin treatment of the diabetic 
animals (421 + 8 nmol/mg protein). The phospho- 
glycerides were separated into their major indi- 
vidual fractions, phosphatidylcholine, phosphati- 
dylethanolamine, and phosphatidylserine plus in- 
ositol (the latter two migrating together in the thin 
layer chromatography system used). Control mi- 
crosomal phospholipid contained 54% phospha- 
tidylcholine, 27% phosphatidylethanolamine, and 
l 1% phosphatidylserine plus inositol. There were 
no significant changes in the amount of phos- 
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FIG. I. Phospholipid composition of liver microsomes 
in diabetes. The individual phosphoglycerides from liver 
microsomes were separated by TLC and lipid phosphorus 
measured as described in. the Methods section. Non- 
diabetic I~], untreated diabetic [], and insulin-treated 
diabetic �9 rats (5 animals/group) were studied. Results 
are shown as mean + SEM. Statistical differences between 
groups are shown above the bars. 

phatidylcholine or phosphatidylserine plus inositol 
in the diabetic animals. However, there was a 26% 
increase in the phosphatidylethanolamine content 
of the microsomal phospholipid from diabetic 
animals (149+_3 nmol/mg protein) compared to 
controls (118 + 2 nmol/mg protein). This increase 
accounted for the increase in total phospholipid in 
the diabetic animals and was likewise prevented by 
insulin treatment of the diabetic animals (109___ 3 
nmol/mg protein). 

Fatty Acid Composition of Individual Phosphoglycerides 
in Diabetic Animals 

Figure 2 shows the fatty acid composition of the 
total lipid extract and of the individual phospho- 
lipid fractions from the liver microsomes of the 
control, diabetic and insulin-treated diabetic ani- 
mals. Changes in fatty acid composition in the total 
lipid extract from the diabetic animals were similar 
to those described previously (I), namely, decreased 
proportions of 16: ho9, 18:lto9 and 20:4to6 and 
increased proportions of 18:2t06 and 22:6to3. As 
noted before, all of these changes except for the 
decreased 20:4m6 were prevented by insulin therapy 
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FIG. 2. Fattyacidcompositionofindividualphospho- 
glycerides in experimental diabetes. The individual phos- 
phoglycerides of the liver microsomal extracts were 
separated and fatty acid analysis of each fraction was 
carried out as described in the Methods section. Non- 
diabetic [~, untreated diabetic [~, and insulin-treated 
diabetic [] rats (5 animals/group) were studied. Results 
are shown as mean+SEM (a) p<.01, (a3 p<.05, 
experimental vs control; (b) p <.01, (b') p <.05, treated vs 
untreated diabetic. 

(1). In addition, there were two changes not noted 
before. These are a slight increase in the proportion 
of 20:3oJ6 in the diabetic lipid extract (1.6 + 0.1%) 
as compared to controls (1.1 +0.1%) which was 

prevented with insulin therapy and an apparent 
increase in 20:5(o3 in the insulin-treated diabetic 
animals (1.2+0.1%) with unmeasurable levels 
(< 1%) in control and diabetic animals. There 
appeared to likewise be a small increase in 22:5<o3 
in the insulin-treated diabetics, but the levels were 
too small to measure accurately. 

To determine if these changes were fairly evenly 
distributed in all the major phospholipid fractions 
or occurred predominantly in one particular frac- 
tion, the fatty acid composition of the phospha- 
tidylcholine, phosphatidylethanolamine, and phos- 
phatidylserine plus inositol fractions from the 
control, diabetic and insulin-treated diabetic liver 
microsomes wos determined. These data are also 
shown in Figure 2. It can be seen that the decreased 
proportions of 16: 1~o9, 18: 1o~9, and 20:4oJ6 and the 
increased proportions of 18:2(o6 and 22:6o~3 oc- 
curred in both of the dominant phospholipid 
components, phosphatidylcholine and phospha- 
tidylethanolamine. Again, these were prevented by 
insulin therapy, except for the diminished arachi- 
donate levels. 20:3o~6 was paradoxically slightly 
diminished in phosphatidylcholine and unchanged 
in phosphatidylethanolamine, 20:5aJ3 was in- 
creased in the insulin-treated diabetics in the 
phosphatidylcholine fraction as in the total lipid 
extract, and was unmeasurable in the phospha- 
tidylethanolamine fraction. 

The control fatty acid composition of the phos- 
phatidylserine plus inositol fraction was markedly 
different from that seen in the other phospholipid 
fractions with a higher percentage of saturated 
fatty acids, arachidonic acid being the only un- 
saturated fatty acid present in substantial amounts. 
The only change in fatty acid composition in the 
phosphatidylserine plus inositol fraction in the 
diabetic animals was a significant increase in 
18:2o)6, although this fatty acid is only a minor 
component in this fraction. 

There also is a trend toward a decreased 16:0 
with an associated increased 18:0 in the diabetic 
animals which is prevented by insulin but these 
changes only reached statistical significance in 
some fractions. The same trend was noted in 
previous experiments (1). 

DISCUSSION 

The streptozotocin diabetic rats showed a selec- 
tive increase in liver microsomal phosphatidyl- 
ethanolamine content which accounted for a slight 
increase in total rnicrosomal phospholipid. This is 
consistent with similar findings in human diabetic 
platelet phospholipids (3). The increased levels of 
phosphatidylethanolamine could be due to the 
reported decreased methyl transferase enzyme ac- 
tivity in the alloxan diabetic rat (4). This enzyme 
converts phosphatidylethanolamine to phospha- 
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tidylcholine. 
Whereas diabetic liver microsomes show in- 

creased linoleate and  diminished a rach idona te  
levels, h u m a n  diabetic platelets showed decreased 
linoleate and increased a rach idona te  levels, al- 
t hough  in bo th  instances increased phosphat idyl -  
e thanolamine  levels occurred. This  suggests tha t  
the changes in fatty acid composi t ion  are due to 
different mechanisms in these two instances.  In 
addi t ion to the fatty acid changes noted previously 
in the diabetic microsomes (1) (decreased 16: loJ9, 
18: loJ9, and  20:4~o6 and increased 18:2~o6 and  
22:6~o3), the present  studies showed increased 
20:5~o3 in the insul in- treated animals,  suggest ing a 
decrease in the unt rea ted  diabet ic  animals,  al- 
t hough  the levels were too low to measure  accu- 
rately. This is consistent with  a repor t  of decreased 
20:5oJ3 in the fatty liver of diabetic subjects (10). 
The implications of this in relat ion to prostaglandin 
fo rmat ion  and  platelet aggregat ion remain  to be 
determined.  

The changes in fatty acid composi t ion  in the 
total  liver microsomal  lipid f rom the diabetic 
animals  occurred in bo th  the major  phospho-  
glycerides, phosphat idylchol ine  and  phosphat idyl -  
e thanolamine.  The phosphat idylser ine and  inositol  
f ract ion showed only a small  increase in 18:2~o6, 
Therefore,  the changes in fatty acid compos i t ion  of 
the total  lipid extract  are not  due solely to the 
accumula t ion  of  phospha t idy le thano lamine  with 
an  unusual  fatty acid composi t ion.  They, likewise, 
are probably  not  due to a shift in the source of 
phosphat idylchol ine  f rom the methyl  t ransferase  

pa thway to the C D P  choline pa thway as postula ted 
by Hof fman  et al. (4), but  are p robab ly  due to 
diminished A 6 and A 9 fatty acid desaturase  ac- 
tivities as described previously (I). Fur the r  work is 
necessary to delineate the cause and  consequences 
of the abnormal  membrane  phosphol ip id  composi-  
t ion in the diabetic animal.  
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Inhibition of Cholesterol and Fatty Acid Biosynthesis 
in Liver Enzymes and Chicken Hepatocytes by 
Polar Fractions of Garlic 1'2 

A S A F  A. Q U R E S H I  a'* N A J I  A B U l R M E I L E H  3, ZAFEER Z. D IN  ~, C H A R L E S  E. E L S O N  b and 
W A R R E N  C. B U R G E R  a, 8USDA-ARS, Barley and Malt [aboratory, 501 IV, Walnut Street, Madison, Wl53705, 
and aDepartment of Agronomy, and bDepartment of Nutritional Sciences, University of Wisconsin, Madison, 
Wl 537O6 

ABSTRACT 

Different concentrations of polar fractions, methanol-soluble (MESF), or water-soluble (WASF), of 1- 
8% equivalent to fresh garlic paste were added to yellow corn-soybean based diets and fed to 5-week-old 
male broiler chickens for 3 weeks to measure the inhibition of hepatic /3-hydroxy-/~-methylglutaryl 
coenzyme A (HMG-CoA) reductase, cholesterol 7a-hydroxylase (7~-hydroxy) and fatty acid synthetase 
(FAS). Dose-related decreases in the activities of these enzymes were obtained. Decreases in serum total 
cholesterol and in low density lipoprotein (LDL) levels were also observed_ There was no effect on the level 
of cholesterol in high density lipoprotein (HDL). The most effective dose for these decreases was found 
0.54% (MESF) and 1.2% (WASF) equivalent to 6% of the fresh garlic. The inhibition of HMG-CoA 
reductase and FAS by 25-300 #g of MESF or WASF for 15 min was tested in vitro, in male and female 
chicken hepatocytes. Inhibitions of activity were dose-dependent and the degree of inhibition increased with 
duration of incubation (150 ~g of MESF or WASF 5 to 60 min). Dietary supplementation of odorless 
WASF of garlic was found to be very effective in lowering the total and LDL cholesterol levels compared to 
control chickens. 
Lipids 18:343-348, 1983. 

INTRODUCTION 

Although the rate of mortal i ty  has been con- 
siderably reduced, heart  disease still remains  as the 
leading cause of dea th  in America.  Most  of the 
studies in this area are preventive in na ture  and  
focused on lowering plasma cholesterol. The role 
of nutr i t ional  factors such as the type of  carbo-  
hydrate  and dietary fiber in changing plasma 
cholesterol concentra t ions  has been reported by a 
number  of investigators (1-9). 

The hypocholesterolemic,  hypoglycemic and 
ant ibacter ia l  propert ies of garlic oil and nonf ib rous  
substances present in garlic bulb have been reported 
(10-15). Most  studies reported in the l i terature have 
described the effects of garlic or its fract ions on 
lowering the total  cholesterol  and lipids in serum 
and  liver only after feeding cholesterol  or fat  to the 
experimental  animals  (l  l, 12). We have recently 
found tha t  diets supplemented with different garlic 
fractions, particularly with polar  solubles, de- 
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Service, US Department of Agriculture, and College of Agri- 
culture and Life Sciences, University of Wisconsin, Madison. A 
preliminary report of this work was presented at the 66th Annual 
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Biology, New Orleans, LA, April 1982, Abs. 41:554 (1982). 

:Mention of a trademark or proprietary product does not 
constitute a guarantee or warranty of the product by the US 
Department of Agriculture and does not imply its approval to the 
exclusion of other products that may also be suitable. 

3Current address: Director, Department of Biological Sciences, 
Yarmuk University, lrbid, Jordan. 

creased not only cholesterol and  fatty acid bio- 
synthesis, and serum total  cholesterol  but also 
lowered the cholesterol levels in low density lipo- 
proteins (LDL) wi thout  affecting the high density 
l ipoproteins (HDL)  in chickens (16). 

The inhibi t ion of  l ip id  metabol ism and sig- 
nificant lowering of serum cholesterol and  chol- 
LDL levels in chickens by polar  fractions of garlic 
p rompted  us to determine the effective level of 
these fract ions for the inhibi t ion of lipid metab-  
olism in male broi ler  chickens. We also report  the 
inhibi t ion of cholesterogenesis and  lipogenesis by 
these fract ions of garlic using isolated hepatocytes  
of male and female chickens. 

MATERIALS AND METHODS 

Exper imenta l  materials were purchased f rom the 
following sources: acetyl-CoA, malonyl -CoA,  RS- 
mevalonic  acid, glucose-6-phosphate,  di thiothre-  
itol, N A D P  +, N A D P H ,  glucose-6-phosphate  de- 
hydrogenase,  cysteamine, Tween-80, t r ie thanol-  
amine  hydrochloride,  sodium malate,  coenzyme A, 
malate dehydrogenase,  nicot inamide,  and DL-3- 
hydryoxy-3-methylglutaryl -CoA (Sigma Chemical  
Co., St. Louis, MO); cholesterol (Aldrich Chemical  
Co., Milwaukee,  WI) was recrystallized twice in 
glacial acetic acid; 7c~-hydroxycholesterol (5-cho- 
lesten-3/3,7c~-diol) and 7c~-ketocholesterol (5-cho- 
lesten-3/3-ol-7-one) (Steraloids, Inc., Wilton,  NH); 
E D T A  (Fisher Scientific Co., I tasca, IL); bovine 
serum a lbumin  (Nutr i t ional  Biochemicals Corpor -  
at ion,  Cleveland, OH); and DL-3-hydroxy-3-  
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memthl~l,~ ~:~C] cg~a~Y~olC~spAa~P0a6~ 26i3 / S Z i l ;  

and Aquasol (scintillation solution) (New England 
Nuclear, Boston, MA). Fresh garlic (Allium sa- 
tivum) and the other diet components were ob- 
tained in Madison, WI. All other chemicals were of 
analytical grade. 

Animals and.Diets 

Five-week-old broiler male or female chickens, 
weighing ca. 800-900 g were obtained from a 
commercial source (Madison , WI). The birds were 
maintained on a corn-soybean based diet as a 
control and the addition of methanol- (MESF) or 
water-soluble fractions (WASF) of garlic in the 
control diet served as experimental diets. 

Procedure for the Extraction of MESF and WASF of Garlic 

The clean garlic cloves (600 g) were homogenized 
into a paste using a Waring blender. The paste was 
extracted with petroleum ether (600 ml) 3 times to 
remove fatty acids and terpenes. The residue was 
freeze-dried and lyophilized. The resulting powder 
(315 g) was extracted successively with methanol 
and water 3 times each, using 600 ml of solvent each 
time. The methanol-soluble extracts ffere com- 
bined and concentrated under vacuum at 60 C, 
yielding 55.3 g of semisolid material. The water- 
soluble combine extracts were lyophilized, resulted 
in 171.5 g of powder. These materials were stored at 
4 C. The required amount  of each fraction for each 
diet (equivalent to 1, 2, 4, 6 and 8% of the fresh 
garlic paste) was taken up either in a min imum 
volume of the methanol solvent (20 ml for I0 kg 
feed) or WASF powder was mixed thoroughly with 
the corn-soybean based diet (Table 1). The MESF-  
based diets were allowed to evaporate overnight in 
a pan (air-dried under the hood). These diets were 
fed to different groups of chickens. The WASF and 
MESF were also tested in vitro in chicken hepat- 
ocytes. 

Experiment h Effect of Different Concentrations of MESF 
or WASF of Garlic on Hepatic Enzyme Activities of 
Cholesterol and Serum Lipids in 8-week-old Male Broiler 
Chickens 

Forty eight 5-week-old male broiler chickens 
were divided at random into 6 groups, housed in 
wire bottom cages. Eight chickens fed corn-soybean 
diet served as the control group; other groups of 8 
were fed different levels of MESF or WASF of 
garlic, corresponding to 1, 2, 4, 6 and 8% of fresh 
garlic as shown in Table 1. The diets (Table 1) and 
water were provided ad libitum for 3 weeks with the 
photoperiod of 12 hr. At the end of the feeding 
period, the birds were killed and samples of blood 
and liver were removed, washed, held on ice, 
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weighed and then prepared for the analysis as 
described previously (16). 

Experiment I1: Effect of Different Concentrations of MESF 
and WASF of Garlic on the Enzymic Activities of HMG- 
CoA Reductase and FAS in Isolate d Hepatocytes of 
Chickens 

Eight-week-old male or female chickens were fed 
corn-soybean diet. They were fasted (48 hr) and 
refed (72 hr) so that the enzymic activities were 
measured at the high points of activity~ prior to the 
preparation of liver perfusion. During fasting and 
refeeding period, 12 hr of photoperiod was em- 
ployed. 

Preparation of Isolated Hepatocytes of Chicken for in vitro 
Assays 

The recirculating perfusion buffer system was 
similar to that described by Zahlten and Stratman 
(17), which gave good yields of viable cells (2-4• 
108 cells per liver) in the present experiment; the 

cell viability was determined by the dye exclusion 
method (0.004% erythrosin B) which showed 72- 
78% viable cells. 

Calcium-free perfusate buffer. Krebs improved 
Ringer 1 (K-RI) buffer was prepared from the 
following solutions: 80 ml 0.154 M NaC1, 4 ml 
0.154 M KCI, 3 ml H20, 1 ml 0.154 M KH2PO4, 1 
ml 0.154 M MgSO47H20, 21 ml 1.3% NaHCO3, 4 
ml 0.16 M Nffpyruvate, 7 ml 0.1 M Na fumarate, 4 
ml 0.16 M Na L-glutamate, and 5 ml 0.3 M glucose. 

Calcium-free incubation buffer. Krebs-Heneleit 
(KH) buffer had the following composition: 100 ml 
0.154 M NaCI, 4 ml 0.154 M KCI, 3 ml H20, 1 ml 
0.154 M KH2PO4, 1 ml 0.154 M MgSO47H20, 21 
ml 1.3% NaHCO3 and 1.5% gelatin. 

Experimental Procedure 

In the preparation of birds for liver perfusion, 
bile duct canulation was omitted, and perfusion of 
the liver was made through the portal vein. The 
bird was anesthesized with 50 mg/kg sodium 
pentobarbital injected intravenously in the wing 
vein, placed on its back on a support rack and 
secured in place with tape across each limb with the 
head slanted down. The abdominal  skin was 
incised lengthwise using scissors and the skin was 
peeled from the muscle to each side. A midline 
incision was then made through the muscular layer 
up to the point where the diaphragm begins. The 
exposed muscles and organs were swabbed with 
saline solution. The intestine was displaced to the 
right. During the rest of the procedure, the liver 
was bathed with perfusion buffer and kept at 42 C. 

The bird was then heparinized and a loose tie was 
placed around the inferior vena cava above where 
the artery branches off to the kidney. The splenic 
vein was tightened with a knot, the thoracic cavity 
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TABLE 1 

Percent Composition of Chicken's Diets and Body Weight of 8-Week-Old Male Broiler Chickens 
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Diets ~ Body weight (g) 

Ingredients Corn MESF ~ WASF" Initial s Final a Gain in weight Feed consumption 
(corn-soybean base) (%) (%) (%) (%) (kg) 

Corn (9.5% control) 70.00 - 810_ + 102 ~ 1710+ 169" 111 12.96 
Corn+MESF or WASF b 70.00 0.09 (1.0%) r 0.20 (1.0%) f 888_+ 117 1766_+ 141 99 12.90 
Corn+MESF or WASF b 70.00 0.18 (2.0%) 0.40 (2.0%) 860_ + 112 1716+ 161 100 12.94 
Corn+MESF or WASF b 70.00 0.36 (4.0%) 0.80 (4.0%) 895_ + 121 1759_ + 142 96 g 12.92 
Corn+MESF or WASF b 70.00 0.54 (6.0%) 1.20 (6.0%) 892+ 123 1739-+ 146 95 g 12.91 
Corn + MESF or WASF ~ 70.00 0.72 (8.0%) 1.60 (8.0%) 848_+ 111 1645 _+ 132 94 ~ 12.92 

~Each diet also contains soybean meal-44% protein (23.0%); alfalfa meal-17% protein (2.0%); meat and bone meal (2.0%); dicalcium 
phosphate (1.0%); calcium carbonate (1.0%); iodized salt (0.5%); vitamin and mineral mixture (0.5%); vitamin and mineral mixture 
contains/kg feed: vitamin A 3000 IU, vitamin D3 500 ICU, riboflavin 2.5 mg; calcium-pantothenate 3.0 mg, vitamin B~2 0.005 mg; zinc 
sulfate (ZnSO4) 70 mg and manganese dioxide (MnO2) 65 mg; grit (5.0%) was also incorporated at the expense of each diet. 

"MES F and WAS F = Methanol- and water-soluble fractions of garlic were added to the corn-soybean based diets. Out of the 380 g of 
clean garlic cloves; 1.4 g petroleum ether-solu 61e fraction, 34.2 g methanol-soluble fraction, 79.3 g water-solu hie fraction, 12.1 g residue 
were obtained. 

CWeight of five-week-old male chickens. 
dWeight of eight-week-old male chickens. These weights were obtained with WASF of garlic. Similar gain in weights were obtained 

with MESF. 
~'Mean + SD, N = 8 chickens per group. 
~Percentages of respective amounts equivalent to fresh garlic paste are in parentheses. 
~Significantly different from control at P<0.05. 

was  opened  to e x p o s e  the  s u p e r i o r  v e n a  cava  a n d  a 
loose  tie was  p laced  a r o u n d  it. T h e  bu f f e r  p u m p  
was  s t a r t ed  s lowly  so tha t  ca l c ium- f r ee  K - R I  bu f fe r  
wh ich  was  equ i l ib ra t ed  to 42 C a n d  ga s sed  con-  
s t an t ly  by  95% 0 2 / 5 %  CO2 was  j u s t  s l ight ly  
d r i p p i n g  ou t  o f  t he  syr inge.  T h e  infer ior  v e n a  cava  
was  cu t  well be low the  first  loose  tie to a l low b l ood  
to escape ,  a ho le  was  m a d e  in the  vent r ic le  o f  the  
hear t  a n d  a needle  inser ted  t h r o u g h  t he  hea r t  in to  
the  supe r io r  v e n a  cava  a n d  the  s econd  loose  tie was  
t igh tened .  The  first  loose  tie was  t h e n  t i g h t e n e d  to 
m a k e  a c losed  circuit .  

Th i s  p e r f u s i o n  was  c o n d u c t e d  for  10 m i n  w i t h o u t  
a d d e d  co l l agenase ;  t h e n  40 m g  c o l l a g e n a s e  ( the  best  
resu l t s  were o b t a i n e d  by  u s i n g  the  p r e p a r a t i o n  
m a d e  by  W o r t h i n g t o n ;  d i s so lved  in 10 ml  0.154 M 
NaCI)  was  a d d e d  a n d  p e r f u s i o n  was  c o n t i n u e d  for 
7 min .  Af t e r  d iges t ion ,  the  l iver was  r e m o v e d  a n d  
t r an s f e r r ed  in to  a p las t ic  b e a k e r  c o n t a i n i n g  50 ml  
p e r f u s i o n  bu f fe r  at  r o o m  t e m p e r a t u r e .  T h e  liver 
was  m i n c e d  wi th  sc issors  a n d  the  c rude  s u s p e n s i o n  
gas sed  for  2 m i n  wi th  95% 0 2 / 5 %  CO2 a n d  f i l tered 
t h r o u g h  one  layer  o f  chee sec l o t h  in to  a s econd  
plas t ic  beaker .  T h e  c rude  cell s u s p e n s i o n  c o n t a i n -  
ing  h e p a t o c y t e s  a n d  n o n p a r e n c h y m a l  cells was  
t r an s f e r r ed  to a cen t r i fuge  tube .  

The  cells were  c o u n t e d  in a N e u h a u e r  h e m o c y  6- 
t o m e t e r  ( total  n u m b e r  o f  v iab le  cells 37-40 X 10 ) 
a n d  p ro t e in  was  e s t i m a t e d  by the  Biure t  m e t h o d  
( to ta l  p ro t e in  200-225 mg) .  T h e  to ta l  v o l u m e  was  
ad ju s t ed  a c c o r d i n g  to the  n u m b e r  o f  v iab le  cells 
(5-6 • 106) or  p ro t e in  c o n c e n t r a t i o n  (30 r a g / 0 . 9  ml)  
used  per  i ncuba t i on .  T h e s e  cells were  i n c u b a t e d  
wi th  M E S F  or  W A S F  of  garl ic  (d i sso lved  in sa l ine  

so lu t ion )  in a f inal  v o l u m e  of  1 ml  at  42 C for  15 
min .  M E S F  was  d i sso lved  wi th  1 0 / ~ g T w e e n  80 per  
assay .  Af t e r  i n c u b a t i o n ,  the  a s s a y  m i x t u r e  was  
cen t r i fuged  at 5000 X g for  2 m i n  a t  4 C a n d  the  
s u p e r n a t a n t  d i sca rded .  H o m o g e n i z i n g  bu f f e r  (0.4 
ml)  was  a d d e d ,  the  cells were  h o m o g e n i z e d  a n d  
p roce s sed  to o b t a i n  the  cy toso l ic  a n d  m i c r o s o m a l  
f rac t ions .  

Preparation of Tissues for Analyses 

H o m o g e n a t e s  o f  the  liver a n d  the  s e d i m e n t e d  
h e p a t o c y t e s  f r o m  in vi t ro  a s s a y s  were  p r e p a r e d  in 
0.1 M p o t a s s i u m  p h o s p h a t e  buf fer ,  p H  7.4 c o n t a i n -  
ing  4 m M  MgC12, 1 m M  E D T A  and  2 m M  
di th io thre i to l .  L ivers  were  c h o p p e d  a n d  s u s p e n d e d  
in t he  bu f fe r  (1:2,  w /v ) .  H o m o g e n i z a t i o n  was  d o n e  
wi th  a P o l y t r o n  h o m o g e n i z e r .  T h e  1 0 0 , 0 0 0 •  
s u p e r n a t e s  (cytosol ic  f rac t ion)  a n d  the  m i c r o s o m a l  
f r ac t ions  were  s to red  at  - 2 0  C un t i l  t hey  were  
a s s a y e d  for e n z y m a t i c  act ivi t ies  (18,19). P r o t e i n  
c o n c e n t r a t i o n s  were  e s t i m a t e d  by a m o d i f i c a t i o n  o f  
the  Biure t  m e t h o d  u s i n g  the  bov ine  s e r u m  a l b u m i n  
as a s t a n d a r d  (20). 

Enzyme Assays and Estimation of Cholesterol in Serum 

A s s a y s  for  H M G - C o A  r e d u c t a s e  (EC  1.1.1.34), 
cho les te ro l  7c~-hydroxylase  ( E C  1.14) a n d  fa t ty  
acid s y n t h e t a s e  were ca r r ied  ou t  as  r e p o r t e d  pre-  
v ious ly  (18,19). 

S e r u m  cho les t e ro l  c o n c e n t r a t i o n s  were e s t i m a t -  
ed u s i n g  W o r t h i n g t o n  " C h o l e s t e r o l  R e a g e n t "  set  
o b t a i n e d  f r o m  W o r t h i n g t o n  D i a g n o s t i c s  D i v i s i o n  
of  Mi l l ipore  C o r p o r a t i o n ,  F r e e h o l d ,  NJ .  
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LDL and very low density lipoproteins (VLDL) 
were isolated from the serum (100/~1) by precipita- 
tion with a mixture of phosphotungstic acid 9.7 
mM (10 ~1) + MgCI2 0.4 M (10 ~1). After standing 
for 5 min at room temperature, the mixtures were 
centrifuged at 2000 X g for 10 min, the supernatant 
was removed and was used to determine the level of 
cholesterol in HDL. The precipitate was dissolved 
in 0.1 M sodium citrate buffer (100/al) and the level 
of cholesterol (LDL + VLDL) was determined us- 
ing the above method. 

Expression of Data and Statistical Methods 

Enzyme data are presented as specific activities 
(units/mg cytosolic or microsomal protein/min).  
Statistical comparison of results was performed by 
a one-way analysis of variance (21). 

RESULTS A N D  D ISCUSSION 

In those parts of the world where unrefined 
cereals and vegetable products form the major part 
of the diet, the incidence of cardiovascular disease 
is much lower than that found in the American 
population. Garlic has been credited since the days 
of ancient Rome with special health benefits (10- 
12), when used in trace amounts in food prepara- 
tions. A number of investigators report that con- 
sumption of garlic reduces serum cholesterol levels 
in cholesterol- or lard-fed rats and rabbits (10- 
15,22). The significant decreases in the activities of 
H M G - C o A  reductase, 7a-hydroxy, and FAS by 
feeding M E S F  or W A S F  of garlic at a 5% level in 
low cholesterol chicken diets (16), prompted us to 
determine the effective levels of these fractions in 
chickens. Male/ female  broiler chickens were used 
in the current studies due to their higher rate of feed 
efficiency conversion to muscle and lower rate of 
catabolism compared to those of White-Leghorn 
chickens (16). 

Chickens were fed a normal corn-soybean diet 
consisting of corn (70.0%) and soybean (23.0%) as 
the major source of protein (Table 1). This diet was 
supplemented with M E S F  or W A S F  methanol or 
garlic equivalent to 1.0, 2.0, 4.0, 6.0 and 8.0% of 
fresh garlic paste. Weight gain and feed consump- 
tion are shown in Table 1. Weight gain was 
suppressed with increasing concentrations of the 
garlic fractions. Feed consumption by all experi- 
mental groups was slightly lower than that of the 
control group. The maximum suppression of weight 
gain (-8%) was found with 0.72% of M E S F  and 
1.60% W A S F  equivalent to 8.0% of fresh garlic. 
Birds which were fed higher doses of these fractions 
(10, 15, 20%) did not show a further decrease in 
weight gain (unpublished results), and exhibited no 
visible evidence of any abnormal change in any 
organ upon sacrifice. 
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A dose-related decrease in activity was observed 
for each of the rate-limiting enzymes for the 
synthesis (HMG-CoA reductase) and the degrada- 
tion (7a-hydroxy) of cholesterol and for fatty acid 
synthetase over the range of the concentrations of 
these fractions (Table 2). Values ranged from 14% 
to 42%, 11% to 36% and 3% to 54%, respectively, 
compared to the control. These results may reflect 
only in vivo response to the lowering of the 
substrate pool in liver effected by the inhibition of 
the biosynthetic activities of both cholesterogenesis 
and lipogenesis in liver. 

These effects were accompanied by significant 
decreases in serum cholesterol levels ( -18% to 
-25%),  compared to control (Table 2). The levels 
of chol -HDL were not changed but significant 
decreases were found in chol-LDL levels with 
W A S F  of garlic ( -32% to -37%) compared to the 
control. These values are also reflected in the ratios 
of total-cholesterol to chol-LDL 2.28 vs 2.99 (24% 
decrease) and chol-LDL to chol-HDL, 0.89 vs 1.39 
(36% decrease), compared to control (Table 2). 
Similar inhibitions of these parameters were ob- 
tained with M E S F  of garlic. The most e f fec t ive  
dose of M E S F  and W A S F  for these inhibitions was 
found to be equivalent to 6.0% fresh garlic paste. 

The relationship between chol-HDL, chol-LDL 
levels and the risk of coronary heart disease is now 
well established, whereas it is not so between di- 
etary practices and cholesterol levels in the serum 
lipoprotein fractions. The protective effect of H D L  
is suggested to lie in its role in the removal of 
cholesterol from arterial tissue (23,24). A decrease 
in the serum cholesterol level caused by antihyper- 
cholesterolemic agents is usually accompanied by 
the reduction of serum chol-LDL (25). The signifi- 
cant decrease in the chol-LDL affected by the 
addition of W A S F  of garlic to a corn-soybean 
based diet suggests that these materials might have 
a similar or closely related mode of action. 

The effects of M E S F  and W A S F  of garlic on 
lipid metabolism were tested in isolated hepato- 
cytes of female or male broiler chickens, which 
were incubated with 25-300 #g of each of the 
fractions for 15 rain. Dose-related decreases in the 
activities of H M G - C o A  reductase and FAS were 
obtained with increasing concentration of these 
fractions (Table 3) or time of incubation using 100 
#g, 5-60 min, (Table 4) in these hepatocytes. The 
maximum inhibition of these enzymes occurred 
within 20 rain, in incubation containing 100 #g of 
each of these fractions (Table 4). Slightly lower 
activities of these two enzymes were found when 
incubated with M E S F  compared to W A S F  (Tables 
3 and 4), which is due to the presence of Tween-80 
for dispersing M E S F  in the incubation. Moreover,  
the activities of these enzymes were also slightly 
higher in hepatocytes prepared from female broiler 
chickens (Table 3) than male chickens (Table 4). 
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TABLE 2 

Effect of Different Concentrations of Methanol- and Water-Soluble Fractions of Garlic on Hepatic Enzyme Activities 
of Cholesterol and Serum Lipids in 8-Week-Old Male Broiler Chickens ~ 

WASF of garlic ~ Concentration (serum mg/100 ml) 

Cholesterol 7~- Fatty acid 
Concentration (%) HMG-CoA reductase b hydroxylase ~ synthetase J Total cholesterol ChoI-HDL ChoI-LDL 

Corn (control) 332+_24 f (100) c 2.8±0.1 f (100) ~ 126+ 4 f (100) c 165_+ 14 j (100) ~ 55.2_+3ff (100) ~ 76.8_+7r(100) ~ 
Corn +0.20 290+23 f (86) 2.5+__0.2 f (89) 122-+ 4 r (97) 136_+ 10 ~ (82) 53.6_+4.1 f (97) 52.5-+,3 ~ (68) 
Corn+0.40  280-+25 f (84) 2.4-+0.1 f (86) 118_+ 6 fg (94) 131 _+ 8 ~ (79) 54.1 _+4.3 f (98) 50.2__+6 ~ (65) 
Corn+0.80  200+20 ~ (60) 2.3_+0.1 f (82) 117_+ ]0 fg (93) 130_+ 10 ~ (79) 53.2_+4.2 f (96) 48.3-+5 ~ (63) 
C o r n +  1.20 200_+20 ~ (60) 1.9-+0.1 g (68) 112+_+ 6 g (89) 126+ 8 ~ (76) 53.5-+4.5 f (92) 47.6+_4 ~ (62) 
Corn+l.60 190_+20' (58) 1.8-+0.2 ~ (64) 96-+ 3 ~ (76) 123-+ 6 ~ (75) 53.9-+5.0 r (98) 48.1 _+6 ~ (63) 

~Feeding period was 3 weeks; time of killing was 0800; data expressed as m e a n + S D :  N = 8  chickens per group; HMG-CoA 
reductase =/3-hydroxy-/3-methylglutaryl-CoA reductase. WASF = water-soluble fractions of garlic. Amount  is equivalent to 1,2, 4, 6, 
8% of fresh garlic paste. Similar data was obtained with MESF=methanol-soluble  fractions of garlic. 

bpmol of mevalonic acid synthesized/min/mg of microsomal fraction. 
Cpmol of [L4C]cholesterol into [~C]7a-hydroxycholesterol/min/mg of microsomal fraction. 
dnmol of NADPH oxidized/min/mg of cytosolic fraction. 
~Percentage of respective control activity data are in parentheses. 
r-hValues not sharing a common superscript letter are different at p <  0.05. 

T h e  p r e s e n t  d a t a  c o n f i r m e d  t h e  in  v i v o  s t u d i e s  b y  

t h e s e  f r a c t i o n s  o f  g a r l i c  a n d  t h e  i n h i b i t i o n  o f  l i p i d  

b i o s y n t h e s i s  w a s  i n d e p e n d e n t  o f  a g e  a n d  s e x  o f  t h e  

b i r d s .  

T h e  p r e s e n t  s t u d i e s  r e v e a l e d  t h e  i n h i b i t i o n  o f  

c h o l e s t e r o l  a n d  f a t t y  a c i d  b i o s y n t h e s i s  in  v i v o  a n d  

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

o f  g a r l i c ,  f o l l o w e d  b y  t h e  s i g n i f i c a n t  l o w e r i n g  o f  

s e r u m  c h o l e s t e r o l  a n d  c h o l - L D L  leve l s  in  c h i c k e n s ,  

F u r t h e r  s t u d i e s  in  r e l a t i o n  t o  t h e  e f f e c t s  o f  t h e s e  

f r a c t i o n s  o f  g a r l i c ,  a n d  t h e i r  c o m p o n e n t s  o n  l i p i d  

m e t a b o l i s m  a r e  in  p r o g r e s s .  
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Fatty Acid Metabolism and Cell Proliferation. III. 
Effect of Prostaglandin Biosynthesis either from Exogenous 
Fatty Acid or Endogenous Fatty Acid Release with Hydralazine 
N. MORISAKI*, J.A. LINDSEY, G.E. MILO and D.G. CORNWELL, Department of Physiological 
Chemistry, The Ohio State University, Columbus, OH 43210 

ABSTRACT 

Primary cultures of smooth muscle cells wcrc established from the medial iayer of guinea pig aorta. Cells 
were seeded at from 40 to 80 cells per cm" and cloned for 8 days. Media were analyzed for PGI., (6-kcto- 
I'GFI~x) using radioimmunoassay. Prostanoids were synthesized when cells were gro~n in media alone. 
Arachidonic acid stimulated prostanoid synthesis and promoted cell proliferation. Indomethacin blocked 
prostanoid synthesis and abolished the stimulatory effect of arachidonic ucid on cell proliferation. 
Hydralazine stimulated fatty acid release and prostanoid synthesis in confluent cells. Hydralazinc also 
stimulated prostanoid synthesis and promoted proliferation in growing cells, lndomcthacin blocked 
prostanoid synthesis and abolished the stimuIatory effect of hydralazine on cell proliferation 
Lipids 18:349-352, 1983. 

INTRODUCTION 

Several studies have shown that low concentra- 
tions of arachidonic acid [20:4(n-6)] promote the 
proliferation of  a number of cell lines in tissue 
culture. These cell lines include HeLa cells (1), XS 
63.5 cells (2), 7,12-dimethylbenz(a)anthracene tumor 
cells (3,4) and smooth muscle cells (5). Arachidonic 
acid is the precursor of prostaglandins and prosta- 
cyclin (PGI2). A number of studies have shown 
that prostaglandins either promote (5-8) or inhibit 
(5-7,9-12) cell proliferation depending on the con- 
centration of prostaglandin added to, or generated 
by, the cells in tissue culture. Other studies have 
suggested that PGI: either promotes (13) or inhibits 
(14,15) cell proliferation. In the present investiga- 
tion, we have examined the effects of exogenous 
20:4(n-6) and endogenous 20:4(n-6) release on the 
cellular biosynthesis of prostaglandins and on the 
proliferation of aorta smooth muscle cells. 

MATERIALS A N D  METHODS 

Materials 

Arachidonic acid was purchased from NuChek 
(Elysian, MN) and was shown to be peroxide-free 
by thin layer chromatography (5). Hydralazine 
HCI and indomethacin were purchased from Sigma 
Chemical Co. (St. Louis, MO). Reference prosta- 
noids were kindly supp!ied by Dr. J. Pike. Anti- 
serum for the radioimmunoa~say (RIA) of 6-keto- 
PGF~a was kindly supplied by Dr. L. Levine. 
Antimyosin (Chicken gizzard) was kindly supplied 
by Dr. U.G. Stewart. 

Tissue Culture 

Primary cultures of smooth muscle cells were 

*To whom correspondence should be addressed 

established from the dissected medial layer of 
guinea pig aorta from prepubertal males (5,16). 
Smooth muscle cells were identified by their reactiv- 
ity to antibodies prepared from smooth gizzard 
muscle (17). The medium used for growing cells to 
confluency (growth medium) was prepared from 
IX Eagle's minimum essential medium containing 
Hank's salts and 25 mM HEPES buffer (GIBCO, 
Grand Island, N Y) supplemented with 50 #g per ml 
gentamycin sulfate (Schering, Kenilworth, N J), 2 
mM glutamine, IX nonessential amino acids (Micro- 
biological Associates, Walkersville, MD), I mM 
pyruvate, and 1.3 mg per ml of sodium bicarbonate. 
This medium was supplemented with 10% fetal 
bovine serum (FBS) (Sterile Systems, Logan, UT: 
Hyclone, lots 100331 and 100348). "l-he medium in 
cell proliferation and prostanoid experiments (ex- 
perimental medium) consisted of growth medium 
supplemented with either 10% or 20% FBS, IX 
essential amino acids, and essential vitamins. 

Arachidonic acid was dissolved in 95% ethanol 
and diluted 1:500 with experimental medium. 
Hydralazine HCI and indomethacin were dissolved 
in 95% ethanol and diluted 1:2500 with the mcdium. 
Control cultures were treated with experimental 
medium containing the same amount  of ethanol. 

Cell Proliferation 

Smooth muscle cells, passage number 4 and 3-5 
days postconfluent, were seeded at low densities 
(from 40 to 80 cells per cm 2) in Falcon single-well 
plates (60 X 15 ram) or Costar tissue culture dishes 
(60 • 15 mm). Cells were allowed to attach to the 
plastic petri plates for one day before initial 
treatments. Cells were retreated with a media 
change at day 5 of the incubation period. After an 
8-day incubation period, cells were fixed in 2.5% 
phosphate-buffered glutaraldehyde or 3.7% phos- 
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phate-buffered formalin and stained with filtered 
Giemsa. 

Total cell area was measured by image analysis 
using the Optomax Visual Analysis System. A 
relative cell count was obtained from the total cell 
area on the plate. The relationship between cell 
area and cell number was validated both with a 
microscope (18) and with a Coulter  counter (19). 
When cultures were grown in medium alone, 
typical Coulter counter data gave 137,000 + 6,600 
cells per plate. The cell number depended on the 
primary culture and the source of FBS. Cells from 
the same primary cultures and batch of growth 
medium were compared in each treatment series. 

Prostaglandin and Prostacyclin Biosynthesis 

Media were obtained from confluent cultures 
(Corning T-25 flasks) or cloning cultures (Costar 
tissue culture dishes). Media aliquots from eight 
Costar dishes were pooled for analysis in cloning 
experiments. PGI2 was measured as the 6-keto- 
PGF~t~ metabolite by a standard RIA procedure 
(20). The cross-reactivity of the 6-keto-PGFl~ 
antibody was: PGE2, 0.15%; PGD2, 0.02%; PGF2~, 
0.10%; arachidonic acid, 0.005%. Data  for 6-keto- 
PGFI~ are reported both as nmol /cul ture  and 
relative concentration in percent. 

RESULTS AND DISCUSSION 

Effect of Fatty Acids on Cell Proliferation 

Cells were cloned in media alone or media 
containing 10 ~M 18:2(n-6), 20:3(n-6) or 20:4(n-6). 
These fatty acids were not interconverted because 
smooth muscle cells in culture have no desaturase 
activity (21,22). Only 20:4(n-6) enhanced cell pro- 
liferation (Fig. 1). Previous studies from our 
laboratory show that prostanoids, synthesized from 
20:4(n-6) but not 20: 3(n-6), enhance smooth muscle 
cell proliferation (5,23). The data in Figure 1 
suggest but do not prove that 20:4(n-6) stimulates 
cell proliferation through prostanoid synthesis 
rather than a generalized fatty acid effect that 
would be found with other related polyunsaturated 
fatty acids. 

Prostanoid Biosynthesis in Cell Cultures 

Previous studies have shown that hydralazine 
enhances prostanoid biosynthesis in tissues and cell 
cultures (24,25). We find that hydralazine enhances 
prostanoid biosynthesis (6-keto-PGFta)  when it is 
added in media alone to confluent smooth muscle 
cells (Fig. 2). Hydralazine does not stimulate 
prostanoid synthesis when it is added in media 
together with excess 20:4(n-6) (Fig. 2). Similar 
results are obtained with 6-keto-PGF~a and PGE2 
(data not shown). These data show that hydralazine 
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FIG. 1. Effect of 18:2(n-6) and 20:3(n-6) and 20:4(n- 
6) on cell proliferation. Cells were cloned for 8 days in 
Costar tissue culture dishes containing media alone or 
media supplemented with 10 #M fatty acid. Each group 
contained 8 plates. Data are expressed as relative cell 
number compared to control (media alone). Vertical lines 
show SEM. Treatment groups that differed significantly 
(Student t-test) from the control group are noted in the 
figure. 
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FIG. 2. Effect of hydralazine concentration on PGI2 
(6-keto-PGF~a) biosynthesis in confluent cultures of 
smooth muscle cells incubated for 24 hr in media alone or 
media containing 120 ~M 20:4(n-6). Data are expressed 
as relative 6-keto-PGF,c~ amount compared to control 
(media without hydralazine). Control cultures contained 
285_+51 pmol/culture with media alone and 2190+280 
pmol/culture with 120 ~M 20:4(n-6). Data represent 
mean_+SEM for 8 different primary cultures. Vertical 
lines show SEM. Significant differences (Student t-test) 
are noted in the figure. 

LIPIDS, VOL. 18, NO. 5 (t983) 



PROSTAGLANDINS AND CELL PROLIFERATION 351 

s t imula tes  fat ty acid release r a the r  t h a n  fa t ty  acid 
conve r s ion  to  p ros t ano ids .  

E x o g e n o u s  20:4(n-6) and  e n d o g e n o u s  fa t ty  acid 
release t h r o u g h  hydra laz ine  b o t h  enhance  6-keto-  
PGF~c~ levels in g rowing  cul tures  (Fig.  3). I n d o -  
me thac in  blocks  these  effects.  S imi la r  results  are  
ob ta ined  for  6-keto-PGF~,~ and  PGE2 (da t a  no t  
shown) .  

Relationships between Prostanoid Biosynthesis 
and Cell Proliferation 

E x o g e n o u s  20:4(n-6) (Figs. 1 and  4) and  hydra -  
lazine (Fig.  5) b o t h  s t imula te  cell p ro l i fe ra t ion .  
I n d o m e t h a c i n  blocks the s t imula to ry  effects  o f  
20:4(n-6) and  hydra laz ine  on cell p ro l i f e ra t ion  
(Figs.  4 and  5) jus t  as it b locks  enhanced  p r o s t a n o i d  
synthesis  in these  cul tures  (Fig. 3). 

It is difficult  to es tabl ish  a causal  re la t ionsh ip  
leading f r o m  an effec tor  t h r o u g h  p r o s t a g l a n d i n  
b iosynthes is  to  cell p ro l i fe ra t ion .  S tud ies  wi th  
exogenous  20:4(n-6) and  e n d o g e n o u s  fa t ty  acid 
r e l e a s e ' t h r o u g h  hydra laz ine  indica te  a causal  
relat ionship and other  studies in the recent l i terature 
suppo r t  this hypothes is .  F o r  example ,  vasopress in  
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FIG. 3. Effect of either 20:4(n-6) or hydrala7ine (H) 
with or without indomethacin on PGI2 biosynthesis in 
growing cultures. Cells were cloned either in 10% or 20% 
FBS. Data are expressed as relative 6-keto-PGF~c~ con- 
tent compared to FBS. Media with 20% FBS contained 
3.59+0.14 pmol/culture ( m e a n •  for 24 samples). 
Vertical lines show SEM for data from 3 different 
primary cultures. Significant differences are noted in the 
figure. 
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FIG. 4. Effect of 20:4(n-6) and indomethacin (Ira) on 
cell proliferation. Cells were cloned for 8 days in Costar 
tissue culture dishes containing media alone or media 
supplemented with 20:4(n-6) and/or  indomethacin. Each 
group contained 8 plates. Data are expressed as relative 
cell number compared to control (media alone). Vertical 
lines show SEM. Significant differences are noted in the 
figure. 

enhances  p r o s t a g l a n d i n  syn thes i s  in cell cu l tures  
(26) and  this agent  p r o m o t e s  the  p ro l i fe ra t ion  o f  
3T3 f ibroblas ts  (27). 
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as relative cell number  compared  to cont ro l  (media  
alone). Vertical lines show SEM.  Signif icant  differences 
are noted in the figure. 
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Analysis of Autoxidized Fats by Gas Chromatography- 
Mass Spectrometry: VIII. Volatile Thermal Decomposition 
Products of Hydroperoxy Cyclic Peroxides 
EDWIN N. FRANKEL,* WILLIAM E. NEFF and EDWARD SELKE, Northern Regional Research Center, 
Agricultural Research Service, US Department of Agriculture ~, Peoria, IL 61604 

ABSTRACT 

Secondary oxidation products are tmportant sources of volatiles because of their susceptibility to further 
decomposition. Volatiles lrom the thermal decomposition of hydroperoxy cyclic peroxides have been 
identified by capillary gas chromatography followed by mass spectrometry (GC-MS). By using a saturated 
hydroperoxy cyclic peroxide as a synthetic model, the thermal decomposition pathways have been 
elucidated. Main cleavage occurs between the peroxide ring and the carbon-bearing hydroperoxide group. 
Volatiles produced wcrc generally similar to those from corresponding monohydroperoxides. New w~latiles 
identified included methyl luran octanoate, methyl ketones, and conjugated diunsaturatcd aldehyde esters. 
"lhe general fragmentation observed between the peroxide ring and the hydropcroxide-bearing carbon is 
sufficiently predictable that it can be used as a tool for the structural characterization of hydroperoxy cyclic 
peroxides. Hydroperoxy cyclic peroxidcs from autoxidized and photosensitized oxidized methyt linolenatc 
are suggested as important precursors of w~latiles that may affect flavor quality of lipid-containing foods. 
l,ipids 18:353-357, 1983. 

Monohydroperoxides formed as primary prod- 
ucts of autoxidation and photosensitized oxidation 
of unsaturated lipids are generally recognized as 
the principal precursors of volatile products caus- 
ing a decrease in flavor quality and safety of foods 
(1-4). Studies on the decomposit ion of pure hydro- 
peroxides showed that a major part of the volatiles 
can be accounted for by the classical scheme 
involving carbon-carbon scission on either side of 
alkoxy radical intermediates (5,6). However, re- 
cent evidence showed that this scheme can become 
complicated by further reactions or interactions of 
the hydroperoxides (4,6). The fundamental mech- 
anisms of flavor deterioration in oxidized fats are 
still poorly understood (4,7,8). A better under- 
standing is needed of the mode of decomposit ion of 
lipid oxidation products to provide the basis for 
predicting the course of the reactions contributing 
to flavor problems. 

In the previous paper of this series (6), the 
hydroperoxy cyclic peroxides (epidioxides) from 
methyl linoleate (photosensitized oxidation) and 
methyl linolenate (both autoxidation and photo- 
sensitized oxidation) were suggested as important 
precursors of volatiles. Direct evidence for the 
contribution of hydropcroxy epidioxides to vola- 
tile lipid oxidation products was reported in studies 
of the thermal decomposition of these secondary 
products in photosensitized oxidized methyl linole- 
ate (9). This paper presents an extension of these 
studies to clarify further the decomposit ion path- 
ways and the role of  secondary oxidation products 

*1o whom correspondence should be addressed. 
tThe mention of lirm names or trade products does not 

imply that the)' are endorsed or recommended by the US 
Department ol Agriculture over olhcr firms or similar products 
not mentioned. 

on flavor deterioration of lipids. Secondary oxida- 
tion products investigated include the hydroperoxy 
epidioxides synthesized from methyl ricinoleate 
(10), those isolated from autoxidized and photo- 
sensitized oxidized methyl linolenate (11,12), and 
the hydroperoxy bis-epidioxides from photosensi- 
tized oxidized methyl linolenate (12,13). 

EXPERIMENTAL 

The synthesis of saturated hydroperoxy epidi- 
oxides from methyl ricinoleate was described pre- 
viously (10). The allylic unsaturated hydroperoxy 
epidioxides were isolated and purified from oxi- 
dized methyl linolenate. The secondary oxidation 
products were first separated by silicic acid chro- 
matography and combining the polar fractions 
eluting after monohydroperoxides.  The hydroper- 
oxy cpidioxides were then purified by high pressure 
liquid chromatography (HPLC) (11,12) into posi- 
tional isomers. These cyclic peroxides were shown 
to be functionally pure by thin layer chromatog-  
raphy (11). Any diastereomcrs separated were 
combined prior to decomposition. 

The fractions of  hydroperoxy epidioxides were 
decomposed in the injector port of a capillary gas 
chromatograph-mass spectrometer system at 200 C 
by interrupting the carrier flow for 30 sec. The gas 
chromatograph was a Perkin-Elmer Model Sigma 
3 (/'~orwalk, CT). The capillary column, 0.32 mm • 
15 m, was of fused silica with a 1.0 ~.m film of 
polymethyl and phenyl siloxane Durabond DB-5 
bonded phase (J&W Scientific. Rancho Cordova,  
CA), programmed from 25 to 250 at 5 C /min  with 
an initial hold of 5 rain. The mass spectrometer was 
a Kratos MS 30 with glass separator(Manchester ,  
England), taking one scan every 4 sec, 70eV El 
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spectra. The volatile decomposition products were 
identified by computer matching mass spectra with 
those of reference compounds and confirming by 
GC retention data (141. 

RESULTS A N D  D I S C U S S I O N  

The saturated hydroperoxy epidioxide (1) pre- 
pared from methyl ricinoleate (10) forms a good 
model to elucidate the type of cleavage caused by 
thermal decomposition. The fragmentation scheme 
shown in Figure l accounts for 80% of the total 
volatile products identified by capillary GC-MS 
after decomposition of saturated cyclic peroxide ! 
(Table t). Cleavage A between the peroxy ring and 
the alkoxy radical (derived from the hydroperox- 
ida), and cleavage B between the peroxy ring and 
the alkyl radical, are the most important. Methyl- 
furan octanoate [methyl 8-(2-furyl)-octanoate] ex- 
pected by cleavage B is identified by formation of 
characteristic ions, m/z (relative %): M § 224 
(14.7); M-31, 193 (8.1), and fragmentation accord- 
ing to the following scheme: 

O a b c 
~ -  CH.-tCH~-IcH~CH2~IcH2-1CH~-- 
I I  *1 - I  ~1 I I - 

(100) (63) (3) (14) (4) 

/CH2--COOMe 
I 

15~%H§ 
(2) 

The importance of cleavages a, b and c above has 
also been reported for disubstituted C-18 furan 
esters and monosubstituted furans (15). 

Less favorable cleavages C and D (Fig. 1) 
involving the peroxy ring produce heptanal on one 

Me furan octanoate (4.5%) 
-.OOH r ~r 

~z 2-Nonenal (3.4%)2 H--~Nonanal (3,7%) 
= 
',E 

CH3--(CH2)51i+-~ ~Cd--(CH2,7--COOMe (I) 

H'~ / i ~ i  t'~W" Me 9-oxononanoate (21.4%1 Hexane 119.5%) 
�9 _ ~,~ 

Heptane 13.5%)'w=')/ 2-Octanone 11.6%) 

Heptana1111.6%) Octana1111.0%) 

Fig. 1. Thermal" decomposition cleavage of methyl 
9-hydroperoxy- 10,12-epidioxy-octadeca noate (!)- 

hand, and 2-octanone on the other hand, that may 
rearrange into octanal by oxygen migration from 
carbon-2 to carbon-1 through an epoxy intermedi- / o \  
ate, R - C H ~ C H 2 ,  or a ketene intermediate, 
R-CH=C=O (16,17). Ring opening rearrangement 
of oxiranyl to ~-keto radicals has also been re- 
ported (18). 

The formation of heptane may be explained by 
cleavage E involving the addition of two hydrogen 
radicals. This cleavage is apparently unique to 
saturated cyclic peroxides. Cleavage A may pro- 
duce 2-nonenal by loss of a hydroxyl radical (Fig. 
1). The importance of cleavage A agrees with 
previous observations made with the unsaturated 
hydroperoxy cyclic peroxides from linoleate (9). 
However, cleavage B was less important because 
atlylic unsaturation was present between the per- 
oxy ring and the alkyl chain. 

Fragmentations of conjugated dienoic hydro- 
peroxy epidioxides II and I l l  are more complex 
than for our Model L Fragmentation schemes in 
Figure 2 account for 87% (peroxide l l )  and 76% 
(peroxide Il l)  of the total volatiles identified (Table 
1). Cleavages between peroxy ring and alkoxy 
radical (A in II and B in I l l)  are, as expected, most 
important. Cleavage on the other side of the peroxy 
ring becomes much less important because of the 

Me furan octanoate (2.0%) 

--QOH,, - ' ~  Me lO-oxo-B-decennate 12.7%) 

Ethane 7.2%1 B ~ i A Me Octanoate 12 7% 
I ~ 1 I I 

~ ~ 0 - ~ - 0 H  %hH" , O-e.-u , ,, 
CH3CH2fCH=CH--CH=CH~H~CH~):--'COOMe ("' 

G ~ , '  ' , t  ; 
I 4 Hexadlene (I I%1 i 

' " " " i /  / r  Me 9-o~ononanoate 155.7%1 
- 2 40ctadmne 2 one F;') 2,4-Heptadienal (4.6%) ' " " " " 

~ 2H. 

2-Heptena114.5%) 2 H 2 it Heptano116.8%1 

Me furan octanoate 15.7%) 

Me Octanoate (4.2%1 D C i , , ,  / 
HO-t'-O . n2~n z F(H. 

�9 l ~ I I 
CH3CHz__CH ~ C H - - . C H _ _ C H - - . C H  I,.~(CH2IT--COOM e (m) 

,WCJ /, \,A L~HO 
Pmpanal (30.6%) ii ~ Me 9-oxononanoata (16.8%1 ;-2...'-~ 
Propenal 1 h5~ ~ j H. Me 13-oxo.9,11.tridecadienoate (5.0%) 

Botanal (2.2%) 

Fig. 2. Thermal decomposition cleavage of methyl 9- 
hydroperoxy- 10,12-epidioxy-trans- 13,cis- 15-octadecadi- 
enoate (II) and methyl 16-hydroperoxy- 13,15-epidioxy- 
cis-9,trans-I l-octadecadienoate (III). 
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presence of the allylic dicne system. The formation 
of methyl [uran octanoate in !! can be rationalized 
by cleavage B as in epidioxide !. Howe~,er, the 
formation of the same furan ester from epidioxide 
I11 may be explained by a different mechanism 
involving hydroperoxidation of the conjugated 
dienc radical formed by cleavage A, followed by 
cyclization of an alkoxy radical intermediate (4). 
Peroxide ring cleavage C is more significant in I! 
than in I!1, and the converse is true for cleavage D. 
However, the diunsaturated ketone expected by 
cleavage D from epidioxide 11 was not identified. 
The conjugated diene C-13 aldehyde ester expected 
from II! by cleavage D is identified by the character- 
istic ions, m/z (relative %); M+, 238 (7.2); M-3 I, 207 
(3.8); M-32, 206 (4.6), and the following fragmenta- 
tion: 

OH('-- CH=CH I CH=CHI ('H_~- cH,L CH~ I 
I 

(34) ( I tX ) )  131) (20)  (3.9) 

--CH_~ CH..-CH_-Ii C H : - -  COOMe 

137 
+1"t':74112) 

(4 .0 )  

The corresponding C-12 conjugated diene alde- 
hyde ester expected from cleavage A (Tablc I) has 
the same MS fragmentation�9 

Cleavage F explains the formation of methyl 
octanoate in ll and l I l . ' lo  explain the formation of 
significant amounts of methyl 9-oxononanoate 
from Ill, a reaction between the octy[ ester radical 
is postulated with formaldehyde (Fig. 2). Formalde- 
hyde is indeed a commonly obserxed degradation 
product of unsaturated lipids (4). 

Fragmentations of the his-epidioxides 1V and V 
follow the same pattern as the corresponding 
monocyclic peroxides. The schemes suggested in 
Figure 3 account for 80% of the volatiles identified 
from IV and 84% of the volatiles from V (lable 1). 
As with monocyclic peroxides, cleavage A is most 
important in bis-epidioxide IV and cleavage B in V. 
The allylic unsaturation in V makes cleavage D' as 
important as cleavage A. Other cleavages C and D 
involving the peroxy ring are similar to those 
observed with the monoepidioxides. Cleavage G 
between the two peroxide rings apparently results 
in the formation of small amounts of methyl 12- 
oxo-10-dodecenoate and methyl furan octanoate. 
The formation of this furan ester from IV can be 
postulated in the same way as the monoepidioxides 
! and I! (Figs. I and 2). "]o explain the formation of 
methyl furan octanoate from V, a different mechan- 
ism is apparently necessary which involves the loss 

Me 12 oxo lO.dodecenoate 11.1%) 

~ - 2 0 .  

i U l - U  ~ u " ~ u  A i ~ r  

C H 3C H =C H ~--~-/~ ~.-.~,,,,, ~ ) ( ~  C H-.~-(C H 21 ,--.-C O0,'~e (Iv) 
..nu i / v ~  ~, ~ \  ; - - -  

~,o,~-' ,92~., ~  ," ", ", .o.), \ " ' ' " ~  o,,,.o=~ ,, ,.v,'.~ 
~-2H-  / ~ , ~ Me 9 oxononanoate 144 3%) 
" J ~ x oate 1 ' J / - ' 0 0 H ~  Me 10o oBdecen (,5. ~o, Propenal t31%] / / - 

F ~ Me furan oclanoate (25%i 
2 Butena112A%) , ~ "  

2 Pemen 4 one (0.3~ 

-0" Me fufan octanoate (1.5%1 -o . . i  
-0-/Me 12oxo 10.doecenoate (0.3%) 

HO-wO ~W~ r n~ n A i B u"Ir'u I u-~'u 

CH.~CH/--CH ~ C H = C H - - ( C H 2 1 ~ Q C O O M e  (I~ 
�9 .,a ,,v, - \ i-OH 

Propanal (23 6%) / \ ~ L ~  Me 9.oxononanoate (20.3%) 
1 -  2 H. ,' \ ~.= 
! , ' -  "OH ~ 

Propenal (23%) ;' \ Me 1Ooxo.B.decenoate (238%) 

J 
2 Butenal (3.5%) 2 Pemen4 one (0.7%} 

~ 2Ho 

Bulana117.6%1 

Fig. 3. "lhermal decomposition cleavage o1" methyl 9- 
hydroperoxy- 10,12,13.15-hi.~-epid ioxy-trans- 16-octade- 
cenoa te (i u and methyl 16-hyd roperoxy- 10,12,13,15-his- 
epidioxy-tram-8-octadecenoate (V). 

of an oxygen radical. Cleavage G appears to be 
surprisingly unimportant by our experimental ap- 
proach. However, other fragmentation products 
may be formed by cleavage G that were either not 
identified by our methodology or too unstable 
under our conditions. Nondestructive methods 
based on HPLC and NMR are now being investi- 
gated for this purpose. 

To generalize the present work, hydroperoxy 
cyclic peroxides undergo thermal cleavage mainly 
between the peroxide ring and the hydroperoxide- 
bearing carbon. This fragmentation is sufficiently 
predictable that it can be used as a tool for the 
structural characterization of these types of cyclic 
compounds. This paper confirms our previous 
results (9) in providing direct evidence that hydro- 
peroxy cyclic peroxides are important precursors 
of volatile oxidation products that may affect the 
flavor of foods containing polyunsaturated lipids. 
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Decan ol 1.25 4.2 
Me 8-oxooctanoate 1.35 1.3 0.3 0.4 
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Effect of 6-Substituted Sterols on Sterol-induced Reproduction 
in Phytophthora cactorum 

C. G. ELLIOTT* and V. B. MATH, Botany Department, University of Glasgow, Glasgow, G12 8QQ, Scotland 

ABSTRACT 

6-Methylcholesterol and 6-ketocholestanol do not promote oospore development in Phytophthora 
cactorurn when added as sole sterol supplement of media, and they inhibit development induced by 
cholesterol. 6-Fluorocholesterol promotes oospore formation; 6-chlorocholesterol does not, and neither 
inhibits cholesterol-induced development. A strain of P. cactorum has been found which is exceptional 
among Phytophthoras or Pythiufias examined hitherto in forming numerous oospores with cholestanol. In 
this strain, 6-ketocholestanol inhibits cholestanol-induced oospore formation. These results indicate the 
importance of C-6 as a point of interaction with cellular sites controlling oospore formation. 
Lipids 18:358-362, 1983. 

INTRODUCTION 

Sexual reproduction in the fungus Phytoph- 
thora cactorum requires the presence of sterols in 
the medium. In the absence of sterol, the fungus 
remains vegetative, but addition of sterols induces 
the development of oospores (1,2). The added 
sterol is taken up and metabolized by the fungus 
(3). A number of A 5- and AT-sterols promote  
oospore development (4,5). The double bond at C- 
5 appears to be of particular importance. Thus, A 7- 
sterols are converted to AS-sterols by the fungus (6), 
and inhibition of this conversion by the compound 
AY 9944 reduces oospore formation when A T- 
ergostenol is the sterol added to the medium (7). Of 
perhaps greater significance, AS-sterols are much 
more active than their saturated counterparts,  e.g., 
cholesterol than cholestanol (8,9) and sitosterol 
than stigmastanol (5). It is suggested (7,10) that 
sterols are metabolized to hormones which are the 
active agents controlling reproduction. The hor- 
mone might require a double bond at C-5, or the 
double bond of the sterol could facilitate the 
introduction of other groups, e.g., a hydroxyl or a 
keto group at C-7. (Antheridiol and oogoniol,  
hormones of the fungus Achyla, are derived from 
fucosterol, and both are 7-oxo steroids (10).)The 
effects of several 6-substituted sterols on reproduc- 
tion in P. cactorum has therefore been examined, 
on the supposition that substituents at this position 
would interfere with binding to a site important  in 
controlling reproduction. 

MATERIALS AND METHODS 

Fungus'Strains 

Two strains of P. cactorum were used, one 
derived from IMI 21168 (from the Commonweal th  
Mycological Institute, Kew, Surrey, England) (= 
ATCC 46908); and IMI 270425 (originally from 

*To whom correspondence should be addressed. 

Dr. G.W.F. Sewell, East Malling Research Station, 
Maidstone, Kent). 

Medium 

The medium was that described by Elliott and 
Knights (3). Sterols were added in ether or acetone 
solution after the medium had been autoclaved. 

Sterols 

Cholestanol and 6-ketocholestanol were from 
Sigma. 6-Fluorocholesterol was the gift of Dr. T. 
C. McMorris.  6-Chlorocholesterol was synthesized 
from cholesteryl benzoate through 5c~, 6a-dichloro- 
cholestan-3/3-yl benzoate according to the method 
of Barton and Mille~ (11). It formed colorless 
needles when recrystallized, after thin layer chromat- 
ography (TLC) purification, from chloroform/ethyl 
acetate, and melted at 150-151 C. It contained 0.2% 
cholesterol as an impurity. 6-Methylcholesterol 
was synthesized according to the method of Ushakov 
and Madaeva (12) by the reaction of methyl 
magnesium iodide on cholesterol-a-oxide (13), 
followed by the acid catalyzed c/s-dehydration of 
the resulting 6fl-methylcholestan-3fl,5c~-diol (14). 
It formed colorless needles when recrystallized 
from methanol and melted at 140-141 C. 

Under the gas chromatography (GC) and gas 
chromatography-mass spectrometry (GC-MS) con- 
ditions (on a 25 m fused silica capillary column 
coated with methyl silicone, and on a 12 m s/s 
capillary column coated with Dexil-300, and oper- 
ated isothermally at 265 C and 250 C respectively) 
which resolved authentic mixtures of cholestanol 
and cholesterol TMS ethers, T M S  ether of choles- 
tanol used in these experiments (Sigma, Lot No. 
D1228-96) gave a single peak which was identified 
from its mass spectrum as cholestanol TMS.  GC- 
MS instrument sensitivity in selected and multiple 
ion monitoring mode was such that 2-10 ng 
quantities of sterol T M S  ethers could be detected 
without difficulty. Ultraviolet (UV) spectra of 

L1PIDS, VOL. 18, NO. 5 (1983) 



STEROLS IN PHYTOPHTHORA 359 

cholestanol and of its Liebermann-Burchard re- 
action mixture 18,15), and comparison of these 
with corresponding cholesterol standards, indicated 
that the cholestanol contained neither cholesterol 
nor other impurities, as have been reported to be 
present by other workers (16). 

Assay of Oospore Production 

The fungus was grown in plastic petri dishes, 50 
mm diameter, containing 5 ml medium (solidified 
with 1% agar), inoculated centrally and incubated 
at 23 C. The numbers of oospores were counted in 
radial transects 1.05 mm wide, viewing a single 
plane of focus through the bottom of the dish. 

Study of Metabolism of Sterols 

The fungus was grown without shaking in 100 ml 
conical flasks containing 15 or 20 ml medium and 
inoculated either with a disc, 4 mm diameter, cut 
from an agar culture, or with a suspension of 
zoospores. The mycelium was freeze-dried, and 
extracted with chloroform/methanol  (2:1, v/v). 
The extract was evaporated under vacuum, taken 
up in diethyl ether and chromatographed on silica 
gel plates. The free sterol zone was eluted, the 
trimethylsilyl derivatives prepared by reaction with 
N,O-bis-trimethylsilyl acetamide, and analyzed on 
a Kratos MS-30 mass spectrometer coupled to a 
Pye 104 gas chromatograph via a single-stage glass 
jet separator. In addition to the columns specified 
above, the main analyses were performed with a 30 
m SP2250 SCOT column at 280 C. Helium was 
used both as a carrier gas and make-up gas giving a 
total flow of 25 ml/min.  The source was operated 
at 1000 resolution. 70 eV and 280 C. ] 'he separator 
was maintained at 250 C. Spectra were scanned at 
10 sec/decade. Sterol trimcthylsilyl ethers were 
identified by their characteristic fragment ions and 
relative retention times. Selected and multiple ion 
monitoring using appropriate ions (at m/z  129, 
255, 257, 327, 329, 343, 367,368, 370,384, 386,396, 
402, 458, 460, 472, 476, 492) were carried out and 
the responses compared with those of the standards. 

RESULTS 

Results of an experiment with strain IMI 21168 
are given in Table 1. This shows that: (a) 6- 
methylcholesterol, added to media with either 2 or 
8 m g / l  cholesterol, inhibits oospore production; 
(b) 6-chlorocholesterol is not inhibitory with low 
concentrations of cholesterol and only slightly 
inhibitory with 8 m g / l  cholesterol; (c) 6-keto- 
cholestanol is inhibitory, but a considerably greater 
effect is evident with cholesterol at 2 rag/I  than at 8 
mg/1. (d) Cholestanol, included for comparison, 
showed, in agreement with earlier results (8), an 
inhibitory effect with 8 mg/ I  cholesterol, but at 2 

rag/1 cholesterol the addition of a small amount  of 
cholestanol stimulates oospore production; larger 
amounts are inhibitory. 

The effect of these sterols as sole supplement of 
the medium was as follows: with 6-methylcholes- 
terol and 6-ketocholestanol, few normal oogonia 
(but a number of small abnormal ones) and no 
oospores were produced. Nes et al. (5) also found 6- 
ketocholestanol did not induce oospore formation. 
With 6-chlorocholesterol, many normal-looking 
oogonia were produced, but they all degenerated 
and no oospores were seen. With cholestanol, 
normal oogonia were produced, but most of them 
degenerated; an average of I. 1 oospores per transect 
was observed. 

Experiments were also carried out with strain 
IMI 270425. With this strain, it was found that 6- 
fluorocholesterol stimulated oospore production 
as sole sterol supplement in a manner quantitively 
similar to cholesterol (Fig. I). It did not inhibit 
oosporc formation when added witfi cholesterol; 
rather, the number of spores increased (Fig. 2). A 
few oospores were formed with 6-chlorocholesterol 
as sole supplement (ca. one-fifth of the number 
formed with cholesterol). It had no effect on 
oospore production when added with cholesterol. 
6-Methylcholesterol was strongly inhibitory when 
added to media with cholesterol (Fig. 2), and no 
oospores were seen when it was sole sterol supple- 
ment. 6-Ketocholestanol was inhibitory to oospore 
production when added to low concentrations of 
cholesterol (2 or 2.5 mg / I )  but, at higher concen- 
trations (8 or 10 rag/1), it appeared to be stimulatory 
(Fig. 3). 
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FIG. 1. Oospore production by P. ( 'actorum (IMI 

270425) with cholesterol (e-e) or 6-11uorocholesterol 
(o-o) as the sole sterol supplement of the medium. 
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TABLE 1 

Oospore Production by Phytophthora cactorum (IMI 21168): Tests of Inhibitory Effects 
of 4 Sterols on Cholesterol-induced Oospore Formation" 

Concentration Concentration of inhibiting sterol (mg/1) 
Inhibiting of cholesterol 
sterol (mg/1) 0 2 - 4 8 16 

6-Met hylcholesterol 2 41.5 31.3 10.0 0.1 0.7 
8 107.6 80.3 41.0 3.3 0.5 

6-Chlorocholesterol h 2 41.5 34.7 43.3 32.4 32.9 
8 107.6 95.8 79.3 74.7 81.7 

6-Ketocholest anol 2 41.5 26.0 2.6 0.5 0 
8 107.6 107.5 85.8 48.9 32.5 

Cholestanol ~ 2 41.5 51.4 30.0 11. I 3.0 
8 107.6 83.7 69.5 41.2 35.9 

°Values are means of 15 counts (generally 3 in each of 5 dishes). 
bFor 2 mg/ l  cholesterol, the differences in oospore count between concentrations of 6-chlorocholesterol 

are not significant compared to variation between replicate petri dishes. For 8 mg/l  cholesterol, there are 
significant differences between concentrations but the linear component of the oospore number / concentration 
relationship is not significant. 

~Differences between concentrations of cholestanol highly significant compared to differences between 
replicate dishes; linear and nonlinear regression components both significant for both 2 and 8 mg/l  cholesterol. 
For 2 mg/1 cholesterol, the oospore count at 2 mg/ l  cholestanol is significantly different (P=  .04) from the 
count at 0 mg/l  cholestanol. 
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FIG.  2. O o s p o r e  p r o d u c t i o n  by  P. cac torum ( IMI  
270425) wi th  v a r y i n g  c o n c e n t r a t i o n  o f  6 - f l uo rocho l e s t e r -  
ol a d d e d  wi th  5 m g / 1  choles te ro l  ( x - x )  a n d  wi th  v a r y i n g  
c o n c e n t r a t i o n s  o f  6 -me thy lcho le s t e ro l  a d d e d  wi th  5 r a g / 1  
(~r-e) or  2.5 m g / 1  choles te ro l  (o -o ) .  F o r  all 3 curves ,  the  
v a r i a t i o n  in n u m b e r s  of  oospo res  be tween  c o n c e n t r a t i o n s  
is h ighly  s igni f icant  c o m p a r e d  to  v a r i a t i o n  be tween  
repl icate  petr i  dishes.  Po in t s  a re  m e a n s  o f  20 coun t s .  
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FIG. 3. Oospore production by P. cactorum (IM! 
270425) with varying concentration of 6-ketocholestanol 
added with 2 mg/I (o-o) or 8 mg/I (e-e) cholesterol. For 
bo th  curves,  the l inear  c o m p o n e n t  of  the o o s p o r e  n u m b e r /  
c o n c e n t r a t i o n  re la t ionsh ip  is s igni f icant ,  a n d  the non -  
l inear  c o m p o n e n t s  nons ign i f i can t .  Po in t s  a re  the  m e a n s  
o f  12 coun t s ,  except  fo r  the  two  0 m g / l  6 - k e t o c h o l e s t a n o l  
po in t s  where  there  were  24 coun t s  each ,  a n d  for  the  16 
m g / 1  6 -ke tocho les t ano l ,  8 m g / 1  choles te ro l  po in t ,  w h e r e  
there  were  only  5 coun t s .  
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The notable difference between IMI 270425 and 
IMI 21168, however, was that the former produced 
numerous oospores with cholestanol, about as 
many as with cholesterol, and few abortive oogonia 
were seen. With IMI 270425, 6-ketocholestanol 
inhibited oospore production induced by choles- 
tanol (Table 2). Cultures supplied with mixtures of 
cholestanol and 6-ketocholestanol had some oo- 
spores but many abortive oogonia. Plots of the 
data in Table 2 suggest that 6-ketocholestanol 
competes competitively with cholestanol for some 
cellular site controlling oospore development; thus, 
plotting the reciprocal of the number of oospores 
against the reciprocal of the cholestanol concen- 
tration (8) gives, for 6-ketocholestanol concen- 
trations 3.75, 7.5, and 30 mg/1, lines whose inter- 
cepts on the abscissa do not differ significantly. 
Experiments of similar design, also using strain 
IM1 270425, showed that 6~ com- 
petes competitively with cholesterol for oospore- 
determining sites. 

The free sterols in extracts of mycelium grown 
with 6-chlorocholesterol, 6-methylcholesterol, 6- 
ketocholestanol and cholestanol were examined. 
No sterol other than that added was found. The 6- 
chlorocholesterol contained a trace (0.2%) of choles- 
terol, but cholesterol was not present in the extract 
in greater amount  than in the material added. No 
cholesterol was found in the extracts of mycelium 
of either IMI 270425 or IMI 21168 grown on 
cholestanol; there was a small peak in the scan for 
m / z  458 (cholestanol T M S  ether - 2), but this had 
the retention time of cholestanol, not of cholesterol. 
Nes et al. (17) also found no conversion of choles- 
tanol to cholesterol by their strain of P. c a c t o r u m .  

DISCUSSION 

Our hypothesis was that the activity of sterols in 
inducing oospore development depends either on a 
molecular configuration requiring the presence of a 
double bond at C-5, or that this double bond 
facilitates, or is required for, a reaction such as 
oxidation or hydroxylation at C-7. The hypothesis 

is supported by the ineffectiveness of sterols with 
bulky groups at C-6 (6-methylcholesterol and 6- 
ketocholestanol) in promoting oospore formation 
by themselves, and their inhibition of reproduction 
when mixed with the active sterol, cholesterol. An 
analogous and well known effect of a methyl 
substituent in mammalian systems is the inhibition 
by 2a-methylcortisol of the reduction of the C-4 
double bond of cortisol (18-20). 6-Fluorocholesterol 
as sole supplement is not inhibitory to oospore 
development; it has an activity similar to cholesterol. 
9-Fluorination of cortisol and related steroids does 
not reduce, and may even enhance, their physio- 
logical activity (21-23). Also, 2-fluoroadenosine is 
a better substrate than adenosine for adenosine 
kinase, whereas 2-methyladenosine is a poor sub- 
strate (24). The fluorine effect is attributed to the 
strongly electronegative character of the C-F bond, 
which is believed to enhance attachment of an 
enzyme to the substrate at the critical point near the 
substituted fluorine atom (21-23). 6-Chlorocholes- 
terol has only weakly inhibitory effects on choles- 
terol-induced oospore development. The difference 
here between the effect of chlorine and fluorine 
substitution is similar to the differences observed 
elsewhere (21,24). 

Strain IMI 270425 of P. c a c t o r u m  is the first 
Phytophthora or Pythium found to produce abun- 
dant oospores with cholestanol. The usual effect 
with cholestanol is development of oogonia which 
mostly (~  95%) degenerate. There are evidently 
differences between strains in their steric require- 
ments in r ing B. One strain requires a double bond 
at C-5; in another, it is not obligatory. IMI 270425 
does not convert cholestanol to cholesterol; at 
least, if it does, the cholesterol must be rapidly 
metabolized as it is not found in the free sterol 
fraction. It would now seem unlikely that IMI 
21168 requires the double bond at C-5 to facilitate 
the insertion of groups at C-7, since the presence or 
absence of the double bond is a matter of indiffer- 
ence to IMI 270425. The observation that in IMI 
270425 (but not in IMI 21168) 6-ketocholestanol 
appears sometimes to have a synergistic activity 

TABLE 2 

Oospore Production by P. cactorurn (IMI 270425): Inhibitory Effect of 6-Ketocholestanol 
on Cholestanol-induced Oospore Formation 

Concentration of Concentration of 6-ketocholestanol (nag/l) 
cholestanol 
(mg/1) 0 3.75 7.5 15 30 

2.5 69.9 19.9 15,9 0.6 4.5 
5 177.3 29.0 21.5 13.6 5.4 

10 41.9 40.5 17.9 19.4 
15 143.1 72.0 45.3 22.0 20.9 

Values are means of 8 counts. 
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w i t h  c h o l e s t e r o l  is d i f f icul t  t o  exp la in .  H o w e v e r ,  6- 
k e t o c h o l e s t a n o l  inh ib i t s  c h o l e s t a n o l - i n d u c e d  o o -  
s p o r e  d e v e l o p m e n t .  All  t he  ev idence  t h u s  ind ica t e s  
t h a t  th i s  c o r n e r  o f  the  s t e ro l  m o l e c u l e  is still v i ta l ly  
c o n c e r n e d  w i t h  a t t a c h m e n t  to s o m e  ce l lu l a r  si te 
c o n t r o l l i n g  o o s p o r e  d e v e l o p m e n t .  
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Variations of Fatty Acid Composition of Erythrocyte 
and Plasma Lipids in the Rat During the First Period of, Life 
L. ClCCOLI and M. COMPORTI*,  Istituto di Patologia Generale dell'Universit~ di Siena, 
Via Laterino 8, 53100 Siena, Italy 

ABSTRACT 

The changes occurring in the fatty acid composition of the erythrocyte lipids during the first weeks of life 
were studied in the rat. The major changes consisted of a progressive decrease in oleic acid and a progressive 
increase in linoleic acid. A lower but significant increase in arachidonic acid was also observed. These 
changes are not related to variations in erythrocyte age; rather, they appear to be related to the age of the 
animal. Since somewhat similar changes were observed in the fatty acid composition of the major lipid 
classes of plasma during the first weeks of life, the possibility that these variations could account for the 
changes in the fatty acid composition of erythrocyte lipids was considered. Some support to this possibility 
was found in the results of experiments in which erythrocytes taken from 15-day-old rats were incubated 
with plasma taken from newborn rats. The changes in the fatty acid composition of erythrocytes and plasma 
lipids do not appear to be dependent on dietary lipids, since they occur during the suckling period, i.e., before 
the rats begin to ingest the pelleted diet which presents a fatty acid pattern completely different to that of the 
dams' milk. 
Lipids 18:363-370, 1983. 

INTRODUCTION 

It is known that erythrocytes from newborn and 
adult subjects of various animal species and humans 
significantly differ in the  fatty acid pattern of 
membrane lipids (1-4). However, little is known 
about the period of life in which such changes occur 
and about the metabolic mechanisms underlying 
these variations. 

Early studies (2) indicated that differences in the 
composition of the ingested lipids account at least 
to a significant extent for the changes in the fatty 
acid pattern of red cell lipids. A significant varia- 
tion in the ingested lipids, from both a quantitative 
and a qualitative point of view, occurs when infants 
undergo weaning after the suckling period (5). 
Differences have been also reported in the lipid 
composition (6-8) of dams' milk during suckling. It 
seemed, therefore, of interest to investigate the 
time-course variations of the fatty acid composi- 
tion of both erythrocyte and plasma lipids in a 
laboratory animal, i.e., the rat, in which the dietary 
regime can be accurately controlled. The aim of the 
present study was to search any possible relation- 
ship between the erythrocyte and plasma lipids and 
the modifications of the dietary regime occurring 
during growth. 

MATERIALS A N D  METHODS 

Sprague-Dawley rats, maintained on a pelleted 
diet (Nossan, Correzzana, Milan, Italy) free of 
preservative compounds,  were used. Male new- 
borns of each litter were caged  with the mother 
until weaning, at the 27th day of life. The young 
rats had free access to the pelleted diet since the 
15th day of life. This experimental schedule was 

*TO whom correspondence should be addressed. 

followed since it was observed previously that lack 
of access to the pelleted diet prior to weaning 
resulted in a significant decrease in weight gain of 
the young rats. 

The blood was withdrawn from newborn rats, 
from 3, 5, 10, 15, 30 day old rats and from adult 
(220-250 g; 2 months old) rats, using heparin as 
anticoagulant. Blood samples were collected from 
the heart (in newborn and 3, 5 day old rats) or from 
the abdominal aorta (in 10, 15, 30 day old and in 
adult rats). Except for adult rats, each blood 
sample was derived from a number (3-6) of animals. 

Rat erythrocytes were prepared as follows: blood 
samples were centrifuged at 1100 g for 5 min at 
room temperature. The plasma and the bully coat 
was discarded. The packed red cells were washed 3 
times by resuspension in  0.9% NaC1 and resedi- 
mentation as above. The final sedimentation was 
performed a t1100  g for i5 min. Plasma samples 
were obtained by centrifuging blood samples at 
1100 g for 15 min. 

The livers were removed from newborn and from 
adult rats. Pools of livers from each group were 
used. 

The lipids of the various samples were extracted 
according to Folch et al. (9). Different lipid 
fractions were separated by thin layer chromatog-  
raphy (TLC) on Silica Gel H (Merck, Darmstadt,  
Germany), using a solvent system of n-heptane/  
isopropyl e ther/formic acid (60:40:2, v /v /v ) .  The 
various fractions, identified with the aid of known 
standards, run at the same time and separately 
exposed to iodine vapor, were scraped off. 

Fatty acid methyl esters were prepared by re- 
fluxing total lipids or different lipid fractions with a 
mixture of methanol/benzene/H2S04 (43:5:2, v/  
v/v)  for 2 hr at 85 C. 

After the addition of 1.5 vol of H20, the methyl 
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esters were extracted twice with n-hexane.  The 
hexane extract  was purified by washing with 
aqueous NaHCO3 (1% w/v)  a n d d e h y d r a t e d  with 
anhydrous  sodium sulfate. Gas liquid chroma-  
tography (GLC) was performed with a F rac tovap  
appara tus  Mod.  GI (C. Erba,  Milan,  .Italy), 
equipped with a flame ionizat ion detector.  Glass 
columns ( 2 . 5 •  mm id) packed with 10% di- 
ethylene glycol succinate on C h r o m o s o r b  W (C. 
Erba) were used. Columns  oven and flash heater  
temperatures  were 190 C and 225 C, respectively. 
Carrier  gas was ni t rogen (20 ml /min) .  The peak 
areas were calculated by mult iplying the peak 
height by the width at half  height. Each area was 
corrected by a factor obta ined f rom the detector  
yield of known amounts  of Standards. 

s e p a r a t i o n  of different phosl~holipid fract ions of 
erythrocyte was ca r r i ed ' ou t  by one-dimensional  
TLC, as described by Skipski and Barclay (10). 

Total  lipids were determined colorimetrically 
according to Chiang et al. (11). Phosphol ip id  
phosphorus  was determined by the method of Shin 
(12). Triglycerides and total  cholesterol  were deter- 
mined by the methods  of Van Handel  and Zilver- 
smit (13) and of Bowman and  Wolf (14), respec- 
tively. Because of the high content  in triglycerides, 
milk samples were saponified in 33% ethanol ic  
potassium hydroxide and extracted with pet ro leum 
ether (bp 40-70) (15) before being processed for 
colorimetric assay according to Bowman and Wolf  
(14). Free fatty acids were determined by the 
method of Duncombe  (16). 

Reticulocytosis was produced in adult  rats by 
subcutaneous  injections of 0.25 m l / k g  body wt of 
2.5% (w/v)  phenylhydrazine  solut ion according to 
Allen and Schweet (17). The phenylhydrazine  
solution was prepared everyday and neutral ized to 
pH 7.0 with NaOH. It was injected daily for 4 days 

and the rats were sacrificed on the 7th day when the 
reticulocytosis reached values of more  than  80%. 

Rat  milk was obta ined f rom nurs ing mothers  at 
l, 5, 15 days pos tpar tum.  The animals  were injected 
with 2 U1 of oxytocin (Syntocinon,  Sandoz)  and 5 
rain later the milk was collected f rom all nipples by 
aspiration. 

RESULTS 

The fatty acid pa t tern  of erythrocyte total  lipids 
in rats at various ages of life is reported in Table  1. 
As can be seen, the percentages of the unsa tura ted  
fatty acids markedly change dur ing the first days of 
life. The content  in oleic and palmitoleic acids 
sharply decreases within the first 10-15 days of life 
when it reaches the value observed in the erythro-  
cytes of adul t  rats. The content  in linoleic acid, on 
the contrary,  gradually increases during the same 
period. The increase is already significant at 3-5 
days of life. The arachidonic  acid content  increases 
significantly within the first 3 days; a second 
significant increase occurs within 15 and 30 days of 
life. The content  in docosahexaenoic  acid remains 
constant  for 15 days and then decreases. The 
relative percentages of the saturated fatty acids 
(16:0 and 18:0) remained fairly constant .  

Similar differences between newborn  and adult  
rats are present in the fatty acid pa t tern  of the 
erythrocyte phosphol ipids  (Table 2). The changes 
are not  accounted for by differences in the per- 
centages of the major  phosphol ip id  fract ions of the 
red cell membrane ,  since no var ia t ions  between 
newborn and adult rats were seen in the percentages 
of phosphat idylchol ine  (34.4_+ 2.0 and 34.1 _+ 3.1, 
for newborn  and adult  rats, respectively) and  
phospha t idy le thanolamine  (21 .6+ 1.8 and  2 2 . 5 _  + 
0.4, for newborn  and adult  rats, respectively). Also 

TABLE I 

Fatty Acid Composition of Erythrocyte Total Lipids in Rats at Various Ages of Life 

Fatty acids 

Age 16:0 16:1 18:0 18: I 18:2~o6 20:4~o6 22:6oJ3 

Newborn (5) 33.5_+0.6 3.6_+0.3 11.2_+0.3 18.5_+0.5 5.9_+0.09 22.9+__0.5 4.4_+0.5 
3 days (3) 34.1_+2.5 2.7+_0.2 9 .9-+0.3 16.7_+1.2 6.4_+0.1 26.0_+0.9 b 4.3+0.9 
5 days (3) 34.5_+0.7 2.0_+0.2 10.8+_0.7 14.9_+0.6 7.3_+0.1" 25.5+-0.6 4.9_ + 1.5 

10 days (3) 38.4+2.1 1.8+-0.0 10.4+_0.9 9.9+0.5 ~ 8.7_+0.2" 25.4+_ 1.31 5.4+_0.6 
15 days (4) 33.9_ + 1.5 1.9+-0.4 11.1 +-0.1 9.3+-0.3 10.7_+0.3" 27.0+_ 1.4 6.2+- 1.4 
30 days (6) 29.6_+0.7 '̀ 1.0+_0.07 ~̀ 13.5+_0.3 ~ 10.5+_0.2 10.8_+02 31.1 _+0.6" 3.5_+0.09 ~ 
Aduh (9) 30.7_+1.1 1.3_+0.1 14.5_+0.5 10.8_+0.4 11.3+_0.2 29.5_+1.2 2.1_+0.2 h 

P <0.01 '~0.01 ~0.01 "~0.01 '~0.01 <0.01 <0.01 

Values, expressed as mean+_SEM, are given as the percentage of total latty acids. Number of samples is 
reported in brackets. 

P was calculated by the analysis of variance (F test). Superscripts (a,b) mean P values (Tukey test) 
<0.05 and <0.01, respectively, with respect to the figure immediately above. The oleic/linoleic ratio 
in the newborn rats is 3.1 and in adult rats is 0.95. 
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TABLE 2 

Fatty Acid Composition of Erythrocyte Phospholipids in Newborn and Adult Rats 
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Fatty acids 

Age 16:0 16:1 18:0 18:1 18:2t06 20:4to6 22:6to3 

Newborn (3) 33.1 +- 1.7 2.8+_0.08 10.8+_0.3 18.6+_0.4 6.7-+0.2 23.4+-2.2 4.7+-0.2 
Adult (3) 31.0+_ 1.1 trace 14.7_+0.3" 10.8-+0.6 b 11.1 _+0.1 ~ 31.0_+0.3 J 1.4_+0.3' 

Values, ,expressed'as mean_+ SEM, are given as the percentage of total fatty acids. Number of samples is 
reported in brackets. 

Statistical significance, P value for a: P<0.001; b: P<0.001; c: P<0.001; d: P<0.05; e: p<0.01. 

the ratio between total  lipids and  phosphol ip ids  
( T L / P L )  or between phosphol ip ids  and  total  cho- 
lesterol ( P L / C L )  was the same in newborn  ( T L / P L  
= 1.31 +0.06;  P L / C L = 2 . 2 1  +0.03)  and adult  rats 
( T L / P L =  1.19+0.01;  PL/CL=2.19___0.04).  

In order to see whether  the difference in t he fa t ty  
acid pa t tern  of erythrocyte lipids observed f rom 
bir th to adult  age could be due to differences in the 
age of the erythrocytes,  we examined  the fatty acid 
pat tern  of a popula t ion  of erythrocytes rich in cells 
of young age, i.e., reticulocytes. To this end,  a 
marked reticulocytosis was induced by t rea tment  
with phenylhydrazine.  Since the fatty acid pa t te rn  
( ' fable  3) of lipids of erythrocytes of rats t reated 
with phenylhydrazine  did not  substant ia l ly  differ 
f rom that  of erythrocytes of control  rats, it seems 
that  the difference between newborn  and adult  rats 
is not  due to changes in erythrocyte age. It appears,  
therefore,  tha t  such differences are dependent  on 
the age of the animals;  that  is to say, dur ing  the first 
days of life the fatty acid pa t tern  of erythrocyte  
lipids is a t ta in ing the stable feature of the adult .  
This possibility is supported by the f inding of 
similar changes between newborn  and adult  age in 
the fatty acid composi t ion  of liver phosphol ip ids  
studied as an  example of membrane  lipids (Table 
4). 

Since it has been shown (18) tha t  p lasma lipids 
largely exchange with lipids of erythrocyte mem- 
brane, it is reasonable to assume that  the differences 
between newborn  and adult  rats in the fatty acid 

pat tern  of erythrocyte lipids are due to parallel  
var iat ions of p lasma lipids. Therefore,  the fatty 
acid composi t ion  of total  lipids and of the major  
lipid fract ions (phospholipids,  triglycerides and 
cholesteryl esters) of plasma was analyzed at the 
same times of life studied for erythrocyte lipids. As 
shown in Table 5, the percentage of oleic acid 
markedly decreases in each lipid fract ion f rom 
bir th  to the adult  age, as seen in erythrocyte  lipids. 
The percentage of linoleic acid, on the other  hand,  
increases in each lipid fraction, still in agreement  
with tha t  observed in the erythrocytes.  The increase 
is progressive in triglycerides, while in the other  
fract ions a sharp peak increase occurs at  15 days 
and a decrease thereafter.  The percentage of arachi-  
donic acid shows marked  var ia t ions  dur ing de- 
velopment  in phosphol ipids  and triglycerides, 
However,  in cholesteryl esters, in which a high level 
of arachidonic  acid "is present,  a marked  increase in 
this fatty acid occurs f rom bir th  to the adul t  age, as 
observed in erythrocyte lipids. 

The marked  var ia t ions  seen in the fatty acid 
pa t tern  of plasma lipids within the first m o n t h  of 
postnata l  life mean  that  marked  var ia t ions  in lipid 
metabol ism occur in this limited period of time. 
Therefore,  the concent ra t ion  of p lasma lipids of the 
rats was evaluated at the same time of life. As can 
be seen in Figure 1, the concent ra t ion  of p lasma 
phospholipids,  triglycerides and total  cholesterol  
strikingly increases within the first 15 days and  
sharply decreases thereafter.  The plasma conten t  in 

TABLE 3 

Fatty Acid Composition of Erythrocyte Total Lipids 
in Phenylhydrazine Treated Adult Rats and in Respective Controls 

Fatty acids 

16:0 16:1 18:0 18: I 18:2to6 2 0 : 4 t o 6  22:6to3 

Treated rats(6) 31.2-+0.4 ~ 1.3_+0.06 11.8_+0.2 h 13.2-+0.5 ' 10.5_+0.2 30.2-+0.2 1.7-+0.2 
Control rats (6) 29.6-+0.3 1.1-+0.1 13.8_+0.3 I/.2-+ 0.3 11.2-+0.3 31.1 -+0.5 2.1-+0.2 

Values, expressed as mean+_SEM, are given as the percentage of total fatty acids. Number of samples 
is reported in brackets. 

Statistical significance, P value for a: P<0.01; b: P<0.001; c: P<0.01. 
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T A B L E  4 

Fatty Acid Composi t ion of Liver  Phospholipids in Newborn  and Adult Rats  

Fat ty acids 

Age 16:0 16:1 18:0 18:1 18:2~06 20:4w6 22:6w3 

Newborn  24.0 1.8 19.6 9.6 9.5 26.9 8.3 
Adult 19.5 trace 25.8 6.7 12.9 30.8 4.3 

Values are given as the percentage of  total fatty acids. 

T A B L E  5 

Fat ty Acid Composi t ion of the Total Lipids and of the Major  Lipid Fract ions of the Plasma in Rats at Various Ages of Life 

Fatty acids 

Plasma 

lipids Age 16:0 16:1 18:0 18: I 18:2w6 20:4w6 22:6o~3 

T L  

Newborn (3) 23.5+-0.7 4.6+-0.6 8.0+-0.6 20 .3+2.2  17.3+- 1.9 23.5+-3.3 2.9_+0.5 
5 days (3) 23.5-+0.9 1.4+0.05 '~ 11.0+-0.3" 10.6+0.8 ~' 21.6_+0.8 28.5_+0.8 3.4+-0.3 

15 days (3) 26.2+- 1.3 1.1 •  10.4_+0.3 t2 .7 •  26 .2+0.3  :~ 21.2+-0.6 2.3+-0.3 
30 days (3) 21.4+-0.7 1.9_+0.2 ~ 9.4+-0.6 16.2_+0.03 ~' 21.6+0.1 :' 27.4+-0.4 2.2+-0.1 
Adult (3) 21.4_+0.2 1.7+-0.2 11.1 -+0.5 12.4+- 1.1" 23.4+- 1.0 28.1 •  1.9+-0.4 

P <0.05 <0.01 <0.01 <0.01 <0.01 NS <0.05 

PL 

Newborn {6) 27.1+-0.7 2.7+-0.4 14.9_+0.5 12.4+-0.9 12.2+_0.6 26.4_+1.1 4.1+-0.5 
5 days (3) 27.3+-0.8 1.0+_0.2" 17.7•  6.5+_0.2 ~ 20.3+_0.6 ~ 23.2+-0.7 4.1 +-0.5 

15 days (3) 27.4•  0.9+-0.06 18.3+0.2 5.5+-0.06 23.9+- 1.0 20.3_+0.8 3.7+-0.2 
30 days (6) 28.5+- 1.2 I.I +-0.07 21.8_+0.4 ~ 7.4+-0.2 14.4+_0.4 ~ 24.3_+0.6 ~ 2.4-+0.3 ~ 
Adult (6) 26.0+-0.9 1.2+-0.09 21.5+-0.8 7.5+-0.4 13.8+-0.5 26,9+-0.6 3.1 +-0.2 

P N S <~0.01 "~0.01 '~0.01 '~0.01 d0.01 d0 .05  

TG 

Newborn (6) 25.3+- 1.2 4 .8 •  4 .8 •  25 .0+0.7  14.8+-0.7 21.6+-2.9 
5 days (3) 30.9+- 1 . 3 "  2.9+-0.3" 4 .4 •  24.4+-0.8 18.6+- 1. I" 17.2_+0.3 

15 days (3) 36 .0+0.2  ~' 2.2+_0.07 4.9+-0.03 24.3+_0.4 22.4+_0.5 :~ 9.6+-0.6" 

30 days (4) 23.6+__0.7 b 1.2+0.07" 5.1 +-0.2 19.9+0.3" 29 .5+0 .2  ~ 20.7+-0.3" 
Adult (6) 25.1 +0 .7  3.3+-0.7 4.2+-0.2 20.8+-0.6 29.9+-0.8 14.7+- 1.0 h 

P ~0.01 <0.01 NS <~0.01 "~0.01 '~0.01 

CE 

Newborn  (6) 20 .4+0.7  10.7 + _ 1.4 4. I _+0.3 22.0•  10.9+-0.5 32.0+- 1.8 
5 days (3) 17.5_+ 1.7 3.0-+0.06" 2 .2+0 .4  h 9.1 +- 1.6 b 16.4+0.5 h 51 .3+3.8  ~ 

15 days (3) 16.8+-0.5 2.1 +-0.1 ~' 1.8_+0.2 10.9+-0.6 23 .9+0 .4  ~ 44.5+-0.2 
30 days (61 12.8•  h 2.1 +_0.2 2.8+-0.2 12.3+-0.7 17.9_+0.5 ~ 52.0+- 1.8 
Adult {6) 11.0• :~ 3 .0 •  2.2+-0.3 11.8_+0.7 16.7+-0.7 55.5+-1.6 

P <~0.01 "~0.01 <0.01 ~ 0 . 0  t "~0.01 <~0.01 

TL  = total lipids; PL = phospholipids; TG - triglycerides; CE - cholesteryl esters. 
Values, expressed as mean • SEM,  are given as the percentage of total fatty acids. Number  of samples is reported in brackets. 
P was calculated by the analysis of variance (F test). Superscripts (a, b) mean P values (Tukey test) <0.05 and < 0 . 0  I, respectively, 

with respect to the immediately above figure. The oleic/linoleic ratio in plasma cholesteryl esters in the newborn rats is 2.0 and in 
adult rats is 0.7. 
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FIG. 1. Content of plasma lipids in rats at various ages of life. Vertical bars are the standard error of the mean. Six 
samples were examined for newborn and adult rats; three for 5, 15, 30 day-old rats. * - - *  total lipids; O - - O  
phospholipids; � 9 1 4 9  total chotesterol;~r~-Atriglycerides. 

total lipids, which shows similar variations, is 
significantly higher in the adult than in the new- 
born rats. 

Since, according to some authors (2), the com- 
position of plasma lipids reflects to some extent the 
composition of dietary lipids, the possibility must 
be considered that the changes in the fatty acid 
pattern of erythrocyte lipids observed within the 
first month of life are due to the changes in the 
dietary regime of the animals, as the rats ingested 
only dams' milk up to 15 days after birth and began 
to eat some pelleted food thereafter. The fatty acid 
composition of the milk at 1, 5 and 15 days after 
delivery and that of the pelleted diet used is 
reported in Table 6. As can be seen, the fatty acid 
composition of the pelleted diet is similar to 
soybean oil, whereas the milk lipids are rich in 
short-chain fatty acids and contain some arachi- 
donic acid. No significant variations occur  in the 
fatty acid pattern of the milk lipids within the first 
15 days after delivery, with the only exception of 
arachidonic acid between 1 and 15 days, which 
corresponds to the time when changes in the fatty 
acid composition of erythrocyte lipids were ob- 
served. Therefore, the changes in plasma and 
erythrocytes could not be ascribed to difference in 
fatty acid composition of the milk. The lipid 
content of the milk and that of the diet is reported 
in Table 7, which shows a much higher level of 
triglycerides in the milk than in the diet, while the 
reverse is true for total cholesterol. 

The possibility that the fatty acid composit ion of 

erythrocyte lipids is affected by that of plasma 
lipids was tested by incubating erythrocytes taken 
from 15-day-old rats with plasma taken from 
newborn rats (experimental details are given in 
legend to Table 8). After 2 hr of incubation, the 
fatty acid pattern of the erythrocyte lipids was 
changed compared to that of the lipids of the 
nonincubated cells. Oleic and palmitoleic acids 
were increased while arachidonic and docosa- 
hexaenoic acids were decreased. Thus, the fatty 
acid pattern of the incubated cell somewhat re- 
sembled that of the erythrocytes of newborn rats, 
although the content of linoleic acid was not 
changed. It must be noted that some hemolysis 
occurred during the incubation. 

D I S C U S S I O N  

The present results demonstrate that the fatty 
acid pattern of the erythrocyte total lipids changes 
considerably during the first days of life. The most 
remarkable changes are represented by the decrease 
in oleic acid and by the increase in linoleic and 
arachidonic acids. The changes cannot be ascribed 
to variations in lipid fractions of cell membrane or 
to variations in erythrocyte age. The changes, on 
the contrary, seem to be related, in some way, to 
variations in the fatty acid pattern of the major 
lipid classes of the plasma during the first weeks of 
life. The experiment in which erythrocytes taken 
from 15-day-old rats were incubated with plasma 
taken from newborn rats gives some support to this 
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possibility. It must be considered, however, that 
the dependence of erythrocyte lipids on plasma 
lipids is not demonstrated with certainty from thc 
present data. A series of difficulties is in fact 
encountered when the vaiues of Tables I, 5 and 8 
for individual fatty acids arc compared. For ex- 
ample, the plasma level of oleic acid is down 
already at 5 days of age (Table 5), while the change 
in the erythrocytes proceeds more slowly (Table 1). 
Transferring the results of the in vitro study (Tablc 
8) to an in vivo situation, the exchange shouid be 
almost complete within 2 hr. Similarly, the level of 
linoleic acid in the erythrocytcs is much lower than 
that of the plasma throughout the rat life. 

In a previous study from our laboratory (4), it 
was reported that changes in the fatty acid com- 
position of erythrocyte membrane occur also in 
humans during the first weeks of life. In this case 
too, a progressive increase in linoleic acid was 
observed, but, contrary to what is seen in rat 
erythrocytes, the content of oleic acid increased 
and that of arachidonic acid decreased. As in the 
case of rat erythrocytes, the changes did not appear 
to be related to the erythrocytc age and seemed to 
be connected with similar variations of the fatty 
acid composition of plasma lipids. The previous 
and the present study therefore suggest that the 
fatty acid composition of the red cell membrane 
takes on the feature characteristic of the adult 
subject during the first period of life and that this 
arrangement could be at least in part dependent on 
the variations of plasma lipids. 

Variations in fatty acid pattern of plasma lipids 
and lipids of various organs have been reported by 
other authors. Lopez-Santolino et al. (19) observed 
in newborn rats a typical "fetal" serum cholestcryl 
ester fatty acid (CEFA) pattern, characterized by a 
high oleate/l inoleate (O/I , )  ratio ( 1.5: 5.0), and in 
the mothers a typical "aduLt'" C E F A  pattern char- 
acterized by an O / L  ratio of less than unity 
(0.2:0.6). Somewhat similar values in O / L  ratio 
wcre found in the prescnt study, not only for 
plasma cholesteryl esters (sec legend to Table 5), 
but also for erythrocyte lipids (see legend to "1 able 
1) of both newborn and adult rats. Thesc charac- 
teristic "adult" and "fetal" C E F A  patterns were 
found (19) to be maintained in spite of moderate 
alterations in the fatty acid composit ion of the 
prenatal diets, but could not be maintained in the 
face of exaggerated imbalances of diets supplying 
only single fatty acids. The authors (19) postulated 
that homeostatic mechanisms exist which function 
so as to maintain the characteristic adult and fetal 
C E F A  patterns in the facc of stresses consisting of 
variations in the dictary fatty acid composition. 

Dobiasova ctal .  (20) demonstrated that marked 
changes occur in the fatty acid composit ion of the 
triglycerides and phospholipids of some rat organs 
(lungs, adipose tissue, intestine and liver) during 
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TABLE 7 

Lipid Content of the Milk During Lactation and of the Pelleted Diet 

369 

Total l ip ids  Tr iglycer ides  Phospholipids Total cholesterol 

Milk 
Days of lactation 

I 15.5- + 1.6 (6) 12.9-+ 1.4 (6) 0.127-+0.008 (6) 0.084-+0.012 (6) 
5 17.0+1.9(4) 14 .5-+1.8(5)  0.163+0.015(5) 0.060_++0.011 (4) 

15 19.5_+2.6 (4) 15.9_+ 1.0 (5) 0.180-+0.011 (5) 0.063+_+0.006 (4) 

Pelleted diet 4.1 1.2 0.321 ~ 0.228 

Values of milk are expressed as mean_+ SEM. Number of milk samples is reported in brackets. Data for 
milk and pelleted diet are presented as g/100 ml and as g/100 g, respectively. The pelleted diet in addition 
contains diglycerides and monoglycerides (0.28 g/100 g) and free fatty acids (1.4 g/100 g). 

postnatal  development.  According to the above 
authors  (20), however, most  of these changes are 
not related to var iat ions in the composi t ion  of  the 
diet; only the triglyceride contents  in myristic and 
lauric acids were found to vary with the dietary 
content  of these fatty acids. P ronounced  changes in 
the fatty acid composi t ion  of the liver phospho-  
lipids and triglycerides have been reported (21) to 
occur during the postnata l  deve lopment  of the rat; 
while in triglycerides the content  of long-chain 
polyunsatura ted fatty acids was mainly of dietary 
origin. A more complex mechanism involving 
metabol ic  routes of interconversion of fatty acids 
accounted,  at  least in part ,  for the fatty acid 
changes observed in phospholipids.  

Our results do not suggest tha t  the changes in the 
fatty acid composi t ion  of erythrocyte lipids dur ing 
the first period of life are dependent  on the ingested 
diet. In fact, the fatty acid composi t ion  of rat milk 
at  various days pos tpa r tum did not  show, in 
agreement  with Kehrer  and Auto r  (8), a significant 
var ia t ion in the content  of  oleic and linoleic acids; 
only a small var ia t ion in arachidonic  acid was 
observed~ The solid diet, tha t  contains  higher 
contents  of oleic and linoleic acids when compared  

to milk, begins to be ingested by rats only 15-20 
days after birth,  when the fatty acid pa t tern  of 
erythrocyte lipids has already taken the feature 
characterist ic of the adul t  subject. Tha t  the changes 
in the fatty acid composi t ion  of erythrocyte lipids 
are not  dependent  on the ingested diet is fur ther  
supported by the fact that  a change in the dietary 
fatty acids, which occurred when the young rats 
started to eat the pelleted diet, resulted in no 
fur ther  change in fatty acid composi t ion  of eryth- 
rocyte lipids. Even if consistent  changes occur  in 
the fat ty acid composi t ion of p lasma lipids f rom 
the 15th day to the adul t  age, such changes do not  
seem to be related to the var ia t ion  in the dietary 
regime. It must  also be noted that  the p lasma lipids 
do not  assume the fatty acid composi t ion  of the 
mother ' s  milk. 

It seems, therefore,  tha t  the changes in fatty acid 
composi t ion  of the erythrocytes and plasma lipids 
are triggered off by something other  than  the 
dietary fatty acids. Neither is the increase in plasma 
lipids the cause for the change in fatty acid 
composi t ion of the erythrocytes and  plasma lipids, 
because the an imal  is simply responding to a high 
fat diet (mother ' s  milk) and when the milk intake is 

TABLE 8 

Fatty Acid Composition of Total Lipids of Erythrocyte Taken from 15-Day-Old Rats 
Before and After Incubation with Plasma Taken from Newborn Rats 

Fatty acids 

Treatment 16:0 16:1 18:0 18:1 18:2w6 20:4oJ6 22:6oJ3 

Erythrocytes 
before incubation 34.9 1.5 II .3 8.2 10.9 28.3 4.9 
Erythrocytes 
after incubation 34.6 3.8 12.5 15.0 I 1.2 19. I 3.8 
Newborn rat plasma 
before incubation 22. I 6.7 9.3 22.5 20.5 17.5 1.4 

0.5 ml of packed red cells from 15-day-old rats were incubated with 2.0 ml of plasma taken from newborn 
rats. The incubation was carried out aerobically at 37 C for 2 hr. At the end of the incubation, theerythrocytes 
were recovered by centrifugation, washed 3 times in 0.9% NaCI and cxtracted for lipids. 
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reduced,  after  the first two  weeks of  life, the p l a sma  
lipid content  decreases.  Increases  in the concen t ra -  
t ion of  p l a sma  lipids have also been observed in 
h u m a n s  dur ing  the first per iod of  life (22). Fu r the r -  
more ,  it has been repor ted  (23) that  s e rum choles-  
terol levels are m u c h  higher  in suckl ing rats  t han  in 
weaned  rats. The low prena ta l  level increases 
rapidly after b i r th  (24) and decreases again  at the 
t ime of  wean ing  (25). These changes  seem to 
depend on the diet (26) and on the age-dependen t  
endocr ine  factor ,  but  the exact m e c h a n i s m  is not  
known.  

In  conclusion,  the reason  for  the change in fatty 
acid c o m p o s i t i o n  of  the p l a sma  and  e ry throcy te  
lipids still r emains  u n k n o w n .  
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ABSTRACT 

Seventy-two surgically obtained Dupuytren's disease palmar-fat (DDPF) specimens and 18 location- 
matched specimens from patients not suffering from this disease (controls) were studied for their total lipid 
composition and de novo lipogenic activity. Incubation of"DDPF" with l-[~4C]acetate in oxygen produced 
[~4C]palmitate and [t4C]stearate in approximately equal yields as those obtained from "controls." No 
[~4C]octanate was formed in any of the palmar-fat preparations. The lipids and fatty acid analysis revealed 
differences: (a) DDPF specimens were richer in free fatty acids, methyl esters of fatty acids and free- 
cholesterol than specimens of controls. (b) DDPF specimens contained less phospholipids. (c) DDPF 
specimens showed a significantly higher content of octanoate and other short-chain fatty acids than 
specimens of controls. The above findings are not incompatible with the results expected if some mild 
hypoxia occurred in DDPF; this has been suggested in the statistical correlations observed for this disease 
and alcoholism with liver involvement. 
Lipids 18:371-374, 1983. 

INTRODUCTION 

Dupuytren's disease (DD) is an affliction charac- 
terized by a degeneration of elastic fibers (1) and a 
progressive irreversible contraction of one or more 
fingers (2). Several articles and reviews have recent- 
ly been published (1,3,4) but no total lipid assays or 
lipogenic activity have been reported for the palmar- 
fat tissues. 

Published reports (1,3,5) ha,r shown statistical- 
ly significant evidence linking chronic liver disease 
(from alcoholism) and the incidence of DD). 
Several Alcoholic Research Centers have demon- 
strated the presence of volatile (short to medium 
chain) fatty acids in breath and in the sera of 
patients with liver cirrhosis (6-11). This fact has 
been explained by the suggestion that, in alcohol- 
ism, a liver hypoxia is responsible for the incom- 
plete oxidation of some of the long-chain fatty 
acids, and thus shorter chain fatty acids (6) are 
found in larger than normal amounts  (8); since 
these fatty acids are water-soluble and volatile, 
they will be found in all tissues and in breath. 

The associations of alcoholism and local palmar 
hypoxia with DD prompted us to investigate 
whether higher than normal levels of volatile fatty 
acids may be present in the palmar fat of DD 
patients, and if this result may be because of a 
special biosynthesis. 

MATERIALS AND METHODS 

Specimens of palmar fat were obtained from 

*To whom correspondence should be addressed. 
~Deceased. 

surgically hospitalized patients. Seventy-two DD 
and 18 location-matched surgical specimens from 
palms of patients not suffering DD or other 
metabolic disease were studied (controls). The 
tissues were kept chilled ( I C )  and immediately 
taken to the laboratory, padded dry with filter 
paper and weighed. 

The individual tissue was chopped into small 
pieces with fine scissors and the tissue divided into 
various weighed portions. One of the weighed 
aliquots was mixed with a 30X vol of chloroform/ 
methanol (2:1, v/v). Lipid extraction was per- 
formed at 5 C for 48 hr, with agitation (wrist-action 
shaker). The lipid extract was then used for 
chemical analysis. 

Neutral Lipid Analysis 

Neutral lipids were separated from phospho- 
lipids by silicic acid column chromatography using 
sequential chloroform and methanol elution. The 
individual neutral lipids were separated by thin 
layer chromatography (TLC) using Silica Gel G on 
glass plates. The solvent system was petroleum 
ether/ethyl ether/acetic acid (90:10:1, v/v/v).  Neu- 
tral lipids were identified by staining with iodine 
vapor. 

Phospholipid Analysis 

Phospholipids were separated by two-dimen- 
sional TLC using Silica Gel H on glass plates. The 
solvents used for the first and second dimension 
separation were chloroform/methanol/acetic acid/ 
water (200: 120:25:15, v /v /v /v )  and chloroform/ 
methanol/acetic acid/water (100:20:40: 20, v /v /  
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v/v), respectively. The Rf values were determined 
by the use of known standards (Supetco, Bellefonte, 
PA). Lipid fractions were estimated by the charring 
procedure. All of these analytical procedures, 
extraction methods, and quantitations have been 
previously reported in great detail (12-13). 

Fatty Acid Analysis 

Potassium salts of the fatty acids were prepared 
by saponification of the palmar fat under nitrogen 
with 20% KOH in 90% ethanol for 3 hr at 100 C 
(fraction S). An aliquot of fraction S was acidified 
and then extracted with diethyl ether. The recov- 
ered fatty acids were esterified with 14% boron 
trifluoride in methanol. The methylated fatty acids 
obtained were then purified by TLC using the 
neutral lipids procedure. Gas liquid chromatog- 
raphy (GLC) was performed using a Packard 
Model 846 with a 6-ft glass column packed with 
10% DEGS-PS (Supelco, Bellefonte, PA) and a 
nondestructive mass detector (argon ionization). 
Argon was used as a carrier gas. Temperature 
programming was carried out from 150 to 200 C at 
I C/min and then maintained at 200 C for an 
additional 45 min. The retention time was used for 
identification; quantitation was by comparison 
with known amounts of authentic fatty acid methyl 
esters (Applied Sciences, State College, PA). 

Volatile Fatty Acids 

Another aliquot of fraction S was assayed by 
steam distillation in a closed glass system and 
assayed for volatile free fatty acids in a special GLC 
system (8). 

Lipogenetic Activity 

From fresh surgical samples of DDPF, weighed 
aliquots were obtained. The weighed tissue aliquot 
was homogenized in 2 1 / 2 vol of buffer containing 
K2HPO4, 0.067 M; KH2PO4, 0.042 at pH 7.0 at 0 C. 
The mixture was centrifuged for 7 min at 500 • g to 
remove unbroken cells, nuclei, and cell debris. For 
each test, 5 mg of 500 • g supernatant protein was 
added to a flask containing 1 mg of I-[~4C]acetate 
(1 mCi/mmol) in pH 7.2 buffer. Final volume of 
each reaction was 5 ml. The flasks were incubated 
at 37 C for 3 hr with gentle shaking; the gaseous 
phase was 100% oxygen. After incubation, 2 mg of 
a carrier mixture of fatty acids (16:0, 16: 1, 18:0, 
18: I and 8:0) was added to each flask. Solid pellets 
of metaphosphoric acid were added to bring the 
mixture to pH 2. The material was extracted in a 
closed glass container continuously with ether for 
24 hr. Aliquots of the ether extract were evaporated 
to dryness and placed in a desiccator over KOH. 
One ml of 10% acetic acid was added to each 
residue which was again dried in a desiccator over 

JR., F.W. BORA AND J. STAEFFEN 

KOH. Each residue was dissolved in absolute ether 
in a 1 ml volumetric flask. Aliquots were methylat- 
ed (12), then taken for GLC radioassay (6). Other 
aliquots were used to obtain the volatile fatty acids 
by steam distillation (8) and then quantitated by 
GLC radioassay (6). 

Sodium l-[J4C]acetate (sp act 15 mCi/mmol) 
was obtained from New England Nuclear Corpora- 
tion, Boston, MA. A Packard Tri-Carb Spectrom- 
eter was used for determination of radioactivity. 
Radioactive assay of the GLC products was by 
oxidation and subsequent assay in a proportional 
radioactivity counter attached to the GLC (Pack- 
ard 894). Counting was to _+ SD. Thesetechniques 
have been reported previously (14-18). 

Protein 

The biuret technique was utilized for protein 
assays of tissue aliquots. Bovine serum albumin 
(1CN-Nutritional Biochemicals, Cleveland, OH) 
was used as the standard (19,20). 

RESULTS 

In Table 1 are shown the lipid assays obtained 
from DD and control palmar-fat specimens. The 
studies indicate that the differences between DD 
and controls are not statistically significant for 
most classes of lipids. Although some minor differ- 
ences could be shown, DD samples yielded higher 
values compared to controls for only some of the 
neutral lipid components: free fatty acids, methyl 
esters and cholesterol, yet these were not outstand- 
ing. Lower values for all of the phospholipids were 
also seen in the DD specimens; but the levels found 
were so small that statistics are hard-pressed to 
indicate significance. The observed patterns for 
both types of specimens are not that much different 
than those observed for many fat-rich areas or lipid 
pads of the body (14). 

In Table 2, we have presented the results of fatty 
acid analysis by GLC after saponification and 
esterification of aliquots of the samples. Results of 
the GLC assays indicated a similar pattern of fatty 
acid distribution for both the control and DD 
specimens in most of the medium- and long-chain 
fatty acids. But, in the assay of volatile fatty acids 
obtained by closed-vessel steam distillation and 
then GLC, the short-chain fatty acids (octanoate 
and smaller sizes) showed a statistically significant- 
ly higher value for the DD specimens than for the 
controls. 

In Table 3, the results are presented for the 3-hr 
incubations of palmar-fat tissue homogenates un- 
der a gaseous phase of 100% oxygen. The incorpor- 
ation of 1-[~4C]acetate into the fatty acids was 
small and in the range reported for similar tissues 
(14). No differences were observed in the lipo- 
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LIPIDS IN DUPUYTREN'S DISEASE 

TABLE 1 

Percentage of Lipid Composition of Human Palmar-Fat Surgical Specimens 

373 

Total lipids (% net weight) 
Neutral lipids 
Polar lipids 
Undetermined lipids 

72 Specimens 18 Specimens 
(location-matched) 

Dupuytren disease controls 

• • 
98.3 • 99.0 • 
96.5 • 95.3 • 

2.5 • 3.5 • 
1.0 1.2 

Neutral lipids: 
Mono- and diglycerides 
Cholesterol 
Free fatty acids 
Triglycerides 
Methyl esters 
Cholesteryl esters 
Undetermined 

1.7 • 0.9 • 
1.9 • 0.3 • 
4.4 • 2.1 • 

78.7 • 86.6 • 
3.8 • 0.9 • 
3.9 • 3.7 • 
2.1 0.8 

Phospholipids: 
Phosphatidylet hanolamine 
Phosphatidylinositol 
Phosphatidylserine 
Phosphatidylcholine 
Lysophosphat idylcholine 
Sphingomyelin 
Phosphatidic acid 
Cardiolipin 
Undetermined 

0.4 • 0.5 • 
0.1 • 0.2 • 
0.1 • 0.2 • 
0.2 • 0.4 • 
0.1 • 0.3 • 
0.2 • 0.4 • 
0.7 • 0.8 • 
0.3 • 0~4 • 
0.4 0.3 

"Standard error of the mean. 

genet ic  act ivi ty of  D D  samples  f rom tha t  found  in 
con t ro l s  based on pro te in  con ten t .  

W h e n  incuba t ions  were  carr ied  out  us ing h y p o x -  
ic cond i t ions  (a gaseous l~hase  of  100% ni t rogen) ,  
no i nco rpo ra t i ons  of  1-[ C]ace ta te  were  obse rved  
in any o f  the  recovered  fa t ty  acids.  These  observa-  
t ions  were repea ted  several  t imes  (four)  for  bo th  
D D  and con t ro l  h o m o g e n a t e s .  

DISCUSSION 

Daris  (3) and  o thers  (1,5) have m a d e  a case for  
the statist ical  re la t ionship  be tween  the  inc idences  
of  D u p u y t r e n ' s  d isease  and  a lcohol i sm.  A h y p o t h e -  
sis in D u p u y t r e n ' s  disease is tha t  a mild hypox i c  
s tate  may  deve lop  inside the  t issues of  the lipid pad 
of  the pa lm of  the  hand.  This hypox i c  s ta te  may  be 
caused by p o o r  c i rcula t ion  to the a rea  and  the 
a b n o r m a l  connec t ive  t issue (4,21) d i s t r ibu t ion  and  
local a ccumula t i on  in the area  may  fu r the r  con-  
t r ibute  to the local  f o r m a t i o n  of  an h y p o x i c  state,  
especial ly in a t r aumat i zed  palm.  

In a lcohol i sm,  it has  been  s h o w n  (22) tha t  the  
oc t anoa te  s e rum concen t r a t i ons  o f  fas t ing pa t ien ts  
are much  h igher  than  in those  who  did no t  have  
hepat ic  invo lvement  or  in n o n d r i n k e r s  (7,8). The  
or igin of  the oc t anoa t e  was a t t r ibu ted  to i ncom-  
plete ox ida t ion  of  long-cha in  fat ty acids in the  liver 

(6). The  b iosynthe t ic  abil i ty u n d e r  o x y g e n a t e d  
cond i t ions  of  t issue h o m o g e n a t e s  o f  pa l mar  fat was  
s h o w n  in this s tudy to be abou t  the  same for  b o t h  
D D  and  controls ;  yet, the  analysis  o f  fat ty acids 
revealed a larger  con ten t  o f  sho r t - cha in  fa t ty  acids 
in the  D D  specimens .  Since se rum oc t anoa t e  levels 
were s h o w n  (8,23) to be direct ly p r o p o r t i o n a l  to the  
ex ten t  o f  liver i m p a i r m e n t  (in a lcohol ic  cirrhosis) ,  
the grea t  increase (3-4 t imes over  the con t ro l  
values) for  oc t anoa t e  and  o the r  sho r t - cha in  fa t ty  
acids in the tota l  lipids o f  p a l m a r  fat  o f  D D  
spec imens  is not  incons i s ten t  wi th  the  concept o f  a 
locally p resen t  mild hypox ic  s tate  e x a c e r b a t e d  or  
i n d u c e d  by a lcoho l i sm or  t r a u m a  in the  pa lms  of  
such pat ients .  
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Rats 

ABSTRACT 

Rats were fed cholesterol-free or cholesterol-enriched diets containing olive oil or partially hydrogenated 
corn oil at the 10% level for ca. 30 days (c-18: 1,77.0% in the former diet and c-18: 1,24.7% and t-18: 1, 42.5% 
in the latter). The linoleic acid content of these fat diets was made equivalent (1.7 energy %). After feeding 
cholesterol-free diets, trans fat compared to cis fat showed (a) no untoward effects on growth parameters, (b) 
a reduction of serum cholesterol levels without influencing concentrations of serum apolipoproteins A-I, B 
and E, (c) no effects on the bile flow and the concentration of biliary cholesterol and bile acids, (d) an 
increasing trend of fecal excretion of neutral and acidic steroids, both in terms of mg/day and mg/g feces, 
and (e) rather equivocal change in the composition of fecal, but not biliary steroids. Similar response 
patterns were also observed when cholesterol-enriched diets were fed except for a decrease in serum apo B 
and an ineffectiveness to increase fecal acidic steroids. Together with the results obtained from experiments 
simultaneously performed with safflower oil and completely hydrogenated corn oil, it seems that the steroid 
metabolism can be specifically modified by the geometry of dietary fats. 
Lipids  18: 375-381, 1983. 

INTRODUCTION 

Currently, consumption of t r a n s  fatty acids, 
mainly as t r a n s  octadecenoic acid (t-18:l),  as a 
constituent of  hydrogenated fat products is increas- 
ing. Though there is still~a controversy, t r a n s  

unsaturated fatty acid of this type may not be 
specifically hypercholesterolemic and hence athero- 
genic (1,2). It is generallybelieved that many of the 
physiological effects of t r a n s  monoenes resemble 
those of saturated fatty acids with comparable 
chain length (1,2). Of  additional interest with 
regard to the dietary t r a n s  fatty acids are the 
interrelationships with carcinogenesis, since dietary 
fat appears to promote the incidence of several 
types of cancer (3,4). 

Although our preceding rat study with unhydro- 
genated and partially hydrogenated soybean oil 
indicated a probable modification by t r a n s  fat of 
steroid metabolism (5), it was difficult to ascribe 
the observed results solely to the difference in the 
geometry of constituent fatty acids, since the effects 
of t r a n s  fatty acids depend on the essential fatty 
acid status (6,7). 

In the present study, care was taken to design the 
diets for the comparative purpose. To ensure the 
effects of t r a n s  fatty acids on sterol dynamics, 
dietary fats with a comparable level of octadecenoic 
acid but differing in the geometric configuration 
were chosen. The essential fatty acid level of these 
fat diets was equalized. Furthermore,  polyunsat- 
urated fat and completely saturated fat were simul- 
taneously examined for reference purposes. Under 
these conditions, the effects of t-18:l on serum 

cholesterol levels and biliary and fecal steroid 
excretion were studied in rats fed diets free of or 
containing cholesterol. 

MATERIALS AND METHODS 

Animals and Diets 

Specific pat hogen-free male Wistar rats obtained 
from a local breeder (Kyudo Co., Kumamoto)  were 
used after several days of  acclimation in an air- 
conditioned room (20-22 C, lights on 0800-2000 
hours). The animals weighing an average of 86 g or 
101 g for experiments with diets free of or contain- 
ing cholesterol, respectively, were freely assessed 
experimental diets and water. The compositions of 
diets are shown in Table 1. Four  different fats 
served as a fat source: olive oil (OL), partially 
hydrogenated corn oil (PHC) (5), completely hydro- 
genated corn oil (CHC) and safflower oil (SA). To 
make the linoleic acid content equivalent to that of 
the OL diet, a small portion of hydrogenated fats 
was replaced with safflower oil. Thus, OL, PHC and 
CHC diets all supplied ca. 1.7% of calorie as 
linoleic acid. Total octadecenoic acid contents of 
OL and PHC diets were similar. Food intake and 
body weight were measured every 2 days. After 
feeding these diets for 28 or 29 days, a minute 
volume of blood was withdrawn from the tail vein 
for analyses of cholesterol and apolipoproteins. 
The bile duct was cannulated under light ether 
anesthesia at 1000-1100 hours during the days 30- 
36, Rats were kept in restraining cages and the bile 
was collected for 2 hr by monitoring the flow rate at 

*To whom correspondence should be addressed. 
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TABLE I 

Composition of Diets (%) 

Groups 

Poly- 
Cis fat diet Trans [at diet ~ Saturated fat unsaturated 

Ingredients (OL) (PHC) diet (CHC) fat diet (SA) 

Casein 20 20 20 20 
Olive oil 10 
Partially hydrogenated 

corn oil 9.03 
Completely hydrogenated 

corn oil 9.03 
Safflower oil 0.97 0.97 10 
Mineral mixture" 4 4 4 4 
Vitamin mixture 

Water soluble ~ I 1 I I 
Fat soluble h 0. I 0.1 0. I 0. I 

Choline chloride 0.15 0.15 0.15 0.15 
Cellulose powder 4 4 4 4 
Sucrose ~ 60.75 60.75 60.75 60.75 

Fatty acid composition 1%) 
16:0 II.0 13.1 10.7 6.4 

c-16:1 0.7 
18:0 2.7 8.5 79.2 2.2 

t-I 8: I 42.5 
c'-I 8:1 77.0 27.4 1.5 13. I 

cc-18:2 8.1 8.1 8.1 78.0 

~'Harper mixture (5) purchased from Oriental Yeast Co., Tokyo. 
"Fat-soluble vitamins (retinyl palmitate 400 IU, cholecalciferol 200 IU and DL-tz-tocopheryl acetate 10 mg 

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

30-min intervals and kept frozen until analyzed. 
The bile draiiaed at the constant  rate was used for 
steroid analysis. After the bile drainage, rats were 
killed by decapitation, blood was collected and the 
liver and epididymal adipose tissue excised. Prior  
to blood withdrawal from the tail vein, feces were 
collected for 2 days and lyophilized. 

Lipid and Steroid Analyses 

Blood sera obtained prior to bile duct cannula- 
tion were analyzed for cholesterol enzymatically 
(Cholesterol C-Test, Wako Pure Chemicals Inc., 
Osaka) and for apolipoproteins A-I, B and E by 
immunoelectrophoresis (8). Cholesterol, triglyceride 
and phospholipid in post-drainage samples were 
analyzed as reported elsewhere (9). The procedures 
for analyzing biliary and fecal steroids and fatty 
acid composit ions of tissue lipids by gas liquid 
chromatography were the same as reported pre- 
viously (5). Fecal fat content was determined by the 
method of Kamer et al. (10). 

Statistical Analysis 

To evaluate the statistical significance with the 
probability level of 0.05, Scheff6's analysis of 
variance was a d a p t e d ( l  1). 

RESULTS 

Growth Parameters and Liver Weight 

The average weight gain and food intake per day 
were 6.3 g and 17.6 g for cholesterol-free diets and 
6.0 g and 18.0 g for cholesterol-enriched diets, 
respectively. Feeding different types of  fat diets 
caused no significant changes in these parameters 
in both trials. The liver weight was also essentially 
comparable in rats fed cholesterol-free diets (average 
4. I-4.3 g/100 g body weight). Cholesterol feeding 
resulted in the enlargement of the liver (average 
4.5-4.9 g/100 g body weight) except for the CHC 
group (average 4.1 g/100 g body weight), but again 
no significant dietary fat-dependent  differences 
were observed. 

Serum and Liver Lipids 

As shown in Table 2, in rats fed diets free of 
cholesterol, the concentrat ion of serum cholesterol 
was the highest, al though not significant, in the OL 
group, whereas that for other fat groups stayed in 
the same range. The difference in the cholesterol 
level became more marked on feeding cholesterol- 
containing diets; the OL group had significantly 
higher level of serum cholesterol compared to any 
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TABI.E 2 

Ellects of Dietary Fats on Serum and Liver t.ipids 

377 

Groups' 

l.ipids O1. PHC CHC SA 

Cholesterol-lrcr diets 
Serum 

Cholesterol(mg. dl) 152 +26 ~ 78.4• 81.9 4_ 7.9 
Apolipoproteins ( mg~ dl) 

A-I 106 • 3 91.1• 6.0 88.0• 
B 4.7• 0.2' 4.2+- (I.4' 4.3_+0.2 ̀  
E 32.0 + 6.5 29.7_ + 2.6 34.6+2.9 

Liver 
Cholesterol (mg. g) 2.8• 0.1' 2.21 0. l ~ 2.2• 
]riglyceride(mg.g) 17.8_ ~ 1.9 16.3+- 1.5 18.7• 

95.1• 

90.5• 
7.1+-0.2" 

38.8+-1.7 

2.4• C J 
18.1+-1.7 

Cholesterol-containing diets 
~erum 

Cholesterol(rag dl) 297 _+17 ~ 176 .+15': 97 .0 !5 .3 '  141 +4"" 
Apolipoproteins (mg dl) 

A-I 99.1-* 5.9'" 137 +16" 77.9• "l 68.5• 
B 6.22- 0.5' 3.2+ 0.2" 4.5• 8.9+0.4 ~ 
E 32.5--- 1.6 46.6 + _ 5.4 27.01 1.7 32.1 +- 1.8 

Liver 
Cholesterol(mg g) 29.9• 2.1' 22.5 + 2.5 3.2'._0.2" 27.2+2.1 ` 
Triglyceridc I'mg g) 35.0 +- 0.8"' 29.4 • 2.2' 15.8 _+ 2.2' 63.(~ ~_ 9.9 'J 

~See footnote to "lablc I. 
h Mcan!SE ol 8-9 rats per group. 
'"~Values ,a, ith dillcrcnt superscript letters were significantly diflerent at P< 0.05. 

one of  o ther  3 groups.  l r ig lyccr ide  and phosphol ip id  
levels o f  post -dra inage sera were comparab le  a m o n g  
g roups  regardless  o f  with or  wi thou t  d ie tary  choles-  
terol ,  respect ively (data  not  shown) .  

There  were no d ie tary  f a t -dependen t  d i f ferences  
in concen t r a t i ons  of  se rum apo  A-I and  apo  E in 
rats fed choles tero l - f ree  diets.  The  concen t r a t i on  of  
apo  B was s ignif icant ly  higher  in the SA g roup  than  
any o the r  groups .  W h e n  choles te ro l  was fed, the 
apo  A-I level was the highest  in the P H C  g r o u p  and  
the lowest in the  SA group;  the d i f ference  be tween  
these two g roups  was signif icant .  The  se rum apo  B 
level was again high in the S A  group  and  it was  
signif icantly lower  in the P H C  than  in the OL 
group.  The  apo  E levels were c o m p a r a b l e  a m o n g  
groups .  

In rats fed choles tero l - f ree  diets,  the c o n c e n t r a -  
t ion of  liver choles terol  was s ignif icant ly  h igher  in 
the OL group  than  that  o f  2 h y d r o g e n a t e d  fat 
g roups ,  but not  the SA group.  Tr iglycer idc  levels 
were c o m p a r a b l e  to each other .  Die tary  choles te ro l  
increased the liver choles tero l  level to a s imilar  
ex tent  in rats fed three unsa tu ra t ed  fat diets,  
whereas  with the sa tura ted  fat diet it r ema ined  
apparent ly  unchanged.  The response pat terns  similar  
to choles tero l  were also obse rved  on hepat ic  tri- 
glyceride and the  increase was most  p r o m i n e n t  in 
rats fed the  SA diet fo l lowed by OL and  P H C  diets 
in decreas ing  order .  "lhc concen t r a t i on  o f  hepa t ic  

phospho l ip id  was not  inf luenced at all by fat types  
or  die tary  choles tero l  (da ta  not  shown) .  

Biliary Steroids 

The  bile flow rate was c o m p a r a b l e  a m o n g  dif- 
ferent groups ,  t hough  it was s o m e w h a t  h igher  in 
the C H C  g roup  (Table  3). The  concen t r a t i on  of  
biliary choles tero l  was s ignif icant ly higher  in the 
SA than  in the C H C  g r o u p  in 2 sets o f  expe r imen t s ,  
but it was ind is t inguishable  be tween  the  Ol ,  and  
P H C  groups.  -Ihe concen t r a t i on  of  biliary bile 
acids  was unal tered  by fat types,  i r respect ive of  the 
presence  or  absence  of  d ie tary  choles terol .  Die ta ry  
fat types showed  no d e m o n s t r a b l e  effects on biliary 
s teroid c o m p o s i t i o n s  except  for the sa tu ra ted  fat 
diet free of  choles terol ,  where  the pe rcen tage  of  the 
ma jo r  cons t i tuen t s  was s o m e w h a t  variable.  

Fecal Steroids 

As s h o w n  in Table  4, feeding sa tu ra ted  fat 
s ignif icant ly increased fecal weight  both  in the 
presence and absence  of  d ie tary  choles terol .  Due  to 
the  increase in excre ta ,  daily fecal neutra l  s teroid  
excre t ion  was the  highest  in the  C H C  group ,  
whereas  on the unit  weight  basis it was the lowest.  
The appa ren t  absorbab i l i ty  of  C H C  was calcula ted 
to bc as low as 34.2%, c o m p a r e d  to 93.0-97.5% for 
o the r  fat groups .  Die tary  choles te ro l  did not  affect  
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TABLE 3 

Effects of Dietary Fats on Biliary Cholesterol and Bile Acids 

Groups" 

Biliary steroids OL PHC CHC SA 

Cholesterol-free diets 
Bile flow (ml/hr) 0.95• ' 0 .82_+0 .16  1 .17_+0.09  0.86-+0.08 
Biliary cholesterol (mg/mI) 0.12• ~ 0.12_+0.01 ~ 0.08 • 0.17+0.0( 
Biliary bile acids 

Concentration (mg/ml) ~ 10.7 +_0.7 11.8 _+ 1.5 12.6 +_0.5 11.7 + 1.0 
Composition (%)d 

Lithocholic 0.7 _+0.3 0.3 _+0.1 0.2 • 0.4 _+0.1 
Deoxycholic 1.3 • 1.4 _+0.3 0.5 +0.1 1.3 • 
Chenodeoxycholic 3.6 _+0.5 4.9 +_0.4 2.7 +_0.7 2.9 • 
Cholic+~-muricholic 51.0 _+3.9 55.7 _+1.6 42.1 +_2.7 52.3 +2.4 
12-Ketolithocholic 11.8 _+ 1.3 10.8 _+0.9 18.3 + 1.2 12.5 -+ 1.2 
/3-Muricholic 18.9 +_1.3 16.5 • 18.2 _+2.6 19.4 _+0.4 
w-Muricholic 4.3 _+ 1.4 2.2 +_0.3 4.7 _+ 1.6 3.8 +_0.5 

Cholesterol-containing diets 
Bile flow (ml/hr) 0.79 +_ 0.09 0.92 • 0.05 1.03 + 0.07 0.80 _+ 0.09 
Biliary cholesterol (mg/ml) 0.15 • 0.07 "j 0.16 • 0.09 ~ 0. I 1 • 0.09 ~ 0.19 + 0.10 ~ 
Biliary bile acids 

Concentration(mg/ml) 13.9 • 11.5 _+0.9 13.2 • 13.1 • 
Composition (%) 

Lithocholic 2.0 _+1.0 3.1 • 1.1 +_0.3 3.7 _+1.9 
Deoxycholic 3.3 • 2.8 +_0.9 1.1 _+0.4 2.3 _+0.8 
Chenodeoxycholic 9.8 +1.0 8.6 +_1.3 4.5 -+1.4 5.5 +0.5 
Cholic+a-muricholic 47.8 +_3.5 39.7 • 40.3 +2.2 45.6 _+4.0 
12-Ketolithocholic 8.2 -+0.9 7.1 _+1.3 8.8 • 8.2 _+0.9 
/~-Muricholic 13.5 +-2.6 14.2 _+2.3 9.5 +_1.8 16.5 _+3.3 
to-Muricholic 6.9 • 1.4 10.1 +_ 1.3 13.2 • 1.8 7.4 +_ 1.4 

%ee footnote to Table I. 
6Mean + SE of 6-8 rats per group. 
'As taurocholate. 
dExcludes 2-3 unidentified steroids. 
~'fValues with different superscript letters were significantly different at P< 0.05. 

on this parameter .  Thus ,  s t ea to r rhea  was evident in 
rats fed CHC.  S tea to r rhea  would  marked ly  reduce 
the a b s o r p t i o n  of  cholesterol  and  bile acids and 
thus  account  for  the large increase in s teroid 
excret ion and  the lack of  the response  to dietary 
cholesterol  in hepatic cholesterol  con ten t  (Table 2) 
in rats fed CHC.  

When  cholesterol-free diets were fed, the P H C  
g roup  excreted more  neutral  s teroids  t han  the OL 
g roup  both  in t e rms  of  daily ou t pu t  and the 
concent ra t ion ,  the difference in the concen t ra t ion  
was  significant. A similar but  s o m e w h a t  m ode ra t e  
extent  of the increase was also observed on  feeding 
cholesterol-enriched diets. Rats  fed polyunsa tura ted  
fat in relat ion to olive oil excreted essentially the 
same a m o u n t  of neutral  s teroids  regardless  of  
whe the r  or no t  there  was  dietary cholesterol .  The  
extent  of  bacterial  t r a n s f o r m a t i o n  of  choles terol  to 
cop ros t ano l  was  c o m p a r a b l e  between the P H C  and  
SA g roups  bo th  on  feeding diets free of  and  
conta in ing  cholesterol ,  and it was  cons iderab ly  
lower than  that  of the OL group.  Sa tu ra t ed  fat 
a lmos t  completely interfered wi th  the t r a n s f o r m a -  
tion. 

In the absence of  dietary cholesterol ,  rats  fed the 
P H C  diet excreted more  bile acids t han  those  fed 
the O L  diet, the difference in the concen t ra t ion  
being significant. Choles terol  feeding d iminished  
the difference between these groups .  Fecal excret ion 
of  bile acids was  low in the SA g roup ,  par t icular ly  
when  cholesterol-enr iched diets were fed, T h o u g h  
statistically not  significant due to considerable  
f luctuat ions ,  there were detectable differences in 
compos i t i ons  of  fecal acidic s teroids  be tween the 
P H C  and OL grouPs  in diets bo th  with and  wi thou t  
cholesterol.  The pa t te rn  observed on  the P H C  diet 
did not  resemble those on the SA diet. Rats  fed a 
sa tura ted  fat diet had the very specific profile on  
the cholesterol-free diet and the compos i t ion  roughly 
a p p r o x i m a t e d  to that  of the P H C  g r o u p  on the 
cholesterol-enr iched diet. 

Fatty Acid Compositions 

In  rats fed cholesterol-free diets, percentages  of  
linoleic and arachidonic  acid in total  lipids f r o m  
se rum and liver were s imilar  in the O L  and P H C  
g r oups  and they were slightly lower  t han  the 
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TABLE 4 

Effects of Dietary Fats on Fecal Excretion of Neutral and Acidic Steroids 

379 

Groups ~ 

Fecal steroids OL PHC CHC SA 

Cholesterol-free diets 
Feces excreted (g/day) ~ 0.81 +0.08 ~ 0.86_+0.07 ~ 2.40-+-0.12 ~ 0.54+0.07 ~ 
Neutral steroids 

Daily excretion (mg/day) 4.3 +0.6 ~ 7.6 _+0.5 ~ 8.5 +0.8 f 4.3 +0.6 ~" 
Concentration (mg/g feces) 5.3 -++0.4 e 9.0 _+0.2 f 3.5 -+0.3 ~ 7.6 -+0.S 
Composition (%) 

Cholesterol 15.0 _+1.9 r 34.1 _+1.3 ~ 92.0 _+.3.4 ~ 29.5 _+7.0 ~ 
Coprostanol 85.0 +1.9 ~ 65.9 _+1.3 ~ 8.0 _+3.4 f 70.5 27.0 ~ 

Acidic steroids 
Daily excretion (rag/day) 3.4 -+0.5 8.3 21.5 10.0 -+3.9 2.3 -+0.7 
Concentration (mg/g feces) 4.2 -+0.2 9.0 -+1.6 4.1 -+1.6 4.1 -+1.4 
Composition (%)d 

Lithocholic 16.0 -+3.7 18.9 -+5.4 16,1 +6.8 8.2 +2.4 
Deoxycholic 13.0 -+2.2 12.8 -+3.8 30,3 -+5.3 20.2 23.4 
Cholic+o~-muricholic 22.1 +6.4 17.6 -+7.4 0.2 +0.1 14.3 -+3.9 
12-Ketolithocholic 26.2 26.4 37.3 26.0 19.2 _+4.0 23.7 25.6 
13-Muricbolic 8.7 -+1.1 8.5 +2.1 16,0 -+3.3 18.3 23.2 
w-Muricholic 12.0 -+5.5 3.3 21.3 15,2 -+4.6 15.1 _+7.4 

Cbolester ol-containing diets 
Feces excreted (g/day) 0.81 20.0T 0,88 + 0.0T 2.4120.07 f 0.78_+0.04 ~ 
Neutral steroids 

Daily excretion (mg/day) 44.4 -+2.0 ~ 63,7 +_6.6 ~ 104 +6  j 45.1 2 1.9 ~ 
Concentration (mg/g feces) 56.2 +3.0 d 71.6 _+3.1 ~ 42.9 +1.6 ~ 58.9 -+3,6 ~ 
Composition-(%) 

Cholesterol 50.4 -+3.3 ~ 68.2 +3.T 97.5 -+2.0 f 60.7 _+5.5 ~ 
Coprostanol 49.6 _+3.3 ~ 31.8 23 .T 2 . 5  2 2 , 1  f 39.3 -+5.5 ~ 

Acidic steroids 
Daily excretion (mg/day) 23.4 22.1 19.6 +2.3 42.2 -+8.9 11.8 22.5 
Concentration (mg/g feces) 27.0 22.5 20.9 22.3 17.8 -+3.9 15.0 22.9 
Composition (%) 

Lithocbolic 15.1 -+1.7 16.8 -+1.1 24.0 -+6.4 21.9 +-4.0 
Deoxycholic 13.3 -+0.6 9.5 +1.8 1.6 21.1 20.2 _+5.8 
Cholic+~-muricholic 36.9 +4.2 19.0 -+4.6 19.7 _+4.0 24.1 27,2 
12-Ketolithocholic 5.7 _+1.5 2.2 +1.1 5.3 +1.3 7.8 _+2,4 
fl-Muricholic 11.0 -+1.3 15.3 -+2,9 20.9 -+6.5 9.6 _+2.7 
to-Muricholic 18.1 +4.7 35.6 +7.1 25.8 +6.4 14.4 _+4.1 

~See footnote to Table 1. 
hLyophilized teces. 
'Mean+SE of 8-9 rats per group. 
'~Excludes 2-3 unidentified steroids. 
~'JValues with different superscript letters were significantly different at P <  0.05. 

c o r r e s p o n d i n g  v a l u e s  fo r  t he  S A  g r o u p .  T h e  l i n o l e i c  
a c i d  c o n t e n t  o f  t h e  a d i p o s e  t i s s u e  w a s  a lso '  c o m -  

p a r a b l e  in  t h e s e  2 g r o u p s  b u t  w a s  less  t h a n  o n e -  
s i x t h  t h a t  o f  t he  S A  g r o u p .  E s s e n t i a l l y  n o  e i c o s a t r i -  
e n o i c  a c i d  ( 2 0 : 3 n 9 )  w a s  d e t e c t e d  in  t h e  O L  a n d  

P H C  g r o u p s .  S e r u m ,  l i v e r  a n d  a d i p o s e  t i s s u e  l i p i d s  
f r o m  the  P H C  g r o u p  c o n t a i n e d  a c o m p a r a b l e  
a m o u n t  o f  o c t a d c c e n o i c  a c i d ,  a n d  ca.  2 5 %  o f  t h a t  in  
s e r u m  a n d  l i v e r  l i p i d s  w a s  r e p l a c e d  w i t h  t he  trans 

i s o m e r  in t h e  P H C  g r o u p ;  t he  c o r r e s p o n d i n g  v a l u e  
fo r  t h e  a d i p o s e  t i s s u e  w a s  ca.  30%.  O n l y  m a r g i n a l  
a m o u n t s  o f  o t h e r  t y p e s  o f  trans a c i d s  s u c h  a s  t- 16:1 

a n d  t c - 1 8 : 2  o r  c t - 1 8 : 2  w e r e  d e t e c t e d .  

S i m i l a r  p a t t e r n s  o f  t h e  r e s p o n s e s  w e r e  a l s o  
o b s e r v e d  w h e n  O k  a n d  P H C  d i e t s  c o n t a i n i n g  

c h o l e s t e r o l  w e r e  fed.  Trans f a t t y  a c i d  in  t h e  o c t a d e c -  

e n o i c  a c i d  f r a c t i o n  a p p r o x i m a t e d  to  2 0 %  fo r  s e r u m  

a n d  l i v e r  l i p i d s  a n d  4 0 %  fo r  t h e  a d i p o s e  t i s sue .  

DISCUSSION 

In  t h e  p r e s e n t  s t u d y ,  d e s i g n e d  to  e l u c i d a t e  t h e  

e f fec t s  o f  trans f a t t y  a c i d s  o n  s t e r o l  m e t a b o l i s m ,  t h e  
d i e t a r y  f a t s  c o n t a i n i n g  a c o m p a r a b l e  a m o u n t  o f  
o c t a d e c e n o i c  a c i d  b u t  d i f f e r i n g  in  t h e  g e o m e t r y  

w e r e  fed  t o  r a t s  u n d e r  the  c o n d i t i o n  w h e r e  t he  
l i n o l e i c  a c i d  c o n t e n t  w a s  m a d e  e q u i v a l e n t .  T h e  

o n l y  c o g n i t i v e  d i f f e r e n c e  f o u n d  in  o l i v e  o i l  a n d  
p a r t i a l l y  h y d r o g e n a t e d  c o r n  o i l  w a s  t he  c o n t e n t  o f  

s t e a r i c  a c i d ,  a m i n o r  c o m p o n e n t  f a t t y  a c i d  in  b o t h  
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fats. From the fatty acid profile of tissue lipids, the 
effects of essential fatty acid deficiency could 
obviously be ignored. 

T r a n s  fat in relation to the corresponding cis  fat 
did not modify the rate of bile flow nor the 
concentrat ion of biliary cholesterol and bile acids 
in two sets of experiments,  with or without dietary 
cholesterol. T r a n s  fat also did not always exert 
statistically significant effects on fecal steroid excre- 
tio'n. However, when diets free of cholesterol were 
fed, there was a 1.5-fold increase in the excretion of 
fecal steroids when expressed in terms of mg /day  
or m g / g  feces. The results suggest a net increase by 
t r a n s  fat in fecal output of steroids. When choles- 
terol-enriched diets were fed, the magnitude of the 
increase in fecal neutral steroids by t r a n s  fat in 
relation to cis  fat was marginal and there was no 
difference in acidic steroid excretion. It seems 
likely that the effect of dietary cholesterol on 
steroid metabolism outweighs that  of the difference 
in the geometric configuration of dietary octadec- 
enoic acid, A similar trend in the increment in fecal 
steroid excretion was also observed between P H C  
and SA groups and confirmed the results obtained 
in the previous study with unhydrogenated and 
partially hydrogenated soybean oil (5). 

The biochemical and physiological significance 
of the present observation is hard to evaluate at the 
moment.  It is concluded that t r a n s  fat is no more 
hypercholesterolemic than cis  fat when the same 
amount  of linoleic acid is supplied simultaneously, 
One possible objection to this conclusion is that  
hypercholesterolemia may be induced by olive oil 
which contains detectable amounts  of squalene, a 
precursor of cholesterol (our olive oil contained ca. 
4 mg squalene/g,  thus supplying 40 mg/100 g diet). 
The hypercholesterolemia observed on feeding 
olive oil in the cholesterol-free diet may be relevant 
to the presence of squalene. However,  when excess 
cholesterol was included in the diet, olive oil still 
elevated the serum cholesterol. Recently, Richter 
and Sch~ifer (12) observed that replacement of di- 
etary triglyceride by squalene resulted in a signifi- 
cant reduction ol  cholesterol absorpt ion in rats. 
The lower serum cholesterol level associated with 
feeding t r a n s  fat would be in part the reflection of 
increased fecal neutral steroid excretion and hence 
decreased absorpt ion of cholesterol. In addit ion,  in 
rats fed a cholesterol-free diet, the increased fecal 
excretion of bile acids may also account for the 
reduced serum cholesterol. When diets containing 
insufficient essential fatty acids were fed to rats, 
t r a n s  fat elevated the serum cholesterol level com- 
pared to polyunsaturated fat or saturated fat (13). 

Together with the changes in serum cholesterol 
levels, PHC compared to OL decreased serum apo 
B when cholesterol-containing diets were fed. 
Although the mechanism whereby dietary t r a n s  fat 
exerts its effect on the level of serum apo B is 

KOHNO, Y.-J. CHO AND T. 1DE 

unclear, the difference in the geometry of dietary 
fats seems also to influence the metabolism of 
serum apolipoproteins (14,15). The difference in 
the response of serum apo A-1 to dietary P H C  and 
SA was consistent with that observed previously 
(5). 

The increase in steroids in the lumen of the colon 
is thought to promote  the incidence of colonic 
cancer (16,17), but at present it seems inappropriate 
to correlate the observed effects of t r a n s  fat on fecal 
steroid excretion to the carcinogenesis (18-20). 
Although there were considerable differences in 
compositions of neutral and acidic steroids between 
t r a n s  and cis fat groups, the evidence was not 
enough to sustair, the effects of t r a n s  fat on the 
microbial flora. It is therefore unlikely that, so far 
as the present data  indicate, t r a n s  monoene has a 
distinct promoting effect on colonic carcinogenesis 
(21). Of course, long-term feeding trials should be 
carried out before any definite conclusions should 
be drawn. Nevertheless, Alfin-Slater and Aftergood 
(22) were able to observe any untoward effects of 
t r a n s  fats on the well being of rats in the multi- 
generation studies. 
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METHODS 

The Synthesis and Biological Activity 
of Thiolcarnitine and Its Thiolesters 
EDWARD F. DUHR, J. MATTHEW MAUROo EDWARD L. CLENNAN and ROLAND E. BARDEN* ,  
Departments of Chemistry and Biochemistry, University of Wyoming, Laramie, WY 82071 

ABSTRACT 

Acetyl-D,L-thiolcarnitine was synthesized by the acid-catalyzed addition of thiolacetic acid to 4- 
trimethylammonio-2-butenoic acid. AcetyI-D,L-thiolcarnitinc was the precursor of D,L-thiolcarnitine. 
which was preparcd by base hydrolysis. -I-hiolcarnitine significantly enriched in thc L-isomer was prepared 
from acetyI-D,L-thiolcarnitine using carnitine acetyltransferase as the resolving agent. The C2, C~ and C,, 
carnitine thiolesters were obtained by acylating thiolcarnitine with the corresponding N-hydroxysuccinimide 
esters. As a substrate for carnitine acetyltransferase, acetylthiolcarnitine gave the same kinetic constants as 
did acetylcarnitine; on the other hand, thiolcarnitine and carnitine gave the same K,o but the V ..... with 
thiolcarnitine was less than 5% of the value obtained with carnitine. With thiolcarnitine and acetyhhiol- 
carnitine as reactants, the measured K,q, at 30 C and pH 7.0, for the reacti~)n catalyzed by carnitine 
acetyhransferase (see below) was 4.6_+. I. 

acetylthiolcarnitine+ CoA -- acetyI-CoA + thiolcarnitinc 
Lipids 18: 382-386, }983. 

A published abstract ( 1 ), appearing in 1970, stated 
that a long-chain carnitine thiolester was bio- 
logically active as an analog of the corresponding 
carnitine ester. Thiolcarnitine (i.e., 4-trimethyl- 
ammonio-3-mercaptobutanoate)  attracted our at- 
tention because its availability would allow us to 
synthesize affinity labels and photoaffinity labels 
for carnitine and carnitine ester binding sites by 
derivatizing the thiol group, just as we have done 
with CoA (2-4). We therefore developed a synthesis 
for thiolcarnitine and its thiolesters and evaluated 
their biological activity rather extensively. As we 
were completing these experiments, Ferri et al. (5) 
published a note on the mitochondrial  handling of 
D,L-thiolcarnitine and acetyI-D,L-thiolcarnitine, 
thereby establishing that thiolcarnitine is indeed 
biologically active as a substitute for carnitine. 

This communication reports a synthetic route to 
thiolcarnitine and its thioIesters that is relatively 
simple, uses reagents and equipment that are 
commonly found in biochemical laboratories and 
yields products in amounts suitable for most 
biochemical studies. A procedure for enriching the 
L-isomer content of thiolcarnitine (to 77-86%) was 
also developed. A synthesis of thiolcarnitine has 
not been published previously. Preliminary reports 
of our experiments have appeared (6,7). 

*'lo v,hom correspondence should be .sent. 

EXPERIMENTAL 

Materials 

CoA-Li + salt, dithiothreitol, acetyl-L-carnitine, 
and L-carnitine were purchased from P-L Bio- 
chemicals (Milwaukee, WI). NAD*, ATP,  A D P ,  
mersalyl acid, citrate synthase (EC 4.1.3.7) type I1 
from pig heart, malic dehydrogenase (EC 1.1.1.37) 
from pig heart, carnitine acetyltransferase (EC 
2.3.1.7) from pigeon breast, and cis-oxalacetic acid 
were purchased from Sigma (St. Louis, MO). 
Thiolacetic acid, 5,5'-dithiobis(2-nitrobenzoic acid) 
(abbreviation: DTNB), N-hydroxysuccinimide and 
D,L-carnitine were purchased from Aldrich (Mil- 
waukee, WI). Thiolacetic acid was vacuum distilled 
prior to use and DTNB was recrystallized from 
glacial acetic acid. 

Acetyl-CoA (8) and D,L-acetyl carnitine (9) 
were synthesized by published methods. ATP-  
citrate lyase (EC 4.1.3.8), purified from rat liver to 
a specific activity of 2.2 uni ts /mg by the method of 
Linn and Srere (10), was a gift from David C. 
Hammond.  

Assays 

The purity of carnitine compounds was assessed 
by thin layer chromatography (TLC) at room 
temperature on silica gel plates (E. Merck, # 5775) 
using as solvent c h l o r o f o r m / m e t h a n o l / w a t e r /  
formic acid (50:42:8:2). Carnitine compounds 
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were visualized with iodinc vapors. The Rj were: 
carnitine, 0.16; thiolcarnitinc, 0.10; 4-trimethyl- 
ammonio-2-butenoate,  0.11; acetylcarnitine, 0.20; 
acetylthiolcarnitine, 0.18; octanoylthiolcarnitine, 
0.38; palmitoylthiolcarnitine, 0.52; dithiothreitol, 
0.8. The carnitine thiolesters and 4-trimethylam- 
monio-2-butenoate quench UV irradiation and 
thus they were detected with a UVS-I I  lamp. 
Thiolcarnitine and dithiothreitol were detected by 
spraying with 3 mM DTNB, 40 mM potassium 
phosphate, pH 7.2. 

The concentrations of acetyl-L-carnitine and L- 
carnitine in solutions were determined as described 
(11). Acetyl-L-thiolcarnitine was determined by 
the method for acetyl-L-carnitine (11). 

RESULTS AND DISCUSSION 

Acetyl- D,L-thiolcarnitine 

D,l,-Carnitinc was dehydrated to form 4-tri- 
methylammonio-2-butenoic acid, as described in 
(12) except that we refluxed the system up to 4 hr. 
The product separated from the reaction system as 
an oil upon adding 4 vol of anhydrous ether. The 
oil was triturated to a solid, which was then 
dissolved in methanol and treated with small 
amounts of activated charcoal to remove colored 
contaminants. Several crystallizations from 2-pro- 
panol /methanol  (4: 1) were required for purifica- 
tion. In a typical synthesis of acetyl-D,L-thiol- 
carnitine, 11 mmol of the a,[3-unsaturated acid 
were treated with 7 ml of thiolacetic acid and a drop 
of H2SO~. The heterogeneous mixture was stirred 
under N2 and heated at 60-70 C for 1~/.~-2 hr, then 
cooled to room temperature and left, with stirring, 
for several hours. Care was taken to avoid over- 
heating, which led to formation of an intractable 
orange oil. Progress of the addition reaction was 
monitored by TLC. The product was filtered and 
washed with small volumes of acetone and ether. 
After crystallization from a minimal volume of 
absolute ethanol, yields ranged from 55 to 80%; 
mp = 166 C. The L-isomer accounted for 46-49% of 
the total thiolester content. Confirmation of the 
structure of acetyI-D,L-thiolcarnitine was provided 
by high resolution ~H and ~C N M R  analysis (Fig. 
I). Proton resonances a, b and d at 3.2, 3.8, and 2.9 
ppm agree well with analogous values reported for 
O-acetylcarnitine (13). The main difference be- 
tween the spectra of O-acetylcarnitine and acetyl- 
thiolcarnitine is the methine proton resonance, 
which occurs at 5.64 ppm in the former compound 
and at 4.22 ppm in the latter. Assignment of ~C 
resonance lines was aided by an experiment (not 
shown) allowing ~H and ~C coupling (14). Thus, 
carbonyl lines g and c were not split, methylene 
lines b and d gave triplets, methyl lines a and fgave 
quartets, while the methine carbon c gave a dou bier. 

By analogy to published spectra of trimethyllysine 
metabolites (15), the t r imethylammonio carbon 
resonance was assigned at 56.27 ppm and the 
methylene b resonance at 71.19 ppm. 

The stability of neutral aqueous solutions of 
acetyI-D,L-thiolcarnitine toward hydrolysis is good. 
Thus, 11.5 mM acetylthiolcarnitine was kept at 
room temperature under N., in 50 mM potassium 
phosphate, pH 7.0, for 4 days, and only 4.3% of the 
acetylthiolcarnitme had hydrolyzed. 

Thiolcarnitine 

In a typical preparat ion of  D,L- th io lcarn i t ine,  
0.8 mmol  of acetyl thiolcarni t ine was hydrolyzed 
with a several molar  excess of K O H  for 2 min at 0 C 
and then neutralized with HCI. D,L-Th io lcarn i t ine  
thus prepared was used in synthesizing carnitine 
thiolesters. In aqueous solution exposed to air, 
thiolcarnitine was relatively stable toward oxida- 
tion at pHi<4,  but oxidation to the disulfide was 
significant at neutral and basic pH values. 

D,l ,-Thiolcarnitine solutions of known concen- 
tration were titrated with a standard NaOH solu- 
tion to determine pKa values for the carboxyl and 
thiol groups. A Radiometer ETS 822 titrating 
system, kindly made available by Dr. R. Middaugh, 
was used for these studies. The pKa values were 
determined to be 3.4 and 8.1 for the carboxyl group 
and thiol groups, respectively. These values can be 
compared to published pKa values for the carboxyl 
group of carnitine, 3.88 (16), and the thiol group of 
cysteamine, 8.2 (17). 

For the preparation of thiolcarnitine significantly 
enriched in the L-isomer, carnitine acetyltransfer- 
ase was used to resolve the racemic aeetyl thiof  
carnitine. The reaction system is shown in Scheme 
1 (below) where ( :AT and CS are abbreviations for 
carnitine acetyltransferase and citrate synthase, 
respectively. 

A reaction system contained the following rea- 
gents in 40 ml: aeetyl-D,L-thiolcarnitine. 1.6 mmol; 
oxalacetate, 0.95 mmol; potassium phosphate, pH 
7.0, 8 mmol; CoA, 22 #mol; citrate synthase, 1.2 
mg; carnitine acetyltransferasc. 2.0 rag. The system 
was maintained at 30 C under a N: stream. 
Aliquots were withdrawn periodically and tested 
for free thiol with DTNB; ca. 50 min were generally 
required for 90-950,4 of the theoretical yield of l,- 
thiolcarnitine to be released. The isolation of  l,- 
thiolcarnitine was initiated by adding to the solu- 

L-ACETYLTHIOL- �9 CoA CAT ACETYI.- * L-THIOL- 
CARNITINE ~ C o A  CARNITINE 

C ITRAT': : OXAI_ACE TATE 

SCHEME I. 
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FIG. 1. ~H (top)and ~C (bottom) NMR spectra for acetyI-D,L-thiolcarnitine. Spectra were 
obtained with a JEOL FX 270 NM R spectrometer, using D~O as a solvent. The external standard 
was 2,2-dimethyl-2-silapentane-5-sulfonate in DzO. An HDO resonance was observed at 4.8 ppm 
in the ~H spectrum. 

tion an amount  of mersalyl acid equimolar to the 
thiol content. The solution was stirred briefly and 
then chromatographed on a Bio Rad AG I X 8  
anion exchange column (18 x 2 cm) in the CI- form. 
Due to its negative charge, the mercaptide of  L- 
thiolcarnitine and mersalyl acid was retained on 
the column while other carnitine compounds 
washed through. After a water wash of ca. 3 
column volumes, L-th~olcarmtme was eluted with 
100 ml of 16 mM dithiothreitol followed by more 
water. Eluted fractions were carefully monitored 
for thiolcarnitine and dithiothreitol by TLC. Thiol- 
carnitine eluted prior to dithiothreitol. L-Thiol- 
carnitine fractions were collected and concentrated 
by rotary evaporation at 30 C; yields ranged from 
30 to 65%. After conversion to acetyl-L-thiolcarni- 

tine (see below), the stereoisomeric purity of several 
preparations ranged from 77 to 86% L-isomer. 

Ferri et al. (5) reported that acetylthiolcarnitine 
is a potent acylating agent. We noted that acetyl- 
thiolcarnitine acetylates CoA at a slow but signifi- 
cant rate at neutral pH. Thus, in controls (i.e., 
without carnitine acetyltransferase) for the meas- 
urement of K~q (see below), 20% of the available 
CoA was acetylated by nonenzymatic transesterifi- 
cation from acetyI-D,L-thiolcarnitine after 50 min 
of incubation. If 20% of the transesterification 
events in the reaction system for resolving acetyl- 
D,L-thiolcarnitine are nonenzymatic, then the max- 
imum possible stereoisomeric purity is 90% L- 
isomer. We observed somewhat less than 90% 
stereoisomeric purity. We attribute the observed 
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lesser levels of stereoisomeric purity to the fact 
that, as the enzyme removes acetyl-L-thiolcarnitine, 
it becomes more probable that a nonenzymatic 
transesterification event will involve acetyl-D-thi- 
olcarnitine rather than acetyl-L-thiolcarnitine. 

Carnitine Thiolesters 

The thiolesters were synthesized by treating an 
aqueous solution of thiolcarnitine with 1.5 equiva- 
lents of the acetyl, octanoyl, or hexadecanoyl ester 
of N-hydroxysuccinimide (18). A homogeneous 
system was achieved by adding 2-propanol, and 
then a 10-molar excess of NaHCO3 was added. 
Progress of the reaction was monitored by testing 
for thiols with DTNB (19); generally, no thiol was 
detected after 20 min. Acetyl-L-thiolcarnitine was 
purified by TLC on cellulose plates (E. Merck, 

5503), using as solvent n-butanol/acet ic  acid/  
water (5:2:3). Octanoyl- and palmitoyl-thiolcar- 
nitine were purified in the same way, except that 
the solvent was n-butanol/acet ic  ac id/water  (4:1: 
1). The product was located with a UVS-I I Min- 
eralight lamp, and the band was scraped and 
extracted with methanol. Yields ranged from 25 to 
40%; thiolcarnitine disulfide was the principal side 
product. Each of the carnitine thiolesters stimulated 
02 uptake by rat heart and beef heart mitochondria 
equally as well as the corresponding carnitine ester, 
supporting observations reported previously (1,5). 

Comments on Biological Activity 

Ferri et al. (5) showed that D,L-thiolcarnitine 
and acetyl-D,L-thiolcarnitine are substrates for 
carnitine acetyltransferase, but they did not deter- 
mine kinetic constants. We determined whether 
carnitine and thiolcarnitine, and also acetylcarni- 
tine and acetylthiolcarnitine, exhibited the same 
kinetic parameters with carnitine acetyltransferase 
(Table 1). The rate of catalysis with acetylcarnitine 
or acetylthiolcarnitine as the varied substrate was 
measured spectrophotometrically at 30 C using an 
assay solution that contained the following, in 
p.moles, in 1.0ml: L-malate, 10; N A D ' ,  0.5; EDTA,  
1.0; CoA,  0.5; Tris-C1 pH 7.5, 100; and 5.1, 0.74, 
and 0.55 units of malic dehydrogenase, citrate 
synthase, and carnitine acetyltransferase, respec- 
tively. Concentrations tested ranged from 50 to 800 
p.M. When carnitine or thiolcarnitine was the 
varied substrate, the rate was measured spectro- 
photometrically at 30 C using an assay solution 
that contained the following, in p.moles, in 1.0 ml: 
citrate, 20; ATP,  5; MgCb,  10; N A D H ,  0.14; 
acetyl-CoA, 0.15; Tris-Cl, pH 8.0, 100; and 3.0, 1.3, 
and 0.34 units of malic dehydrogenase, ATP  citrate 
lyase, and carnitine acetyltransferase, respectively. 
Carnitine and tbiolcarnitine concentrations varied 
from 30 to 600 p.M. In both assay systems, the 
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TABLE I 

Kinetic Constants for the Carnitine/Thiolcarnitinc 
and Acetylcarnitine/ AcelyJthiolcarnitine Pairs with 

Carnitine Acetylt ransli:rase ~ 

K,,,(mM) V~.,,(AA~a,,i min) 

l_-Carnitine 0.21 -+ .03 0.78 _+ .06 
l.-'lhiolcarnitinc 0.19 _+ .02 0.035"+ .002 

D,L-Carnitine 0.33 "+ .03 0.64 + .02 
D.l.-'lhiolcarnitine 0.17 4_ .02 0.021 • .001 

[.-Acetylcarnitinc 0.069.+ .012 0.38 -+ .02 
I.-Acetyhhiocarnitine 0.10 -+ .01 0.36 .+ .01 

D,L-Acetylcarnitine 0.10 _+ .02 0.31 4_ .02 
D.I.-Acetylthiolcarnitinc 0.14 "+ .02 0.31 "+ .02 

+Studies with carnitine and thiolcarnitine were done on the 
same day with the same assay solutions, and likewise for the 
acetylcarnitinc, acetylthiolcarnitine studies. 

reaction was initiated by adding carnitine acetyl- 
transferase. Kinetic constants were calculated by 
fitting data to the H Y P E R O  program written by 
Cleland (20). 

The results show that essentially equivalent 
kinetic constants are obtained for the acetyl com- 
pounds when the substrate pair is CoA plus 
acetylcarnitine or acetylthiolcarnitine. However, 
when the substrate pair is acetyl-CoA plus carnitine 
or thiolcarnitine, the Km values are still similar but 
the Vma~ for thiolcarnitine is less than 5% that of 
carnitine. 

As reflected in the measured Km values (Table 1), 
thc binding of carnitine and thiolcarnitine, and 
their acetylesters, appears to be equivalent. Thus, 
considering the Haldane Relationship 

(K~q = V__2~ KMI') 
V, KMs (21), 

the comparatively low value observed for V .... with 
thiolcarnitine should be reflected in the measured 
K~q. That is, for the reaction 
acetyl-thiolcarnitine + CoA -- 

acetyl-CoA + L-thiolcarnitine 
one predicts a significantly larger K~ with acetyl- 
thiocarnitine and thiolcarnitine than with acetyl- 
carnitine and carnitine. We determined the equilib- 
rium constant at 30 C under N: for the reaction 
catalyzed by carnitine acetyltransferase. The initial 
system contained the following, in p.moles, in 3.0 
ml: CoA,  1.5; acetyl-D,L-thiolcarnitine, 3.0; potas- 
sium phosphate, pH 7.0, 300; EDTA,  1.5; and 6 
units of carnitine acetyltransferasc. Duplicate re- 
actions were stopped at 30, 45 and 60 rain by 
immersion of the tube in water at 80 C for 1 min 
(22). Aliquots were then assayed for both acetyl- 
CoA and acetyl-L-thiolcarnitine. The value of K~4 
was 4 .6+.1 ,  which differs significantly from the 
value (K~, = 0.32) reported for essentially the same 
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s y s t e m  b y  F e r r i  e t  a l .  (5) .  T h e  b a s i s  o f  t h e  d i s -  

c r e p a n c y  is n o t  k n o w n .  W h e n  t h e  e x p e r i m e n t  

o u t l i n e d  a b o v e  w a s  r e p e a t e d ,  b u t  s t a r t i n g  w i t h  

C o A  a n d  a c e t y l - D , L - c a r n i t i n e ,  t h e  K~ 4 w a s  0 . 6 0  + 

�9 17 w h i c h  is t h e  s a m e  v a l u e  r e p o r t e d  b y  F r i t z  et  a l .  

(22) .  
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Rapid Qualitative Analysis of Polar and Nonpolar Lipids 
in a Single Sample Using "Three-Way" Thin Layer 
Chromatography 

C O R A L  G. D U C K - C H O N G  and GARY J. BAKER,Department of Histology and Embryology, 
University of Sydney, Sydney, N.S.W., Australia 2006. 

ABSTRACT 

Plastic sheets, precoated with silica gel, are cut to give a square with a strip attached at the top right-hand 
corner. Lipid extract is applied to the square portion, just below the strip, and chromatographed in a solvent 
which moves nonpolar lipids on to the strip, leaving polar lipids at the origin. The strip is cut off and 
separation of the lipids on the strip and the remaining square portion of the plate is completed by 
conventional one- or two-dimensional chromatography, respectively. The application of this method and a 
multiple staining technique to the analysis of lipids in human bronchoalveolar lavage fluid is described. 
Lipids 18: 387-389, 1983. 

Thin layer chromatography (TLC) is now well 
established as a standard technique for the analysis 
of lipid mixtures (1). Originally, chromatography 
was carried out using glass plates coated with silica 
gel in the laboratory, but now commercially avail- 
able precoated plates are often used for conveni- 
ence. The silica gel may be precoated on to plastic 
or a luminium sheets, instead of glass, so that plates 
can easily be cut to any desired shape before use. 
This paper describes two additional ways in which 
the special properties of plastic-backed plates may 
be exploited: (a) the plate may be cut between 
solvent runs, and (b) different lipid detection 
procedures may be applied consecutively to the 
same plate. 

MATERIALS AND METHODS 

Lipids, obtained from Sigma Chemical Co., St. 
Louis, MO, Calbiochem-Behring, La Jolla, CA, 
and Dr. K. Murray, were dissolved in chloroform 
o r  chloroform/methanol  for use as standards. 
Other reagents were analytical grade, except for 
chloroform and ethanol, which were redistilled 
before use, and diisopropyl ether, tetrahydrofuran, 
hexane fraction and dimethoxymethane, which 
were laboratory reagent grade. Plastic-backed 
plates, 20 • 20 cm precoated with a 0.2-ram layer 
silica gel (Merck, Darmstadt  No. 5748), were used 
for TLC. 

Bronchoalveolar lavage fluid (BAL) was ob- 
tained during bronchoscopy of a normal volunteer, 
by washing three times with 50 ml NaC1 (90 g/l), 
then centrifuged at 250 gfor 10 min. A chloroform/ 
methanol extract of the cell-free supernatant  was 
prepared (2) and its total phosphorus content was 
determined (3). 

"Three-way" TLC: General Procedure 

Mark plates with a soft pencil and cut as 

indicated in Figure 1. Trim 1 mm silica gel coating 
from the three edges of each plate parallel to the 
arrow, using a scalpel blade and a straight edge. 
Prewash the plates, as indicated in Figure 1, if 
required. Apply lipid tO the plate as a 4 mm streak, 
10 mm below the dotted line (Fig. 2) and 8 mm 
from the right-hand edge of the plate. A 5 #1 
microdispenser (Drummond,  Broomall, DE) is 
particularly suitable for this purpose. 

Chromatograph in the direction of arrow 1 in a 
solvent which moves all or most nonpolar  lipids on 
to the strip (Fig. 2). Remove the strip by cutting 
with scissors, as indicated by the dotted line (Fig. 
2), and chromatograph in additional solvents in the 
direction of arrow 1 to complete the separation of 
nonpolar  lipids, if required (Fig. 3C). During 
chromatography, it may be necessary to support 
the strip in a 2-cm wide stand made of Whatman 3 
MM paper (Fig. 1B), so that the lower edge of the 
silica gel just touches the solvent (see Results and 
Discussion). 

Trim 1 mm silica gel from the upper edge of the 
remaining square portion of the plate, then carry 
out conventional two-dimensional chromatogra- 
phy in the directions indicated by arrows 2 and 3 
(Fig. 2) to separate polar lipids. During the first 
solvent run, support the plate in a 9-cm wide stand, 
as described above, if necessary. 

Lipid Detection 

The following reagents were used: reagent A, 
ninhydrin in water-saturated butanol  (1); reagent 
B, stock molybdenum blue reagent (1), diluted with 
1 vol each of distilled water and ethanol on the day 
of use; reagent C, 39 g cupric acetate monohydrate 
dissolved in 1 liter of 0.5 M H2SO4, then diluted 
with 0.25 vol ethanol; reagent D, 0.5 M I-I2SO4 
diluted with 0.1 vol ethanol. Solvent-free plates 
were treated with reagent A, B or C for 1 rain, either 
by vertical immersion or by placing face down on 
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Fig. 1. Preparation for TLC. (A) Layout for cutting four plates from a single plastic- 
backed sheet of silica gel, For each plate, the arrow indicates the direction of solvent flow during 
prewashing and in the first solvent. (B) Stand for supporting the plate at the solvent surface during 
chromatography. (C) An alternative approach (see Results and Discussion section). Arrow, as for 
(A). 

the surface of the reagent in a shallow dish, then 
drained and heated at 50 C for 5 min (A), dried at 
room temperature (B) or heated at 170-180 C for l0 
rain (C) to develop color. For  multiple staining, 
the plate was treated consecutively with reagents A 
and B, washed by dipping for 5 min in reagent D, 
then treated with reagent C, with thorough drying 
between each reagent. 

RESULTS AND DISCUSSION 

An example of the application of the ' three-way' 
TLC method to the analysis of a standard lipid 
mixture and the lipids in bronchoalveolar  lavage 
fluid is presented in Figures 2 and 3. Because, in the 
solvent system used, monoglyceride and choles- 
terol were located close to the cutting line after the 
first solvent run (Fig. 2), a stand was used to 
support the plate and the strip during subsequent 
chromatography to prevent these lipids being 
leached off by the solvent. The whole chromato-  
graphic procedure can be completed in less than 2 
hr. 

Figure 3B illustrates the use of a multiple 
staining procedure. Reagents A and B are specific 
for free amino groups and phospholipids, respec- 
tively; reagent C is a nonspecific charring reagent. 
This procedure takes advantage of the strong 
bonding of the silica gel to the backing material 
which enables the plate to withstand repeated 
dipping in staining reagents. It is possible that the 
unidentified minor components of BAL extract 
which stain with reagent C, but not with reagents A 
and B (Fig. 3B), are glycolipids of lung origin (4). 

The example described in this paper (Fig. 3) 
illustrates only some of the possibilities inherent in 
the use of plastic-backed TLC plates. The princi- 
ples of the method may be adapted in many ways to 

meet the specific needs of the user. For  example, if 
only one-dimensional chromatography of both 
polar and nonpolar lipids is required, several 
different samples may be applied to a plate 18-cm 
long (Fig. IC). The samples would be applied l0 cm 
from the top of the plate and, after running for 14 
cm in the first solvent, the plate would be cut 9 cm 
from the top, as indicated by the broken line in Fig. 
IC. Alternatively, if two-dimensional chromatog- 
raphy of both nonpolar and polar lipids is re- 
quired, a single sample may be applied in the 
position closest to the right-hand edge of the plate 
(Fig. IC). In addition, it may be possible to develop 
different combinations of compatible specific stain- 
ing reagents. 

This approach is especially suited for use as a 
rapid screening procedure, because it obviates the 
need to separate polar and nonpolar  lipids by 
column chromatography prior to TLC. For  exam- 
ple, it could be used in preliminary experiments 
when information about broad changes in lipid 
composition is required prior to designing more 
detailed studies or, alternatively, to monitor  the 
composition of fractions obtained during lipid 
purification. When used in combinat ion with a 
sensitive multiple staining procedure, such as that 
described in this paper, ' three-way' TLC also 
allows detailed qualitative analysis when only a 
small amount  of lipid is available. 
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Fig. 2. The first stage of 'three-way' TLC of lipid 
standards. Plates were prewashed in chloroform/methanol 
(2: l, v/v) and 5 #g each lipid standard was applied. The 
plate was chromatographed in diisopropylether/methanol/ 
acetic acid (50:0.6:0.8, v/v) as indicated by arrow l, then 
stained with reagent C. Key: (a) cholesterol stearate, cetyl 
palmitate and tripalmitin; (b) palmitic acid; (c) 1,2- 
dipalmitin; (d) cholesterol; (e) monopalmitin; (f) mixture 
of phospholipids (as in Fig. 3A) at the origin. The dotted 
line indicates where the plate must be cut before proceed- 
ing with chromatography. The arrows indicate the three 
directions in which solvents travel in the complete 
procedure. 
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Fig. 3. 'Three-way' TLC of lipid standards and BAL extract. The plates, which contained 5 ~g 
each lipid standard (A,C) or BAL extract (B,D) equivalent to 1.8 ml original BAL fluid (2 ~g total 
phosphorus), were prewashed, chromatographed and cut as described in Fig. 2. The square 
portions were dried for 5 min in a fume hood, then for 5 min at 60 C and chromatographed in two 
dimensions using chloroform/methanol/acetic acid/water (25:8:8: 1, v/v) followed by tetrahy- 
drofuran/dimethoxymethane/methanol/water  (10:6:4: 1, v/v), with drying (as above) between 
solvents. Separation of nonpolar lipids on the strips was completed by chromatographing to the 
top of the strip in benzene/petroleum et her (40-60 C boiling fraction) ( 1 : l, v/v), then hexane. The 
strips were dried for 10 min in a fume hood between solvents. Plates A and B were stained with 
reagent C or by the multiple staining procedure, respectively. The strips were stained with reagent 
C only. For A:MG, monopalmitin; PA, phosphatidic acid; PG, phosphatidylglycerol; PE, 
phosphatidylethanolamine; PS, phosphatidylserine; P1, phosphatidylinositol; PC, phosphatidyl- 
choline; SM, sphingomyelin; LL, lysophosphatidylcholine; unlabeled spots, unidentified im- 
purities. For B: (a) spot which stained with reagent A; (c) spots which stained with reagent C but 
not with reagents A or B; all other spots reacted with both reagents B and C. For C: lipid 
standards were (from top to bottom) cholesterol stearate, cetyl palmitate, tripalmitin, palmitic 
acid, dipalmitin and cholesterol .  
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COMMUNICATIONS 

Iodination of Arachidonic Acid by the Iron/ 
H202/lodide System 

WILLIAM R. H E N D E R S O N ,  a,l.* WALTER C. H U B B A R D  b and S E Y M O U R  J. KLEBANOFF °, 
a Department of Medicine, University of Washington School of Medicine, Seattle, WA 98195, 
and b Department of Pharmacology, Vanderbilt University School of Medicine, Nashville, TN 37232 

ABSTRACT 

The newly described iron/hydrogen peroxide (H_~O2)/iodide antimicrobial system iodinates arachidonic 
acid to form the same products which are generated by peroxidase/H20_~ / iodide systems. Arachidonic acid 
is multiply iodinated with the formation of bis-iodohydrins and monoiodinated products which were 
identified as iodolactones by their high performance liquid chromatography elution patterns and by gas 
chromatography-mass spectrometric analysis, lodination of arachidonic acid by the iron/H~O2/iodide 
system appears to proceed via the formation of hydroxyl radicals as an intermediate species, lodination of 
unsaturated lipids may contribute to the cytotoxicity of the iron/H202/iodide system. 
Lipids 18: 390-392, 1983. 

Arachidonic acid is iodinated when incubated 
with H202, iodide and either eosinophil peroxidase 
(EPO), myeloperoxidase (MPO),  lactoperoxidase 
(LPO) or thyroid peroxidase (1-3), Peroxidase, 
H2Oz and a halide form a potent antimicrobial and 
cytotoxic system (for review see 4) and one of the 
mechanisms which may contribute to this toxicity 
is the halogenation of surface lipids. We have 
recently demonstrated that Fe 2÷ can replace peroxi- 
dase in ~ H202- and iodide-dependent antimicro- 
bial system (5) and that this system also can 
iodinate tyrosine residues of protein (6). We report 
here that the Fe2+/H202/I system can iodinate 
arachidonic acid and that the products formed are 
the same as those generated by the peroxidase 
systems. 

MATERIALS AND METHODS 

Special Reagents 

Arachidonic acid was obtained from NuChek 
Prep, Elysian, MN, and (5,6,8,9,11,12,14,15-3Hs)- 
arachidonic acid from New England Nuclear, 
Boston, MA. (5,6,8,9,11,12,14,1522Hs)arachidon - 
ate was prepared from eicosatetraynoic acid and 
deuterium gas as previously described (7). Water 
was deionized to a resistance of greater than 1.8 × 
107 ohms /cm and all salt solutions were passed 
twice over a Chelex 100 ion exchange resin (8) to 

remove trace metals. All organic solvents were 
obtained from Burdick and Jackson, Muskegon, 
MI, and all other reagents were of the highest 
commercial grade available. 

Iodination of Arachidonic Acid 

Arachidonic acid (10 -4 M, 30 #Ci 3H8) w a s  
incubated for 30 rain at 37 C in 15 ml of 0.02 M 
sodium acetate buffer, pH 5.5, containing 10 4 M 
ferrous sulfate, l f f  4 M H202 and 10 -4 M Nal. The 
reaction was terminated by the addition of 0.1 ml of 
0.01 M sodium thiosulfate. 

Product Analysis 

As previously described (3), after addition of 
sodium thiosulfate, the products were extracted 
with CH2C12 and separated by reverse-phase high 
performance liquid chromatography (RP-HPLC)  
on a 3.9 r am×30  cm /~ Bondapak C~8 column 
(Waters Assoc., Milford, MA) using methanol/  
water/acetic acid (80:20:0:0.1, v / v / v )  or 100% 
methanol as the solvent and a flow rate of 1 
ml/min.  Radioactive peaks were extracted with 
CH2C12 and either rechromatographed or deriva- 
tized for gas chromatographic-mass spectrometric 
(GC-MS) analysis as previously described (3). C- 
values are expressed as the relative chain length of 
saturated fatty acid methyl esters. 

~Recipient of Allergic Diseases Academic Award A100487 from 
the National Institute of Allergy and Infectious Diseases. 

*To whom correspondence should be sent. 

RESULTS 

3H-arachidonic acid was incubated with Fe 2*, 
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H202 and iodide, the tritiated products separated 
by R P - H P L C  and their elution profile compared 
to the profile resulting from incubation with the 
EPO/H202/ iod ide  system (Fig. 1). The profiles 
were similar except for a relative preponderance of 
fraction C. Peaks A-E in the Fe>/HzO2/ iodide  
system profile were collected, extracted and ana- 
lyzed by GC-MS.  Deuterated analogues of purified 
products of the LPO/H202/ iod ide  system with the 
same elution profiles as those in peaks A, B, D and 
E were employed as internal standards, and octa- 
deuterated arachidonic acid was used as an internal 
standard for the products in peak C. The presence 
of products previously isolated from the peroxi- 
dase systems (3) in the corresponding peaks formed 
by the Fe2+/H202 / iodide system was confirmed by 
coelution with the octadeuterated analogs with the 
appropriate chain length (C-value) during GC-MS 
analysis (Table 1). By these criteria, compound A 
was identified as a mixture of bis-iodohydrins 
arising from iodohydrin formation at the A 8 and 
A ~4 carbons, compound B as 6-iodo-5-hydroxy- 
eicosatrienoic acid, 6-1actone, compound C as 
unconsumed arachidonic acid and compounds D 
and E as a mixture of  14- and 15-iodinated 
macrolides. Compounds F and G were not amen- 
able to vapor phase analysis but correspond by 
their retention volume on R P - H P L C  to the mix- 
ture of nonpolar  iodolactones generated by the 
EPO, M P O  and LPO/H202/ iod ide  systems. Fe 3+ 
is unable to substitute for Fe z+ in the Fe2+/H202/ 

MeOH/H20/HO" c (80:20:O:l,v/v/v) 
20 

t" :I Io :', 
8: A C DE 

Me0H 

°" FG 

/ ii 
o ]  I, 

io eb 3'o 4b ~0 6b 
Elution Volume (ml) 

3 FIG. 1. Reverse-phase HPLC chrpmatogram of H- 
arachidonic acid metabolites generated by the FEZ+/H202/ 
I system. The reaction mixture, incubation and product 
separation were performed as described in Methods. The 
products formed by the Fe2+/H202/I system (~t--A) 
were compared to those resulting from the incubation, as 
described in (3), of arachidonic acid with eosinophil 
peroxidase, H202 and iodide ( o - - o ) .  

TABLE I 

GC-MS Analysis of Arachidonic Acid Metabolites Formed 
by the Fe"+/H202/I System 

Peak C-Value 

Ions monitored 

Extracted Internal 
compound standard 

m/z m/z 

A 26.0  313,383,437 387 
B 23.9 303 311 
C 19.3 318 326 

D,E 21.8 303 311 

iodide microbicidal system (5) and iodinated prod- 
ucts were not observed when Fe 2÷ was omitted 

~ +  , , , 

from the Fe e /H202/ to&de/arach ldona te  system. 

D I S C U S S I O N  

The findings reported here indicate that a system 
consisting of Fe 2÷, H202 and iodide can iodinate 
arachidonic acid to generate the same products 
formed by peroxidase/H202/iodide systems (3). 
Structural analysis of the products indicate that 
each of the 4 double bonds of arachidonic acid are 
susceptible to iodination. The EPO/H202 ~iodide 
system appeared to be more efficient than the iron- 
dependent system under our conditions since all 
the arachidonic acid (peak C) was consumed by the 
former and ca. 75% by the latter (Fig. 1). 

The mechanism of iodination of arachidonic 
acid by the Fe2+/H202 / iodide system is presumably 
similar to that for the iodination of  tyrosine 
residues of  protein (6). H202 reacts with Fe 2~ to 
generate hydroxyl radicals (OH-) as follows (9): 

H202 + Fe 2÷ --  Fe 3÷ + OH- + OH" 

The oxidation of iodide by the OH. formed would 
be expected, with the formation of  one or more 
iodinating species (10). The following sequence of 
reactions, 

OH" + I - - -  I" + O H -  
1" + H202 ~ HOI + OH" 

1- + H202--  HOI + OH 

for example, would generate both the iodine 
radical (I') and hypoiodous acid (HOI). The hy- 
droxyl radical does not appear to be an intermedi- 
ate in the iodination reaction catalyzed by peroxi- 
dases (6). Halogenation of membrane arachidonic 
acid or other unsaturated lipids by toxic iodide 
oxidation products may contribute to the antimi- 
crobial activity of the OH- generated by phago- 
cytes. 

LIP1DS, VOL. 18, NO. 5 (1983) 



392 

This study was supported by National Institutes of Health 
grants A117758, AIO7763, AM28511, GMI5431 and by a grant 
from the Rockefeller Foundation. We thank Ann Waltersdorph 
and Mark Phillips for skilled technical help and Caroline Wilson 
for expert secretarial help. 

ACKNOWLEDGMENTS 5. 
6. 
7. 

REFERENCES 

I. Boeynaems, J.M., and Hubbard,  W.C. (1980)J. Biol. Chem. 
225, 9001-9004. 

2. Boeynaems, 3.M., Regan, D., and Hubbard,  W.C. (1981) 
Lipids 16, 246-249. 

3. Turk, J., Henderson, W.R., Klebanoff, S.J., and Hubbard,  
W.C. (1983) Biochim. Biophys. Acta, in press. 

4. Klebanoff, S.J. (1982) in Advances in Host Defense Mechan- 
isms (Gallin, J.1. and Fauci, A.S., eds.) Vol. I, pp. 111-162, 
Raven Press, New York. 

C O M M U N I C A T I O N S  

Klebanoff, S.J. (1982) J. Exp. Med. 156, 1262-1267. 
Klebanoff, S.J. (1982) Biochemistry 21, 4110-4116. 
Taber, D., Phillips, M., and Hubbard,  W.C. (1981) Prostag- 
landins 22, 349-352. 

8. Rosen, H., and Klebanoff, S.3. (1981) Arch. Biochem. Bio- 
phys. 208, 512-519. 

9. Haber, F., and Weiss, J. (1934) Proc. Roy. soc. Lond. Set. 
A. 147, 332-351. 

10. Dorfman, L.M., and Adams, G.E. (1973) in Reactivity of the 
Hydroxyl Radical in Aqueous Solutions. National Standard 
Reference Data System; National Bureau of Standards, 
Number 46, pp. 1-59. 

[Received December 10, 1982] 

L1P1DS,  V O L .  18, NO.  5 (1983) 



393 

Bile Salt-Stimulated Lipase in Human Milk 
from 2 to 16 Weeks Postpartum 
PETER B. BROWN. RICHARD M. CLARK*. KENNETH E. HUNDRIESER,  ANN M. FERRIS and 
R 0 B E RT G. J E N S E N, Department of Nutrit ional Sciences, U- 17, University of Connecticut, Storrs, C T06268 

ABSTRACT 

Our objectives were to determine the change in bile salt-stimulated lipasc (BSSI_,) activity in mature milk 
with time postpartum and to determine if BSSL activity was related to total lipid in the milk. Milk samples 
were collected from 12 mothers at 2, 6. 12 and 16 weeks postpartum. A significant (P< .05) decrease in BSSL 
activity with time was observed. The average values expressed as/~mol free fatty acids released/m/n; ml milk 
were 5.3, 4.5, 4. I and 3.6 at 2, 6, 12 and 16 weeks postpartum. -Iotal lipid in the milk increased significantly (P 
< .05) from 4.1 g/dl at 2 weeks to 5.4 g;dl at 16 weeks postpartum but was not significantly correlated with 
BSSI, activity. 
Lipids 18: 393-396, 1983. 

While breast milk is recognized as the best 
nutrient lor infants, we are only beginning to 
appreciate some of its unique contributions in 
support of infant health. In this paper, we report on 
bile salt-stimulated lipase (BSSL), a lipase in breast 
milk which may be capable of contributing signifi- 
cantly to the digestion of milk lipids in the neonate. 
Since 50% of the calories consumed by the breast-fed 
infant are derived from lipids, their efficient diges- 
tion and absorption from the gastrointestinal tract 
is a major concern in neonatal nutrition. The 
physiological implications for the presence of 
BSSL in breast milk on infant nutrition have been 
reviewed (I-3). 

In this study, we determined the activity of BSSL 
in milk collected from mothers 2 to 16 weeks 
postpartum. Our major objective was to determine 
if BSSL activity changed with length of lactation. 
In two previous studies, BSSL activity did not 
change significantly with time postpartum (4,5). 
However, in these reports, the same mothers were 
not repeatedly sampled and we believe that individ- 
ual differences between mothers may have masked 
differences duc to the length of lactation. Therefore, 
we felt that a study with healthy women repeatedly 
sampled under carefully controlled conditions 
might detect differences that were missed in the 
previous studies. 

Bile sah-stimulated lipase activity also was com- 
pared to total lipid in the milk. Hall and Muller (5) 
observed a correlation between BSSL activity and 
lipid cor~centration within a feeding. A secondary 
objective of this study was to determine if the 
relationship between BSSL activity and lipid con- 
centration could be extended to a broader spectrum 
of milk samples. 

MATERIALS AND METHODS 

Twelve mothers were recruited in the second and 

*1o v, hom correspondence should be addressed. 

third trimester of pregnancy from the practices of 
cooperating obstetricians in North Central and 
Eastern Connecticut. Donors were given a full 
explanation of the project and written consent was 
obtained. Milk samples were collected between 
May 1980 and December 1980 from mothers whose 
milk was the total source of calories for their 
infants. 

Milk samples were taken by trained investigators 
in a home situation using an electric breast pump 
(Egnell, inc., Cary, IL). The total milk from one 
breast was taken at least I hr after a previous 
nursing in the morning (9.30-11.30 a.m.) and again 
in the afternoon (I.30-3.30 p.m.). The milk was 
immediately placed on dry ice and at the end of the 
day transported to the laboratory for storage at-70 
C. Milk was collected at 2, 6, 12 and 16 weeks 
postpartum. 

On the day of the analysis, milk was thawed and 
equal volumes of a.m. and p.m. milk were pooled 
for analysis. The total lipids were extracted by a 
modified Folch procedure and weighed as pre- 
viously described (6). 

The activity of BSSL in the milk was measured 
by the method of Hernell and Olivecrona (7). The 
substrate was prepared by the addition of ca. 0.9 
,uCi [carboxylJ~C] triolein, 25 mg of carrier tri- 
olein, 1.25 ml 1 M Tris-HCl buffer (pH 9.0), and i.0 
ml of 10% gum arabic. The mixture was son/fled at 
2 • 15 sec (Branson Instruments, Stamford, CT). 
To this son/fled mixture, we added 2.5 ml I M 
NaCI, 0.9 ml freshly prepared 10% sodium tauro- 
cholate and 2.5 ml of 18.6% bovine serum albumin. 
A second substrate was prepared without sodium 
taurocholate. The 180/~1 of substrate was p/petted 
into a test tube and preincubated at 37 C for 15 min. 

The enzyme source was milk diluted I: 150 with 5 
mM veronal buffer, pH 7.4. Twenty /~1 of  the 
diluted milk was added to the 180 ~ul of preincubated 
substrate and mixed. The final assay mixture was 
3. I mM triolcin, 138 mM Tris-HCl buffer, 1.2%gum 
arabic, .28 M NaCI, 19 mM sodium taurocholatc 
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and 5.2% bovine serum albumin. The assay was 
incubated in a Metabolyte water bath (New Bruns- 
wick Scielatific Co,, New Brunswick, N J) at 37 C, 
60 cycles/rain. For  each milk sample analyzed, 
there were two blanks, one without enzyme and 
one without bile salts. Four  percent of  the samples 
exhibited some lipolytic activity in the absence of 
bile salts. However, this activity was minor, less 
than 0.2 ~mol  free fatty acids re leased/min/ml  of 
milk. 

The reaction was stopped by the addition of 3.25 
ml of a mixture of methanol /ch loroform/heptane  
(1.41:1.25:1.00), followed by 1.05 ml of 50 mM 
boric acid, potassium carbonate buffer, pH 10.0. 
To separate the free fatty acids from unhydrolyzed 
substrate, each sample was immediately vortexed 
and centrifuged for 15 min at 900 × g. One ml of the 
aqueous upper phase was drawn off and counted 
by liquid scintillation. Extraction of fatty acids was 
determined to be ca. 90%. Corrections for extraction 
and quench were made. Results were expressed in 
units defined as 1 ~zmole of free fatty acid released/ 
min /ml  of milk. 

Milk from 3 mothers at least 2 weeks postpartum 
was used to determine the appropriate incubation 
time for the BSSL assay. The #moles of free fatty 
acids released by BSSL after 0, 15, 30, 45, and 60 
rain incubation were determined. The linearity of 
this data was determined by least squares regression 
analysis. 

Statistical analysis of our longitudinal study was 
based on analysis of variance of a complete block 
design with repeated measurements (8). The assump- 
tions of equal variances and correlations between 
times needed for the analysis of variance were 
tested and confirmed. If a significant change with 
time was detected, orthogonal contrasts between 
times were performed to determine if the change 
was linear or quadratic. To determine if BSSL 
activity was related to total lipid in the milk, a 
regression analysis was performed which compared 
the within and between times relationship of BSSL 
and milk lipid. This analysis is described in Snedecor 
and Cochran (9). 

RESULTS 

Under our incubation conditions, the BSSL 
activity with time was found to be linear from 0 to 
60 min. We chose 45 min in all subsequent BSSL 
assays. 

The volume of milk collected during the study is 
reported in Table 1. The average volume collected 
was 57.4 ml with no significant difference between 
the various times postpartum. This volume repre- 
sents two complete breast expressions and based 
on values in the literature represents slightly less 
than 10% of an average daily milk production (10). 
Although it would have been more desirable to 

TABLE 1 

Milk Volume, Total Lipid, 
and Bile Salt-Stimulated Lipase Activity" 

Stage of lactation 
weeks of postpartum 

Milk analysis 2 4 12 16 CV h 

Milk collected (ml) 51.5 59.0 60.4 58.7 35.0 
Total lipid (g/dl) 4.1 4.4 4.9 5.4 12.9 
Bile salt-stimulated lipase 
activity (units/ml milk) 5.3 4.5 4.1 3.6 22.5 

"Twelve observations in each mean. 
bCoefficient of variation [(error mean square) ~ "/x]× 100. 

obtain a 24-hr collection, in most cases this would 
have been impossible to obtain. Our collection 
procedure was carefully standardized, and we feel 
it was the most satisfactory procedure short of 24- 
hr collection. 

In the longitudinal study, bile salt-stimulated 
lipase activity was observed in all the samples 
analyzed. The average activity was 4.4 units + 1.0 
SD. The range of values observed were from 2.6 to 
10. I units. There was a significant (P < .05) linear 
decrease in activity from 5.3 units at 2 weeks to 3.6 
units at 16 weeks postpartum (Table 1). 

There was a significant (P < .05) linear increase 
in total lipid from 4.1 g/dl  at 2 weeks to 5.4 g/dl  at 
16 weeks postpartum. The mean lipid content of 
milk in this study was 4.7 g/dl  _+ 0.5 SD. The range 
was from 2.1 to 7.3 g/dl .  

From the data in Table 1, it appeared that there 
might be a negative relationship between BSSL 
activity and total lipid in the milk. In Table 2, 
values for regression analysis are given. The overall 
regression between total lipid and BSSL activity 
was not significant. However, when the between 
times regression was broken out, a significant 
regression coefficient (P < .01, B = -1.01) was 
calculated between total lipid and BSSL activity. 
The between times relationship is clearly observed 
in Table 1 with concentration of lipid increasing 
with the time postpartum from 4.1 to 5.4 gm/d l  and 
the BSSL activity decreasing from 5.3 to 3.6 
units/ml milk. This relationship is not seen within 
times as there is no significant regression. From the 
regression analysis, we concluded that BSSL activity 
and lipid content in the milk are not related but are 
both influenced by time postpartum. 

DISCUSSION 

Two previous studies report no significant change 
in the activity of bile salt-stimulated lipase with 
time postpartum. The study by Hernell et al. (4) 
had several uncontrolled variables which might 
have masked any change in BSSL activity with 
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TABLE 2 

Comparison of between and within Time Regression Analysis 
of BSSL Activity with Milk Lipid 

395 

Regression (Significance 
Comparison coefficient level) 

Sum of squares 

Regression Residual (df) 

Between times -1.01 (.01) 10.128 6.877 (10) 
Within times -0.06 (N.S.) 0.209 85.646 (35) 
Total 0.221 (N.S.) 2.934 99.926 (46) 

t ime pos tpar tum.  Some of these uncontro l led  
variables were varying degrees of malnut r i t ion ,  a 
lack of uni form sampling times pos tpa r tum and  a 
large var ia t ion between mothers .  For  a study which 
was not closely controlled,  they had relatively few 
observat ions which ranged f rom 9 at one t ime 
period to 29. It is not  surprising tha t  they observed 
no statistically significant change in BSSL activity 
with t ime pos tpar tum.  

In a second study by Hall and Muller  (5), 45 
samples of h u m a n  milk were collected f rom 14 
women from the four th  day to 71st week post- 
par tum.  One woman  provided 25 of the samples, 
while most  of the other  women  provided one 
sample each. The sampling times pos tpa r tum for 
different women were not  very well dis t r ibuted 
over the exper imental  period. While this study is of 
interest because of some of the other  observat ions  
made in it, the data  on BSSL activity with t ime 
pos tpar tum cannot  be analyzed statistically and 
would therefore be difficult to draw any conclusions 
from. 

After complet ing the work for this manuscr ipt ,  a 
third report  on BSSL activity with t ime pos tpa r tum 
has been published, Mehta  et al. (11) obtained 
repeated milk samples f rom mothers  and  analyzed 
for BSSL and bile sal t-st imulated esterase (BSSE) 
activities. Their  milk sampling and methods  were 
very similar to ours. However,  they observed no 
change in BSSL activity with time pos tpar tum.  
They did observe a decrease in BSSE activity. They 
fur ther  characterized the two enzyme activities by 
gel f i l t ra t ion c h r o m a t o g r a p h y  and gel electro- 
phoresis and found that  bo th  activities had identical 
elution and migrat ion patterns.  This suggested that  
the lipase and esterase activities were associated 
with the same protein moiety. If the lipase and 
esterase activities are due to one enzyme, it is 
difficult to explain how the esterase activity is 
altered wi thout  a change in lipase activity. Fur ther  
work is needed to explain the difference between 
our  observat ions and those of Mehta  et al. (I I). 

One suggested explanat ion  for our  observed 
decrease in BSSL activity with t ime pos tpa r tum 
was that  the lipid from the milk, which increased 
with time pos tpar tum,  was significantly decreasing 

the specific activity of the triolein in our assay 
. mixture.  However,  this was not  the case. The milk 
used in our assay was diluted 150-fold. This meant  
that  on the average 1.1% of the lipid in the assay was, 
f rom milk lipid. The cont r ibu t ion  of milk lipid 
ranged from 0.5 to 1.8% of the total lipid in the assay. 
The cont r ibut ion  of endogenous  milk lipid was 
extremely small when compared to the 32% decrease 
in BSSL activity observed between 2 and  16 weeks 
postpar tum.  

In conclusion, our results would suggest that  
B S S L  activity declines with t ime pos tpar tum.  
F rom these results, it would appear  that  BSSL 
activity in milk is greatest when the infant 's  digestive 
system is least developed and that  declining BSSL 
activity in breast milk would coincide with a 
matur ing  digestive capabili ty in the infant. These 
results may be of clinical impor tance  in view of the 
work by Alemi et al. (12). They improved fat 
digestion in very low-birth-weight infants  by feed- 
ing a mixture of raw h u m a n  milk and low-birth-  
weight formula. If this practice were to be expanded, 
based on our results, the best source of BSSL 
would be milk f rom mothers  dur ing  the initial 
stages of lactation. 

Finally, we did not  observe a significant relation- 
ship between BSSL activity and lipid in the milk. 
We, therefore,  could not  extend to a b roader  
spectrum of milk samples the observat ion by Hall 
and Muller  (5) tha t  BSSL activity and lipid concen-  
t ra t ion in milk were correlated. 
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Fatty Acid Composition of Serum Lipids 
in Fasting Ponies 

JOHN E. BAUER* and WELFORD D. RANSONE. Box J- 144, Department of Physiological Sciences, 
College of Veterinary Medicine, University of Florida, Gainesville, FL 32610 

ABSTRACT 

Alterations in the fatty acid distribution of total lipid extracts and 4 of the major lipid subclasses of serum 
in ponies fasted overnight and for 4 and 7 days were determined. Although increases in 16:0, 16: I, and 
18:3<o3 were observed, decreased amounts of 18:0 and 18:2tu6 combined to cause no significant change in 
the saturated to unsaturated fatty acid ratio in the total extracts. Phospholipid became somewhat 
preferentially enriched in saturated fatty acids due to a decrease in 18: 1, although this response was variable. 
The free fatty acid and triglyceride fractions both showed increases in relative amounts of 18:3eo3 and a 
decrease in 18:0 and a concomitant change in the saturated to unsaturated fatty acid ratio. This endogenous 
alteration was most likely due to the mobilization of an increased proportion of polyunsaturated fatty acids 
from tissue sites with their subsequent incorporation into triglyceride by the liver. It probably reflects the 
type of forage diet on which the animals had been maintained prior to the study. The fatty acid composition 
of the cholesteryl ester fractions was unchanged during fasting but contained appreciable amounts of the 
18:2to6 fatty acid. 
Lipids 18:397-401, 1983. 

Hyperlipidemia in equines presented for treat- 
ment of a variety of diseases associated with food 
deprivation has been described (1). Under these 
conditions, a greater than 50-1old increase in serum 
triglycerides and fatty livers were observed. Failure 
of these animals to eat, along with the subsequent 
mobilization of endogenous fat, was apparently 
responsible for the initiation of these changes. 
Bartley (2) reported other features of this hyper- 
lipidemic response including increased serum total 
free fatty acid and cholesterol concentrations. He 
suggested that the lipoprotein elevated during 
fasting was the very low density fraction (pre-fl). 
Morris et al. (3) found a tremendous increase in the 
pre-/3 lipoprotein fraction of fasted ponies, which 
appears unique lor this species. 

When clinically normal ponies are experimentally 
tasted for 3 or more days, VLDL concentrations 
appear to exceed by far the amount  found in serum 
of other species, including man. Bauer (4) has 
found the increase in the pre-/3 band of plasma 
lipoproteins separated on agarose gel electro- 
phoresis to be consistent with the very low density 
lipoprotein (d'< 1.006 g/ml)  isolated via ultra- 
centrifugation. In addition, compositional analysis 
of all lipoprotein fractions separatcd uhracentri- 
fugally indicated no appreciable differences among 
the LDL (I.006-1.063 g/ml)  and HDL (I.063-1.21 
g/ml)  fractions in either fed or fasted animals. l h e  
serum VLDL concentrations of these lasted ani- 
mals, however, increased 12-1old over fed VLDL 
levels and contained half as much protein and 50% 
more cholesterol than fed pony VLDL, whereas the 
relative triglyceride concentrations were nearly 
identical. 

*To whom correspondence should hc addressed. 

Holman (5) in his studies of fatty acid profilcs in 
human disorders has concluded that it is the 
relativc proportion of the individual fatty acids 
within a lipid class which governs the availability of 
substrates at the surface of a membrane and not the 
concentration in the surrounding cytoplasm which 
determines the properties of the whole. Thus, in 
addition to the lipid and lipoprotein analysis of 
lasted ponies, the determination of the relative 
fatty acid distribution of the total lipids and 4 of the 
major subclasses of lipids in the serum of normally 
fed or lasted ponies is important in charactcrizing 
the hyperlipidcmic responsc in fasting ponies. 
Also, since only limited information on the gas 
liquid chromatographic analysis of latty acid 
methyl esters of serum from full-size horses cxists 
(6,7) and since no. systematic studies on the plasma 
latty acid composition ofei thcr  fed or fasted ponies 
have been previously reported, this study was 
undertaken. 

METHODS 

Experimental Animals 

Six ponies, ranging in age from 1 to 6 years, were 
used in these studies. They were housed in indi- 
vidual stalls, indoors on concrete, and had frec 
access to fresh water and trace mineralized salt at 
all times, On the day experiments were begun, 4 of 
the animals were selected for the fasted group while 
the 2 remaining ponies were used as additional 
control animals. Prior to beginning the experi- 
ments, the animals' diets consisted of locally 
available mixed grass pasture. 

Fasting was begun at 5:00 p.m. and all blood 
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samples were obtained between 9:00 and 10:30 a. m. 
each subsequent day for 8 days for serum lipid 
analysis. Samples for lipid fractionation and fatty 
acid analysis were obtained on days 0 from all 6 
animals and on days 4 and 7 from the 4 fasted 
animals. All samples were collected via jugular 
vena puncture, placed in tubes containing sodium 
citrate and kept at 4 C. 

Sample Preparation and Analysis 

Total lipid was extracted from plasma samples in 
60 vol of CHCI3/CH3OH (2:1, v/v).  The lipid 
extracts were first partitioned with 4 vol of  H20 
followed by 2 additional washes of the lower phase 
with CHCI3 /CH3OH/H20  (3:48:47, v /v /v ) .  

The major lipid classes were fractionated via thin 
layer chromatography using Silica Gel G coated 
glass plates (Brinkman Instruments, Inc., West- 
bury, NY) developed in hexane/diethyl ether/acetic 
acid (90:10:1, v /v /v ) .  After development,  the 
plates were sprayed with 0.2% 2,7-dichlorofluores- 
cein in ethanol (w/v) and spots were outlined under 
longwave UV-light and collected. The lipid classes 
were identified with the aid of appropriate refer- 
ence standards (NuChek Prep, Elysian, MN). 
Fatty acid methyl esters of totaLextracts or isolated 
lipid classes were prepared using 4% sulfuric acid in 
methanol (40 min, 90 C) and extracted with 
hexane. 

Fatty acid methyl esters were analyzed on a 
6 ft • 8 in. stainless steel column packed with 10% 
SP 2330 on 100/120 Chromosorb  W A W  (Supelco, 
Inc., Bellefonte, PA). Fatty acids were identified 
with appropriate methyl ester standards by com- 
paring retention times. Operating conditions of the 
Hewlett-Packard 5840 gas liquid chromatograph 
equipped with a dual flame ionization detector 
were as follows: the injection port heater and flame 
ionization detector temperature were maintained 
at 250 C and 290 C, respectively. Nitrogen carrier- 
gas flow was adjusted to 20 ml /min  with 15 ml /min  
hydrogen gas flow rate and 20 ml /min  air flow rate. 
Column oven temperature was 190 C for first 20 
rain of analysis then temperature programmed at 7 
C /min  to 210 C. Identification of certain fatty acid 
isomers was additionally confirmed via combined 
GLC-mass spectrometry (data not shown). 

RESULTS 

The fatty acid composit ion of the total lipid 
extract from fasted ponies is presented in Table 1. 
The major fatty acid in overnight fasted animals 
(16 hr) was linoleic (36.9%) with approximately 
equal amounts (1,6.9-18.4%) distributed among 
palmitic, stearic and oleic acid. These 4 fatty acids 
comprised 90% of the total serum fatty acid 
distribution on day 0, while a-linolenic acid con- 

TABLE 1 

Effect of Fasting in Pony Serum 
Total Lipid Fatty Acid Composition ~ 

Days fasted 

0 4 7 
Fatty acid (n = 6) (n = 4) (n = 4) 

14:0 1.0 +-0.4 1.3 +-0.4 1.2 +_0.'2 
14:1 trace h trace trace 
16:0 16.9 +--1.8 31.6 +-4.2 ~ 29.6 +-1.7: 
16:1 1.5 +-0.4 4.7 +-1.3' 5.7 +1..0 ~ 
17:0 trace trace trace 
18:0 17.5 +-2.4 5.5 +0.6 c 6.8 +-1.3 ~ 
18:1to9 18.4 +-2.9 22.3 +-4.4 22.1 +-3.1 
18:2to6 36.9 +-2.9 20.4 -+6.1 c 22.2 +5.4' 
18:3to3 2.8 +-1.3 11.2 + .64' 11.1 +-2.0' 
20:0 trace trace trace 
20:2 trace trace trace 
20:4 trace trace trace 

>22:4 2.6 2.2 1.7 
s/u ~ 0.59+ .05 0.63+- .08 0.63-+ .07 

Walues are weight percentages of fatty acid methyl esters 
(mean + S D). 

bTrace refers to < 0.5%. 
'p< .001 as compared to day 0 fatty acid. 
dRatio of saturated to unsaturated. 

tributed ca. 3%. On day 4 of the experimental 
period, palmitic acid accounted for 31.6% of the 
total, whereas stearic and linoleic acids showed a 
relative decrease to 5.5% and 20.4%, respectively. 
Relative amounts of palmitoleic and a-linolenic 
acids were increased. On day 7 of the fasted period, 
this distribution was essentially unchanged from 
day 4. Total serum triglyceride in these fasted 
ponies increased by day 4 to an average of 733 
mg/dl  as compared with 28 mg/d l  in the overnight 
fasted state, as reported previously (4). This change 
was accompanied by a mean 12-fold increase in 
serum VLDL in the fasted animals, but LDL and 
H D L  concentrations remained unchanged. Al- 
though changes in the relative distribution of 
serum fatty acids occurred with fasting, absolute 
amounts of each fatty acid were increased in every 
case. The ratio of saturated to unsaturated fatty 
acids (s/u ratio) of the total lipid extract remained 
essentially constant during the experimental period 
as well. 

Changes in phospholipid fatty acid composit ion 
(Table 2) after fasting either 4 or 7 days included 
only slight changes in palmitic and linoleic acids 
which due to some variability in the response were 
not consistently significant. However,  a 2-fold 
reduction in oleic acid was observed which caused a 
significant alteration of the s /u  ratio at day 4 of the 
experiment. Variation in the response at day 7 
caused this change to become less significant. One 
animal, which was largely responsible for this 
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TABI.E 2 TABLE 3 

Effi:ct of Fasting on Pony Serum Phospholipid Effect of Fasting on Pony Serum 
Fatty Acid Composition' Free Fatty Acid Composition' 
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Days lasted Days fasted 

0 4 7 0 4 7 
Fatty acids (n=6)  (n=4)  (n =4) Fatty acid (n=6)  (n=4)  (n=4)  

14:0 t race" t race trace 
14:1 trace 0.7 _+0.6 trace 
16:0 15.5 _+1.0 20.4 _+2.ff 19.3 +3.4  
16:1 I.I +-0.2 1.1 _+0.2 1.7 +1.1 
17:0 1.0 +-0.5 0.9 _+0.2 0.6 -+0.1 
18:0 26.6 _+1.7 27.5 _+2.8 26.1 _+2.5 
18:1t09 16.5 _+2.2 7.8 +1.8 '  8.6 +I .Y 
18:20J6 31.1 +1.0  34.4 +1.2 d 34.4 +5.3 
18:3<o3 trace 1.7 _+0.3 1.9 -+0.3 
20:0 0.9 +0.3 trace trace 
20:1 0.7 +0.3 trace trace 
20:2 trace trace trace 
20:4 trace trace trace 
22:0 0.5 +0.3 0.9 +0.1 trace 
20:3/22:1 trace 0.9 +-0.2 0.8 +0.2 
22:6 0.6 -+0.4 trace 0.5 +-0.4 
24:0 1.0 -+0.5 0.7 +0.4  1.0 _+0.3 
24:1 1.7 _+0.9 1.4 -+0.5 1.4 +0.6  
s/u '  0.88+0.03 1.05+0.10 J 0.98-+0.12 

+Values are weight percentages ol fatty acid methyl esters 
(mean + S D). 

"Trace refers to < 0.5~. 
" p <  .001 as compared to day 0 fatty acid. 
~p< .01 as compared to day 0 fatty acid. 
+Ratio of saturated to unsaturated. 

variation, as previously reported (4), also had the 
smallest hyperlipemic response during the fasting 
period (only a 6-fold increase in serum triglyceride). 

Alterations in the serum free fatty acid composi- 
tion (Table 3) showed a marked increase in t~- 
linolenic and a decrease in stearic acids. Linoleic 
acid was also decreased to a lesser extent. In 
addition, the s /u  ratio decreased, indicating that 
fasted pony serum is relatively unsaturated fat 
enriched when compared to the control (overnight 
fasted) situation. It is interesting to note that the 
relative amount  of a-linolenic acid was consider- 
ably greater at day 7 (25%) than at day 4 (15%) 
when compared to the day 0 (5%) situation. This is 
in contrast to the distribution of the other fatty 
acids which were essentially unchanged when days 
4 and 7 were compared. 

Tables 4 and 5 show the fatty acid distribution in 
the triglyceride and cholesteryl ester subclasses, 
respectively. The triglyceride fatty acid showed a 
decrease in stearic and an increase in c~-linolenic 
a c i d s  o n  b o t h  d a y s  4 a n d  7 o f  t h e  f a s t i n g  p e r i o d .  A 

p r e f e r e n t i a l  i n c r e a s e  in ( ~ - l i n o l e n i c  a c i d  w a s  n o t  

s e e n  o n  d a y  7 w h e n  c o m p a r e d  t o  d a y  4 as  in  t h e  c a s e  

o f  t h e  f r ee  f a t t y  a c i d s ,  h o w e v e r .  N o  s i g n i f i c a n t  

c h a n g e s  in  t h e  s a t u r a t e d  t o  u n s a t u r a t e d  f a t  r a t i o s  

w e r e  o b s e r v e d  in  t h e  c h o l e s t e r y l  e s t e r  f r a c t i o n s  o f  

12:0 trace ~ trace trace 
14:0 1.4 +0.4  trace 0.7 _+0.2 
14:1 trace" trace trace 
16:0 19.9 +2.2  20.0 +1 .6  17.7 +3.1 
16:1 3.1 _+0.5 3.7 +1.3  3.5 +0.7 
17:0 trace trace trace 
18:0 15.3 +3.2  6.7 ___2.50 10.7 +1.8  ~ 
18:1t09 26.6 +_4.8 32.5 +6.8 27.3 +2.5 
18:2to6 26.0 +-4.0 19.1 +-4.8' 19.8 +3.9 ~ 
18:3ta3 5.4 _+4.6 14.7 +2 .0  d 24.7 +6.1 ~ 
s/u ~ 0.59_ + .08 0.40+- .10 ~ 0.38+-0.05' 

+Values are weight percentages of fatty acid methyl esters 
(mean + SD). Only trace amounts of individual fatty ac ids> 20:0 
were found. 

"Trace refers to < 0.5%. 
' p< .001  a.s compared to day 0 fatty acid. 
Jp<.01  as compared to day 0 fatty acid. 
ip,<.05 as compared to day 0 fatty acid. 
Ratio of saturated to unsaturated. 

TABI.E 4 

Effect of Fasting on Pony Serum Triglyeeride 
Fatty Acid Composition + 

Days fasted 

0 4 7 
Fatty acid (n=6)  (n=41 (n=4)  

14:0 2.0 +0.9 1.3 +0.7  1.6 +0.4 
14:1 0.8 +0.5 trace h 0.5 -+0.1 
16:(I 32.4 +3.6  37.8 _+3.8 37.0 _+3.7 
16:1 4.7 +0.5 5.5 +1.8 5.6 +1.7 
17:0 trace trace trace 
18:0 7.9 -+2.3 3.2 _+0.8 'j 3.4 _+0.9 J 
18:lto9 30.6 +5.9  25.4 _+5.2 25.5 -+3.5 
18:2to6 I1.1 +1.7 12.3 •  12.9 -+3.6 
18:3t03 5.0 +1.5 12.3 +2.1 ~ 12.1 -+1.1" 
s] ut 0.83_+0.11 0.77+0.14 0.74+0.14 

+Values are weight percentages of fatty acid methyl esters 
(mean-+SD). Only trace amounts of individual fatty acids 
> 20:0 were lound. 

"Trace refers to '< 0.5%. 
"p<.001 as compared to day 0 fatty acid. 
"p<.01  as compared to day 0 latty acid. 
~Ratio of saturated to unsaturated. 

f a s t e d  a n i m a l s  w h e n  c o m p a r e d  w i t h  t h e  f ed  s t a t e .  

T h e  r e l a t i v e  f a t t y  a c i d  d i s t r i b u t i o n  a l s o  r e m a i n e d  

u n c h a n g e d .  I t  s h o u l d  b e  n o t e d ,  h o w e v e r ,  t h a t  m o s t  

o f  t h e  f a t t y  a c i d  c o n t a i n e d  in t h i s  l i p i d  c l a s s  w a s  

l i n o l e a t e .  
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TABLE 5 

Effect of Fasting on Pony Serum Cholesteryl Ester 
Fatty Acid Composition" 

Days fasted 

0 4 7 
Fatty acid (n = 6) (n = 4) (n = 4) 

14:0 0.7 -+0.5 trace trace 
14:1 trace h trace trace 
16:0 9.2 +3.0 12.1 +1.5 11.0 +0.9 
16:1 2.6 +0.6 2.8 +0.7 2.3 +0.5 
17:0 
t8:0 2.1 +1.2 1.4 +0.2 0.8 +0.1 
18:hu9 8.8 +4.5 7.9 +2.0 7.8 +1.5 
18:2oJ6 74.1 +6.2 72.5 +4.1 73.7 +4.2 
18:3~o3 trace 0.7 +0.3 1.0 +--0.6 
s/u c 0.15+_0.07 0.18_+0.02 0.18+_0.05 

"Values are weight percentages of fatty acid methyl esters 
(mean+SD). Only trace amounts of individual fatty acids 
> 20:0 were found. 

bTrace refers to < 0.5%. 
~ of saturated to unsaturated. 

DISCUSSION 

Earlier studies on equine lipids analyzed via gas 
chromatography were accomplished using serum 
(6,8) or milk (9) from the full-size horse. In 
addition, these animals were in the normally fed 
state. The present work concerns itself with the 
fatty acids of serum lipid subclasses from ponies 
both in the fed and fasted states and, as such, 
represents an initial characterization of pony serum 
lipids. 

Generally, mammalian tissues contain lipids 
preferentially enriched in 16 and 18 carbon chain 
length fatty acids. This finding was also observed in 
the total lipid extracts of fed pony serum, and is 
consistent with a previous report in which serum 
lipid fatty acids were determined in the full-size 
horse (6). Although changes in the fatty acid 
composition occurred with fasting, a constant s /u  
ratio of the total extract was maintained. This ratio 
may be important for membrane integrity of 
various tissues. In the pony, fasting appears to 
cause a massive mobilization of tissue fatty acids 
with their subsequent presentation to the liver in 
large quantities. The pony appears unique among 
species in this response, since large amounts  of 
serum VLDL triglyceride also appear in the circu- 
lation. Although it has not yet been determined 
whether increased production or decreased utiliza- 
tion of this VLDL triglyceride is responsible for the 
increase, it is reasonable to expect the fatty acid 
composition of that triglyceride to be similar to 
that of the fatty acid being mobilized from tissue 
sites. 

Although a slight decrease in the relative amount  

of linoleic acid did occur in the free fatty acid 
fraction, this change may be due in part to 
utilization of this particular fatty acid via A6 
desaturase activity and subsequent chain elonga- 
tion. The s /u  ratio of the serum free fatty acids in 
fasted animals indicates a shift from saturated to 
unsaturated fat being mobilized. This finding could 
be due to an increased utilization of saturated fatty 
acids in the presence of increased serum concentra- 
tions, a decreased utilization of unsaturated fatty 
acids under similar conditions, or may merely 
reflect the fatty acid distribution of the animals'  
triglyceride stores and /o r  previous diet. This latter 
explanation is most likely since leaf tissues (i.e., 
pastures, etc.) which contain 6-8% lipid on a dry 
weight basis are characterized by a high content of 
glycolipids and phospholipids with a high propor- 
tion of 18:3,03 and 18:2006 fatty acids (10). In 
general, forages comprise a high proport ion of 
18:3to3 fatty acids, whereas diets supplemented 
with cereal grains and oilseed concentrates contain 
a large proport ion of 18:2to6 fatty acids. It is 
expected then that ponies, maintained primarily on 
pasture, would have lipid stores which are relatively 
enriched in 18:30o3 fatty acids. 

An interesting finding in the phospholipid frac- 
tions is that they contain so little of the C20 and 
C22 carbon atom polyunsaturated acids. Low 
levels of these fatty acids have previously been 
reported in the full-size horse (6,8). In particular, 
only small amounts of arachidonic acid were 
present in the pony in spite of large amounts of the 
linoleic acid precursor in the serum lipids. Indeed, 
horse serum phospholipids contain much more 
linoleic acid than other herbivores studied (8), 
indicating the possibility of an inverse relationship 
in this species between these two acids in serum. 
Furthermore, linoleic acid enrichment of human 
endothelial cells in culture has been associated with 
a decrease in the arachidonic acid content of the 
cellular phospholipids and a reduction of prosta- 
cyclin (PGI2) release ( l l ) .  This finding is not  
peculiar to endothelial cells. It has also been 
reported in human skin fibroblasts (12) and mouse 
peritoneal macrophages (13). Also, in the human, a 
decrease in both percentage and total amounts  of 
20:4 in plasma free fatty acids has been observed 
when safflower oil (containing large amounts of 
linoleic acid) was fed (14). Investigations designed 
to explain further this relationship and its im- 
portance in prostaglandin synthesis would be most 
interesting. 

Although the cholesteryl ester fatty acid distri- 
bution was not affected during fasting, it should be 
noted that linoleic acid made up most of the fatty 
acid contained in this fraction. With fasting, only 
the VLDL are appreciably increased and this 
lipoprotein has a low cholesterol content, 85% of 
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which  is in the  free f o r m  (4). In  add i t i on ,  a f t e r  a 5- 
day  fast ,  t he  choles te ry l  es ters  inc rease  no m o r e  
t h a n  20% in the  p o n y  (15). T h e s e  sma l l  c h a n g e s  
m a y  help  e x p l a i n  w h y  no  d i f fe rences  were  seen  
be tween  fed a n d  fas ted  p o n y  choles te ry l  es te r  f a t ty  
acids.  T h e  large a m o u n t  o f  l inoleic acid seen  in this  
f r ac t ion  is c o n s i s t e n t  wi th  p r e v i o u s  f i nd ings  in t he  
full-size ho r se  (7,8). E q u i n e  l ec i th in -cho les te ro l  
acyl  t r a n s f e r a s e  ( L C A T )  is very  likely to be sig-  
n i f icant ly  invo lved  in the  p r o d u c t i o n  o f  t he se  
u n s a t u r a t e d  choles te ry l  esters .  In the  horse ,  this  
e n z y m e  has  been repor ted  to s h o w  s t r o n g  specif ici ty 
for  b o t h  leci thin l inoleic acid as  well a s  its /3- 
pos i t i on  (7). T h e  c o m p o s i t i o n  o f  s e r u m  cho le s t e ro l  
es ter i f ied by ho r se  L C A T  t hus  a p p e a r s  to  be 
d e p e n d e n t  u p o n  the  fa t ty  ac id  specif ic i ty  o f  the  
e n z y m e  itself  (7). O u r  o b s e r v a t i o n s  in the  p o n y  
s u p p o r t  t hese  resul ts  r epo r t ed  in t he  ful l-s ize horse .  

ACKNOWLEDGMENTS 

The authors wish to thank David Hendrcn for his analysis of 
fatty acid samples via GLC-mass spectroscopy. This work was 
supported in part by an American Heart Association, Florida 
Affiliate Grant-In-Aid no. AG 116. 

REFERENCES 

1. Sehotman, A.J.H., and Wagenaar, G. (1969) Zentratbl. 
Veterinaermed. AI6, I-7. 

401 

2. Bartley, J.C. (1971) in Clinical Chemistry of Domestic 
Animals (Kaneko, J..I. and Cornelius, C.E., eds.) Vol. 1, 
pp. 86-96, Academic Press, New York. 

3. Morris, M.D., Zilversmit, D.E., and Hintz, H.E. (1972) 
J. Lipid Res. 13, 383-389. 

4. Bauer, J.E. (1983) Am. J. Vet. Res. 44, 379-384. 
5. Holman, R.T. (1981) in New Trends in Nutrition, Lipid 

Research, and Cardiovascular Diseases (Bazan, N.G., 
Paoletti, R., and lacono, J.M., eds.) pp. 25-42, Alan R. Liss, 
Inc., New York. 

6. Luther, G., Hollis, U.C., and Dimopoullos, G.T. (1981) 
Am. J. Vet. Res. 42, 91-93. 

7. Yamamoto, M., Tanoka, Y., and Sugano. M. (1979) Comp. 
Biochem. Physiol. 62B, 185-193. 

8. Leat, W.M.F., and Baker, J. (1970) Comp. Biochem. Physiol. 
36, 153-161. 

9. Kuksis, A. (1978) in Handbook of Lipid Research (Ku'ksis, 
A., ed.) Fatty Acids and Glycerides, Vol. I., pp. 381-442, 
Plenum Press, New York. 

10. Garcia, P.]. (1981) in New Trends in Nutrition, Lipid 
Research, and Cardiovascular Diseases (Bazan, N.G., 
Paoletti, R., and lacono, J.M., eds.) pp. 197-216, Alan R. 
Liss, Inc., New York. 

I I. Spector, A.A., Hoak, J.C., Fry, G.L., Denning, G.M., Stoll. 
L.L., and Smith, J.B. (1979) J. Clin. Invest. 65, 1003-1012. 

12. Spector, A.A., Kiser, R.E,, Denning, G.M., Koh, S.W.M., 
and DeB,~iult, L.E. 11979) J. Lipid Res. 20, 536-547. 

13. Schroit, A.J.. and Gallily, R. (1979) Immunology 36, 199-205. 
14. Heimberg, M., Dunn, G.D., and Wilcox. H.G. (1974)J. Lab. 

Clin. Med. 83, 393-402. 
15. Weik, H., and Altmann, H.-J. O971) ZentralbL Veterinaer- 

med. AI8, 131-138. 

[Rece ived  N o v e m b e r  29, 1982] 

LIPIDS, VOL. 18, NO. 6 (1983) 



402 

Enzymatic Hydrolysis of Fractionated Products from 
Thermally Oxidized in the Laboratory 

Oils 

H I R O M I  Y O S H I D A  and J.C. A L E X A N D E R * ,  Department of Nutrition, College of Biological Science. 
University of Guelph, Guelph, Ontario NI G 2WI. Canada 

ABSTRACT 

Enzymatic hydrolysis ol the acylglycerol products obtained from thermally oxidized vegetable oils was 
studied. Corn, sunflower and soybean oils were heated in the laboratory at 180 C for 50, 70 and 100 hr with 
aeration and directly fractionated by silicic acid column chromatography. By successive elution with 20%, 
then 60% isopropyl ether in n-hexane, and diethyl ether, the thermally oxidized oils were separated into three 
fractions: the nonpolar fraction (monomeric compounds), slightly polar fraction (dimeric compounds), and 
polar fraction comprising oligomeric compounds. Enzymatic hydrolysis with pancreatic lipase showed that 
the monomers were hydrolyzed as rapidly as the corresponding unheated oils, the dimers much more 
slowly, and the oligomeric compounds barely at all. Overall, the hydrolysis of the dimers was less than 23% 
of that for the monomers, with small differences among the oils. Longer heating periods resulted in greater 
reductions in hydrolysis of the dimeric compounds. These results suggest that the degree of enzymatic 
hydrolysis of the fractionated acylglycerol compounds is related to differences in the thermal oxidative 
deterioration, and amounts of polar compounds in the products. 
Lipids 18:402-407, 1983. 

Heating of oils changes their composit ion and 
new compounds are formed. The conditions used 
for domestic frying leads to two typical groups of 
products (I-5); volatile breakdown derivatives, and 
nonvolatile oxidation products (NVOP). The latter 
portion includes monomeric,  dimeric and poly- 
meric compounds. The NVOP accumulate in the 
thermally oxidized oils and are subsequently in- 
gested with the fried foods. Several workers have 
shown that thermally oxidized oils contain poten- 
tially harmful derivatives of fatty acids (6-9). In 
these instances, they were generally fed to animals 
in the form of methyl or ethyl esters, whereas in 
thermally oxidized oils they are essentially present 
as acylglycerols (10). In fact, the natural fatty acid 
methyl esters are not absorbed intact by the 
intestinal mucosa, even when they are fed with 
triacylglycerols to favor their micellar solubiliza- 
tion in the intestinal lumen (I !). 

The hydrolysis rate of normal fatty acid methyl 
esters by pancreatic lipase is considerably slower 
than that of the corresponding triacylglycerols 
(12,13), and thermally oxidized oil is not so rapidly 
hydrolyzed as the corresponding unheated oil (14). 
However, it was still not clear how well individual 
fractionated products would be hydrolyzed by 
pancreatic lipase. Acylglycerol products obtained 
from thermally oxidized vegetable oils heated 
continuously in the laboratory at a frying tempera- 
ture of 180 C under aeration were compared with 
fractionated products from unheated oils. 

*To whom correspondence should be addressed. 

MATERIALS AND METHODS 

Preparation of Heated Oils 

Refined commercially available vegetable oils 
(corn, sunflower and soybean oils) were heated in 
open stainless steel beakers continuously at 180 + 2 
C for 50, 70 and 100 hr with aeration (400-600 
ml/min).  

Determination of Chemical Properties of Unheated 
and Thermally Oxidized Oils 

For peroxide values, conventional iodometic 
titration with thiosulfate was used (15). Carbonyl 
values were determined by the method of Kumazawa 
and Oyama (16), and iodine values by the method 
of the Association of Official Analytical Chemists 
(17). Ester bonds were determined by the method 
of Snyder and Stephens (18) and methyl palmitate 
was used for the calibration curve. 

Separation of Monomeric, Dimeric and Oligomeric 
Compounds 

The unheated and thermally oxidized oils were 
fractionated on a silicic acid column by a modifica- 
tion of the method of e t a  et al. (19). The silicic acid 
was Bio-Sil A (100/200 mesh) from BIO-RAD 
Laboratories, Mississauga, Ontario. It was acti- 
vated at 120 C for 3 hr before the column was 
prepared. Silicic acid (20 g) was poured into the 
column (2 • 60 cm) with 5% isopropyl ether in n- 
hexane. After the column was washed with 200 ml 
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of 5% isopropyl ether  in n-hexane,  a measured 
quanti ty of ca. 1.0 g unheated or thermally  oxidized 
oils was applied. Monomer ic  compounds  were 
eluted with 125 ml of 20% isopropyl e ther  in n- 
hexane,  dimeric compounds  with 125 ml of 60% 
isopropyl ether in n-hexane,  and oligomeric com- 
pounds  with 200 ml of diethyl ether, successively. 
Each lipid class fract ionated by silicic acid co lumn 
ch romatography  was detected by thin layer chro- 
matography  (TLC), and good separat ion of mono-  
meric, dimeric and oligomeric compounds  was 
obtained.  Glass plates were coated with Silica Gel 
G of 0.5 mm thickness, and the solvent systems 
were petroleum ether /d ie thyl  e ther /ace t ic  acid 
(50: 50:2 or 80: 30: 1, v / v / v )  and n - hexane / benzene  
(40:60, v/v).  The oligomeric fraction also con- 
tained thermal  degradat ion products.  

The chemical propert ies of the f ract ionatcd 
products  were determined by the same methods  as 
described earlier. 

Hydrolysis of the Fractionated Products by 
Pancreatic I-ipase 

Enzymatic  hydrolysis of the fract ionated prod-  
ucts from these oils, before and after  heating, were 
determined with pancreatic lipase (20). A 100 mg 
sample of the product  was suspended in 6.0 ml of 
0.2 M Tris buffer (pH 7.6) conta in ing 0.25 M 
CaCI2. To this suspension, 100 mg of pancreat ic  
lipase (Sigma Chemical  Co., St. Louis, MO) 
refined with acetone and then diethyl ether  was 
added. The reaction mixture  was incubated at 37 C, 
and a time period of 13 rain was selected based on 
results of prel iminary exper iments  using triolein. 
Two ml of 2 N HCI was added to the reaction 
mixture,  and it was extracted 3 times with 10 ml of 
diethyl ether. The combined extracts  were washed 
with distilled water to remove the HCI. The 

hydrolysates were recovered from the upper  layer, 
and then ti trated with 0.02 N KOH in alcohol using 
0.1% phenolphtha le in  in alcohol as an indicator.  
Contro l  experiments  without  added enzyme were 
carried out under  the same condi t ions,  and the 
values obtained were deducted as blanks to estimate 
the acids released due to the hydrolysis procedure.  

RESULTS 

Analyses of Oils 

Table I shows the chemical  propert ies  and the 
contents  of acylglycerol compounds  for the three 
unheated vegetable oils. There were no significant 
differences except for the iodine values, which were 
affected by the linolenic acid content  of the soybean 
oil, and high linoleic acid level in the sunflower oil. 
The dimeric and oligomeric fract ions also con- 
tained sterols and a very small amoun t  of phospho-  
lipids, respectively, as seen by -ILC. 

Figure I shows the changes in total  ester bonds 
of the thermally oxidized oils, and also changes in 
the amount s  of triacylglycerol isolated by prepara-  
tive TLC. Regarding total  ester bonds in the 
thermally oxidized oils, no distinct differences were 
observed among  the three oils, but small reduct ions 
were seen due to the length of heating, such as 2.0- 
2.5% for 70 hr, and 4.0-4.8% lor 100 hr. In contrast ,  
there were large reductions in the amoun t  of 
triacylglycerol in the oils ranging from 21.7-27.4% 
for the 50-hr heat ing to 41.4-45.9% for the 100-hr 
heating. 

After the oils were heated,  the acylglycerol 
compounds  were lractionated by silicic acid column 
chromatography  (21,22). Thermal  oxidat ion re- 
sulted in lower amount s  ofacylglycerol monomer ic  
compounds  (triacylglycerols, which are relatively 
nonpolar) .  For example,  70 hr of heat ing caused 

I A B L E  1 

Analytical Data for Unheated Oils" 

Oils 

Corn Sunflower Soybean 

Peroxide value (meq/kg) 
Acid value 
Carbonyl value (meq/kg) 
Iodine value 

�9 tAh r M onomcnc (~) 
Acylglyccrols---I-- Dimcric (%)~ 

L Oligomeric (%)o 

2.6 -+0.1 
0.20 -+ 0.03 
4.2 _+0.2 

131.2 • I.I 
96.3 +0.7 
2.3 -+0.5 
1.4 +0.3 

2.8 -+0.1 
0.23 -+ 0.03 
3.9 _+0.2 

137.3 + 1.0 
96.5 -+0.8 
2.2 +0.5 
1.3 +0.3 

2.1 +0.1 
0.24 _+ 0.(13 
3.6 • 

141.5 + 1.0 
97.4 _+0.7 

1.2 _+0.6 
1.4 +0.3 

~Mean • SEM (n ~ 5). 
b20~ isopropy~ et.her in n-hexane. 
'60% isopropyl ether in n-bexane. 
JDict hyl ether�9 
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FIG. 1. Changes in ester-type lipid and triacylglycerol 
contents of thermally oxidized oil due to heating. ,~ ester- 
type lipid; �9 triacylglycerol. "F = unheated oils; heating 
period (hr). 

reductions of ca. 32%, and 100 hr caused ca. 38% 
reductions (Table 2). However, the acylglycerol 
dimeric and oligomeric compounds increased sub- 
stantially during heating, dimers increased by 
21.2% and oligomcrs by 13.6% at 70 hr. The 
composition of the oils changed gradually as 
oxidation reactions and polymerization took place 
to form dimeric and oligomeric compounds. 

Analyses  of M o n o m e r i c  and D i m e r i c  C o m p o u n d s  

Analytical data for the monomcric and dimeric 
compounds from the fractionation of the unheated 
and the thermally oxidized oils are shown in Tables 
3 and 4, respectively. In general, the chemical 
values for rnonomeric compounds from the un- 
heated oils were lower than those for the original 
oils (-Iable 1); iodine values decreased slightly after 
chromatography because polar sterols and phos- 
pholipids in the original oils were absorbed strongly 
on the silica gel columns. Heating decreased the 
iodine values significantly, whereas the acid and 
carbonyl values increased, the latter showing no 
further rise beyond 70 hr. Peroxide values increased 
in the early stages of heating, and then decreased as 
breakdown took place. 

For the dimeric compounds obtained from un- 
heated oils (Table 4), the carbonyl values were 
much higher, and the iodine values wcre much 
lower than for the original oils. As a result of 
heating, these effects became more pronounced 
with time. However, the carbonyl values at each 
stage of heating were not so high as those for the 
original thermally oxidized oils (103.8. 124.8 and 
181.5 meq /kg  for the 50-, 70- and 100-hr heating of 
corn oil is an example in Table 2). Therefore, as 

"1ABI.E 2 

Analytical Data for Thermally Oxidized Oils ~ 

Oils t' 

Corn Sunflower Soybean 

50 70 I(~ 50 70 100 50 70 I00 

Peroxide value (meq~ kg) 6.3 5.2 0.6 5.7 32 0.9 6.5 5.0 1.2 
Acid value 0.34 0.75 1.00 025 0.46 0.64 0.24 0.52 I).58 
Carbonyl value (mcq,kg) 103.8 124.8  181 . 5  105.4 113.5 156.7 93.2 118.7 168.9 
Iodine value 118.7 96.7 86.0 120.9 102.5 87.3 121.6 103.6 89.2 

I Monomcrie (9i) 72.9 65.2 58.6 73.8 64.2 56.7 76.2 66.2 59.6 
Acylglyccr ols Dimeric (%) 16.7 20.3 23.3 18.2 22.7 25.3 15.3 20.6 22.8 

Oligomcric (%) 10.4 14.5 18.1 8.0 13.1 18.0 8.5 13.2 17.6 

'Each value is an average of 5 determinations. The iodine values, and amounts of acylglycerol monomeric 
compounds were all significantly lower than lor the unheated oils (P<  0.05). The carbonyl values, and the 
amounts of acylglycerol dimcric and oligomeric compounds all increased signilicantly (P<  0.05). 

hHeating period (hr). 
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TABLE 3 

Analytical Data for Monomeric Compounds from Unheated and Thermally Oxidized Oils' 

405 

Oils  b,-~ 

Corn Sunflower Soybean 

F 50 70 100 F 50 70 100 F 50 70 100 

Peroxide value (meq/kg) 2.1 7.2 5.4 5.8 1.6 5.5 3.3 3.0 1.8 5.8 3.8 :3.2 
Acid value 0.08 0.12 0.36 0.02 0.08 0.21 0.02 0.06 0.16 
Carbonyl value (meq/kg) 2.5 7.2 23.1' 22.2" 2.7 8.7 27.1' 30.9' 2.8 9.3 27.1" 26.5' 
I o d i n e  value 130.4 112.3'  102.6" 90.6' 132.3 116.1 ~ 103.6'  91.3' 136.7 118.9' 105.3' 96.5' 

"Each value is an  a v e r a g e  of 5 determinations. 
bF= unheated oils. 
' H e a t i n g  period (hr). 
d_ = n o t  d e t e c t a b l e .  

"Significantly different from the value for unheated oil (P< 0.05). 

TABLE 4 

Analytical Data for Dimeric Compounds from Unheated and Thermally Oxidized Oils ~ 

Oils b,~ 

Corn Sunflower Soybean 

F 50 70 100 F 50 70 100 F 50 70 100 

Acid value 0.03 0.62 1.03 1.12 0.02 0.25 0.49 0.72 0.02 0.65 0.75 0.81 
Carbonyl value (meq/kg) 53.2 65.7 99.6 ~ 132.3 ~ 56.8 74.1 103.6 d 136.8 ~ 50.6 92.8 J 126.3 d 148.4 d 
Iodine value 112.2 93.7 d 79.6 d 68.7 d 115.8 92.3 ~ 77.4 d 70.8 d 118.0 97.8 '* 86.7 ~ 75.7 ~ 

'Each value is an  a v e r a g e  of 5 determinations. 
~F = unheated oils .  
CHeating period (hr). 
dSignificantly different from the value for unheated oil {P< 0.05). 

expec ted ,  the ca rbony l  values for the o l igomer ic  
c o m p o u n d s  ob ta ined  f rom the hea ted  oils were 
very high. Fo r  ins tance ,  even for  the 50-hr heat ing,  
levels ranged  f rom 183.7 m e q / k g  for  the rmal ly  
oxid ized  corn  oil to  238.5 m e q / k g  for the  heated 
soybean  oil. 

Enzymatic Hydrolysis of the Fractionated Products 

M o n o m e r i c  and  d imer ic  c o m p o u n d s  ob t a ined  
f rom silicic acid c o l u m n  c h r o m a t o g r a p h y  were  
hydro lyzed  by pancrea t ic  l ipase af ter  ident i f ica t ion  
by TLC.  The  react ion mix tu r e  was incuba ted  at 37 
C and  the a m o u n t  o f  free fat ty acid p r o d u c e d  by 
hydrolys is  at 13 min was a lways  less t han  60% (23) 
based on  results  o f  p re l iminary  e x p e r i m e n t s  using 
tr iolein.  S h o w n  in Table  5 are  values for  mg (as 
linoleic acid) o f  free fatty acid p roduced  by hy- 
drolysis  o f  the m o n o m e r s  and  d imers  f rom each o f  
the unhea ted  and  thermal ly  oxid ized  oils. The  
d imer ic  c o m p o u n d s  were hydro lyzed  s ignif icant ly  
less t han  the  m o n o m e r i c  c o m p o u n d s  f rom the  same  

oil and cond i t i ons  o f  heat ing.  F o r  the  unhea ted  
oils, the hydrolys is  o f  the  d imers  was ca. 27% that  
o f  the  m o n o m e r s .  Fo r  the  heated oils, there  was a 
range f rom ca. 21% at 50-hr hea t ing  d o w n  to 15% at 
100 hr  o f  heat ing.  The  o l igomer ic  c o m p o u n d s  
obta ined f rom the thermal ly  oxidized oils separa ted  
by co l umn  c h r o m a t o g r a p h y  were barely hydro -  
lyzed by the pancrea t ic  lipase. 

Figure  2 shows  the  hydrolys is  o f  d imer ic  c o m -  
p o u n d s  ob ta ined  f rom unhea ted  and  the rmal ly  
oxidized oils. In o rde r  to i l lustrate the relative 
hydrolys is  as a percentage ,  the  values  for the  
unhea ted  oils (rag free fatty acid p roduced )  were 
normal ized  to 100 ( F =  100). Hydrolys is  o f  the 
heated d imer ic  c o m p o u n d s  was more  difficult  than  
tha t  o f  the d imers  f rom the  c o r r e s p o n d i n g  unheated  
oils; for  example ,  70 hr  o f  the hea t ing  caused  
reduc t ions  o f  ca. 17-23%, and  100-hr heat ing  
caused  reduc t ions  of  ca. 35-38%. However ,  no 
significant  d i f ferences  were  obse rved  a m o n g  the 
three  thermal ly  oxid ized  oils. 
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TABLE 5 

Hydrolysis of Monomeric and Dimeric Compounds 
from Unheated.and Thermally Oxidized Oils by Pancreatic Lipase" 

Free fatty acids produced (mg) b 
Heating period Relative hydrolysis 

Oil (hr) Monomer c Dimer ' (%) 

Corn 

0 58.3 -+0.8 d 15.8 +0.8 d 27..0 
50 61.6-+ 1.0 ~ 13.2+ 1.0 '~'~ 21.0 
70 65.1 -+ 1.2 f 12.5_+ 1~.2 r 19.0 

100 68.0_+ 1.2 f'g 10.1 _+ 1.3 f 15.0 

Sunflower 

0 59.7-+0.8 ~ 16.1 +0.8 d 27.0 
50 63.7 + 1.0 ~ 13.5-+ 1.0 d'e 21,0 
70 67.6 + - 1.2 f 12.3_+ 1.2 ~'f 18,0 

100 70.6_+ 1.2 ~ 10.5_+ 1.3 f 15,0 

Soybean 

0 58.9 + 0.8 d 16.4 -+ 0.8 d 28,0 
50 62.6- + l.ff 14.2+ 1.0 d 23,0 
70 66.3_ + 1.2 f 13.5_ + 1.2 d'~ 20.0 

100 70.2 + _ 1.2 ~ 10.4-+ 1.3 ~ 15.0 

aMean-+SEM (n = 5). 
bExpressed as linoleic acid (mg). 
~ in each column with the same superscript are not significantly different from each other (P < 0.05). 

All corresponding values for the dimers were significantly lower than those for the monomers (P < 0.01). 

_ ,oo l 

i 011 6 0  

4 0  

2 0  

O" ' 

Corn  Oil 

I 
5 0  7 0  1 0 0  

Sunflower Oil 

I 

i I 
F 5 0  7 0  1 0 0  

H e a t i n g  p e r i o d  I h r l  

Soybean Oil 

F 5 0  7 0  1 0 0  

FIG. 2. Hydrolysis of dimeric compounds  obtained 
from unheated and thermally oxidized oils by pancreatic 
lipase for 13 min (average of 5 determinations). F =  
unheated oils. 

DISCUSSION 

U s e d  fats  w h i c h  have  n o t  been  u n r e a s o n a b l y  
a b u s e d  c o n t a i n  less t h a n  15% of  d i m e r s  o r  o l igo-  
mers .  Howeve r ,  the  p re sence  o f  1-3% o f d i m e r s  a lso 
has  been repor t ed  in f reshly deodor i zed  c o m m e r c i a l  
vege tab le  oils (24-26). T h e  c u r r e n t  w o r k  was  u n d e r -  
t a k e n  to  d e t e r m i n e  the  po t en t i a l  e n z y m a t i c  hyd ro l -  
ysis  o f  f r a c t i o n a t e d  acy lg lycero l  p r o d u c t s  o b t a i n e d  

f r o m  t h e r m a l l y  ox id ized  vege tab le  oils, h ea t ed  wi th  
a e r a t i o n  in the  l abo ra to r i e s  at  f ry ing  t e m p e r a t u r e .  
R e s u l t s  were  c o m p a r e d  w i th  t h o s e  for  f r a c t i o n a t e d  
c o m p o u n d s  f r o m  u n h e a t e d  oils. 

T h e  res idual  ra t io  o f  t r i acy lg lycero ls  in t he  
hea t ed  oils dec reased  s u b s t a n t i a l l y  (Fig.  1), a n d  in 
p r o p o r t i o n  to the  degree  o f  hea t ing ,  be ing  lowes t  in 
co rn  oil, a n d  in genera l  fo l lowed  by  s u n f l o w e r  oil 
a n d  s o y b e a n  oil. T h e s e  resu l t s  ind ica te  t ha t  t h e r m a l  
ox ida t i ve  d e t e r i o r a t i o n  is re la ted  to the  fa t ty  ac id  
c o m p o s i t i o n .  H o w e v e r ,  a l t h o u g h  the re  was  an  
inc rease  in d imer ic  a n d  o l igomer i c  c o m p o u n d s  
wi th  the  p rog re s s  o f  h e a t i n g  (Tab le  2), t he  level o f  
to ta l  es ter  b o n d s  in the  t h e r m a l l y  ox id ized  oils did  
no t  c h a n g e  s igni f icant ly .  T h i s  w o u l d  s u g g e s t  t h a t  
the  es ter  l inkage  in t he  oils was  n o t  d i s t u r b e d  m u c h  
u n d e r  h e a t i n g  c o n d i t i o n s  wqthout  m o i s t u r e .  C leav-  
age o f  o x i d a t i o n  p r o d u c t s  wi th  h e a t i n g  is c o m p e t i -  
t ive  wi th  b o t h  eyc l i za t ion  a n d  p o l y m e r i z a t i o n ,  b u t  
recent  w o r k  conf i rms  tha t  t e m p e r a t u r e  is o f  p r i m a r y  
i m p o r t a n c e .  Cycl ic  m o n o m e r  f o r m a t i o n  does  n o t  
occur  to any  s ignif icant  ex ten t  unt i l  t he  t e m p e r a t u r e  
a p p r o a c h e s  the  t h e r m a l  p o l y m e r i z a t i o n  r ange  o f  
200-300 C (27). T h e r e f o r e ,  w i th  the  h e a t i n g  cond i -  
t i ons  u sed  in this  e x p e r i m e n t ,  the  f r a c t i o n a t e d  
p r o d u c t s  s h o u l d  be m o s t l y  c o m p o s e d  o f  one  o r  
m o r e  acy lg lycero l  molecu les .  

T h e  m o n o m e r i c  c o m p o u n d s  o b t a i n e d  f r o m  the  
t h e r m a l l y  ox id ized  oils r esu l t ed  in an  i nc reased  
panc rea t i c  hyd ro lys i s  in c o m p a r i s o n  wi th  t h a t  o f  
the  or ig ina l  u n h e a t e d  oils (Tab l e  5). In  o t h e r  
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biological  s y s t e m s  suc h  as S H - e n z y m e s  (28,29) a n d  
c y t o c h r o m e s  (30), it has  been genera l ly  accep ted  
t ha t  i nac t iva t i on  d a m a g e  can  be caused  by h y d r o -  
pe rox ides ,  bu t  no suc h  effect s h o u l d  be expec t ed  
here  because  the  pe rox i de  va lues  were  low, as 
s h o w n  in Tab l e s  1 and  3. A n o t h e r  f ac to r  is t ha t  the  
p o l y u n s a t u r a t e d  fa t ty  acids ,  be ing  m o r e  suscep t ib l e  
to o x y g e n  a t t a ck  d u r i n g  t h e r m a l  o x i d a t i o n ,  a re  
conve r t ed  to d imer s  and  relat ively inert  o l i g o m e r s  
via sc iss ion  p roduc t s .  T h e  f r a c t i o n a t e d  m o n o m e r s  
a f te r  hea t i ng  c o n t a i n e d  c o n s i d e r a b l y  m o r e  s a t u -  
ra ted  acids  t h a n  the  m o n o m e r s  f r o m  the  u n h e a t e d  
oils (31). Th i s  was  c o n f i r m e d  also by the  iod ine  
va lues  in Tab le  3. P a n c r e a t i c  l ipase ac t iv i ty  on  
t r iacylg lycerols  is k n o w n  to be in f luenced  by the  
s t r uc tu r e  of  the  fa t ty  ac ids  a n d  by their  pos i t i on  on  
the  t r iacylglycerol  ske l e t on  (32). A m o n g  the  m o n o -  
mer ic  c o m p o u n d s  ester if ied in the  1- or  3 -pos i t i on  
of  the  sn-g lycero l  p r o d u c e d  d u r i n g  the  h e a t i n g  of  
the  oils, it s e ems  likely tha t  a ce r ta in  a m o u n t  cou ld  
r e m a i n  for p re fe ren t ia l  hyd ro l y s i s  by p a n c r e a t i c  
l ipase.  

D imer i c  c o m p o u n d s  o f  inc reased  m o l e c u l a r  size 
were hyd ro lyzcd  to a lesser  degree  (15-28%) t h a n  
m o n o m e r i c  c o m p o u n d s  (Tab le  5). In v ivo  s tud ie s  
by Ohfu j i  and  c o w o r k e r s  (33) s h o w e d  tha t  ra ts  fed 
t h e r m a l l y  ox id ized  oils a b s o r b e d  d imer i c  c o m -  
p o n e n t s .  T h e y  sugges t ed  tha t  t he  c r o s s l i n k i n g  in 
the  d i m e r s  is via a C -C  b o n d  (8), wh ich  is h y d r o -  
lyzed wi th  m o r e  d i f f icul ty  in rats .  Wi th  the  m o n o -  
mers ,  it is poss ib le  to hyd ro l yze  readi ly  2 ou t  o f  3 o f  
the  es ter  bonds ,  w h e r e a s  wi th  the  d i m e r  w h i c h  is 
larger ,  due  to a n u m b e r  o f  d i f fe ren t  chemica l  
ent i t ies ,  a n d  C - C  l inkages ,  in te rna l  es te r  g r o u p s  
wou ld  no t  be ava i l ab le  for  hydro lys i s ,  so  still on ly  a 
m a x i m u m  o f  two e x p o s e d  es te r  g r o u p s  on  the  
p r i m a r y  c a r b o n s  can  be hydro lyzed .  Besides ,  m u c h  
of  the  d imer i c  s t r u c t u r e  is m o r e  c o m p l e x  t h a n  
ind ica ted  a b o v e  (3), a n d  i n t r a m o l e c u l a r  C - C  
l inkages  could  f o r m  in a d d i t i o n  to t he  i n t e r m o l e c u -  
lar  ones  as a resul t  o f  hea t ing .  ] h i s  w o u l d  inhib i t  
hyd ro lys i s  even  more ,  l ead ing  to the  lower  per-  
cen tage  va lues  with longer  h e a t i n g  pe r iods  in 
F igu re  2. T h e r e  was  no app rec i ab l e  e n z y m a t i c  
hyd ro lys i s  o f  o l igomer ic  c o m p o u n d s  ob ta ined  f r o m  
the  or ig inal  ox id ized  oils. However ,  t hese  c o m -  
p o u n d s  are  m o r e  po la r  and  c o m p l i c a t e d ,  and  
c o n t a i n  t h e r m a l  d e g r a d a t i o n  p r o d u c t s  c apab l e  o f  
i nac t iva t ing  the  enzyme ,  It w o u l d  be of  in te res t  to 
p u r s u e  s tud ies  r ega rd i ng  the  i nac t iva t i ng  m e c h a -  
n i s m s  o f  e n z y m e s  by t h e r m a l l y  p o l y m e r i z e d  lipid 
c o m p o n e n t s  a n d  the i r  d e g r a d a t i o n  p r o d u c t s .  
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Inhibition by Adenosine Triphosphate of Heart 
Microsomal Neutral Lipase Activity 
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ABSTRACT 

Triacylglycerol lipolysis was inhibited by palmitate in the isolated perfused normal rat heart. Acetate or 
acetylcarnitine could reproduce the inhibitory effects of palmitate. Since heart neutral lipase plays an 
important role in the lipolysis of heart triacylglycerols, the effects of acetylcarnitine, acetyl CoA and 
related metabolites on the microsomal neutral lipase activity were studied. ATP inhibited the enzyme activ- 
ity in a concentration-dependent manner without a lag phase. AMP and adenylyl imidodiphosphate, two 
compounds structurally related to ATP but whose phosphate groups cannot be tranlerred, did not inhibit 
the microsomal lipase activity. These results suggested that A-I'P inhibited the lipase activity through the 
transfer of its phosphate group. It is proposed that cellular ATP concentration is a determinant of tri- 
cylglycerol lipolysis in the heart. 
Lipids 18:408-41 I, 1983. 

INTRODUCTION 

Free fatty acids (FFA) are a major source of en- 
ergy for the heart muscle, over 60% of the oxygen 
consumption of the heart being accounted for by 
fatty acid oxidation (1,2). The important sources of 
FFA for the heart are perfusate (or blood) FFA,  
circulating lipoproteins and heart endogenous tri- 
acylglycerols (TG)(I,2). When the work done by the 
heart is increased (e.g., epinephrine treatment, an 
increase in perfusion pressure or filling pressure), 
heart endogenous TG lipolysis is increased as 
indicated by increased glycerol release (3) or TG 
fatty acid oxidation (4). Previous work demon- 
strated inhibition of TG lipolysis in the isolated 
heart when perfused with palmitate (4,5). The 
present study was undertaken to explore the bio- 
chemical mechanisms responsible for the inhibition 
by palmitate of TG lipolysis in the heart muscle. 

METHODS AND MATERIALS 

Normal male Sprague-Dawley rats (290 + 20 g) 
maintained on Wayne chow and tap water were 
used. The isolated heart was washed free of blood 
by perfusing through the aortic canula for 3 rain 
with Krebs-Henseleit buffer (KHB), pH 7.4, con- 
taining 9 mM glucose. The heart was then perfused 
for 30 min by the Langendorff method (6) in a 
recirculation perfusion with 50 ml of Krebs-Hense- 
leit buffer, pH 7.4, containing 3% fatty acid-free 
bovine serum albumin (KHBA) and appropriate 
substrates. Heart TG determination was done as 
described (7). 

Microsomal neutral TG lipase activity was deter- 
mined as follows. Rats were injected ip with 

*To whom correspondence should be addressed. 

nembutol (60 mg/kg). The isolated h e a r t w a s  
perfused for 15 min at 37 C (single pass perfusion) 
with Krebs-Henseleit bicarbonate buffer contain- 
ing I% fatty acid-free bovine serum albumin and 10 
uni ts /ml heparin. The heparin perfusion removes 
the endothelial lipase activity (8,9), without affect- 
ing the heart neutral lipase activity (9). The heart 
was washed free of buffer by flushing with ca. 30 
ml of ice-cold saline. The ventricle was homogen- 
ized in a buffer containing 0.25 M sucrose and 10 
mM phosphate buffer, pH 7.0 (sucrose-phosphate 
buffer), The homogenate was centrifuged at 4 C at 
5,000 • g for 20 min. The supernate was centrifuged 
at 17,000• for 30 min and the resulting supernate 
was centrifuged at 100,000• for 60 rain. The 
sedimented microsomes were washed once and 
suspended in the sucrose-phosphate buffer. 

The incubation mixture contained 50 mM tris. 
HCI buffer, pH 7.4, 5 mM Mg ~" (as chloride) and 
0.75/zmol of trioleylglycerol [9:103] (1.5/~C,) soni- 
cate. After preincubation at 37 C for 5 min, the 
reaction was started by adding microsomes (ca. 2 
mg protein) in a total volume of 0.7 ml. After 30 
min of incubation, FFA were extracted (10) and 
radioactivity was counted and corrected for effi- 
ciency. Triolein sonicates were prepared by drying 
the radioactive triolein in a conical centrifuge tube, 
adding nonradioactive triolein in 0.5% triton-X- 
100 containing 5 mg/ml  purified bovine serum 
albumin (11) and sonicating the mixture at 2 C for 
30 sec (Biosonik IV, Bronwill Instruments, Roches- 
ter, NY). 

Trioleylglycerol, palmitic acid (Applied Science, 
State College, PA), triolein [9:10 ~H, I 11 Cl/mmole] 
(New England Nuclear Corp., Boston), ATP, AMP 
acetyl DL-carnitine (Sigma), adenylyl imidodiphos- 
phate [AMP-PNP](Boehringer Mannheim, Indi- 
anapolis), and fatty acid-free bovine serum albumin 
(Miles Laboratories, Elkhart, IN) were obtained 
from the designated sources. 
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FIG. 1. Inhibition of endogenous triacylglycerol lipolysis by palmitate, acetate and acetyl 
carnitine (Ac. Car.) in the isolated perfused heart. 

*p<0.05 compared to Initial. 

RESULTS 

Inhibition of TG lipolyais by Pa lm i ta te ,  

Acetate and Acetylcarnitine (Fig.  1). 

Perfusion of the isolated heart with KHBA 
containing 9 mM glucose resulted in rapid TG 
lipolysis. Inclusion of 0.5 mM palmitate in the 
perfusate blocked TG lipolysis. To determine the 
chain length requirement of fatty acid, hearts were 
perfused with 5 mM acetate instead of palmitate. 
Acetate blocked TG lipolysis. Since acetyl CoA is a 
common intermediate in acetate and palmitate 
metabolism and since acetyl CoA is transported 
across the mitochondrial membrane as acetylcarni- 
tine, the experiments on the inhibition of TG 
lipolysis were carried out with acetylcarnitine. The 
inhibition of TG lipolysis by acetylcarnitine was 
related to the concentration of the inhibitor. 

Effect of Various Intermediates on Heart Neutral 
l.ipase Activity 

The results suggested that acetylcarnitine or 
metabolite(s) was an effective inhibitor of TG 
lipolysis through the inhibition of TG lipase ac- 
tivity. Heart muscle contains several lipase activi- 
ties (3,12). Among these, the neutral lipase activity 
appears to play an important role (13-15). The 
effects of acetylcarnitine and some major metab- 
olites on the heart microsomal neutral lipase 
activity were studied. Acetylcarnitine (4 mM), 
acetyl CoA (250 ~M), citrate (5 mM), succinate (5 
mM), malate (5 mM), aspartate (5 mM), NADH (I 
mM) and NADPH (1 mM) were not inhibitory up 

to the concentrations indicated. Severson and 
Hurley (16) observed that acetylcarnitine and 
acetyl CoA had no inhibitory activity on the rat 
heart cytosolic neutral lipase activity. 

Inhibition of the Neutral Lipase Activity by ATP (Fig. 2} 

Since oxidation of palmitate, acetate and acetyl- 
carnitine by the perfused heart results in ATP 
synthesis, the effect of ATP on microsomal lipase 
activity was studied. ATP produced a concentra- 
tion-dependent inhibition of the microsomal neu- 
tral lipase activity (Fig. 2B). The inhibition was 
immediate and continued throughout the incuba- 
tion period of 45 min (Fig. 2A). T, he relatively high 
concentrations (ca. l0 mm) required to produce 
50% inhibition could be due to the fact that crude 
microsomes, which exhibit high ATPase activity, 
were used in the present experiments. The inhibition 
by ATP was the same in presence of 5 mM Mg 2. or 
20 mM Mg :+, indicating that the inhibition was not 
due to the chelation of M r '  by ATP. 

To test the specificity of the inhibitor, the 
experiments were repeated with AMP, a metabolite 
with close structural similarity to ATP but without 
transferable phosphate groups. AMP had no inhi- 
bitory activity (Fig. 2B). The experiments were 
repeated with AMP-PNP, a structural analog of 
ATP, but in which an NH grouping replaces the 
terminal bridge oxygen of the triphosphate chain 
(17). This alteration in structure renders the phos- 
phate groups unavailable for enzymic transfer (! 7). 
AMP-PNP did not inhibit lipase activity (Fig. 2B). 
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FIG. 2. ATP inhibition of heart micr0somal neutral lipase activity as a function of time (A) 
and concentration (B). 

These results suggested that ATP inhibited the 
neutral lipase activity through the transfer of its 
phosphate group. 

DISCUSSION 

The results of this study demonstrated inhibition 
ofTG lipolysis in the isolated perfused rat heart by 
palmitate, acetate and acetylcarnitine. These obser- 
vations suggested that acetyl CoA or a metabolite 
played a role in the inhibition. The biochemical 
mechanism responsible for the inhibition of TG 
lipolysis was studied using heart subcellular frac- 
tions. 

Heart muscle contains several lipolytic activities 
(3,12). The major ones are the endothelial lipopro- 
tein lipase (18), neutral lipase found in the micro- 
somal and soluble fractions and an acidic lipase 
found in the lysosomes (3,12). Although the relative 
physiological importance of these lipases in the 
lipolysis of intracellular TG is not established, the 
neutral lipase appears to play an important role 
(13-15). Stam and Hulsmann (15) observed that an 
increase in heart neutral lipase activity was asso- 
ciated with an increase in heart TG content follow- 
ing trierucate feeding in rats or in vitro perfusion of 
the normal rat heart with Intralipid| Their work 
also suggested that this increase in neutral lipase 
activity was due to the induction of new enzyme 
protein. 

In our experiments, acetylcarnitine, acetyl CoA 
and several key tricarboxylic acid cycle intermedi- 
ates did not inhibit the heart neutral lipase activity. 

The activity of numerous enzymes (19,20) includ- 
ing that of the rat adipose tissue TG lipase (21) is 
known to be modulated through the phosphoryla- 
tion and subsequent dephosphorylation of the 
enzyme, ATP acting as a phosphate donor. In our 

studies, the inhibitory effect of ATP could not be 
reproduced by two structurally related compounds, 
namely AMP and AMP-PNP, whose phosphate 
groups could not be transferred. These results 
suggested that ATP inhibited the heart neutral TG 
lipase activity through the transfer of its phosphate 
group, possibly resulting in the phosphorylation of 
the enzyme. This suggestion is supported by the 
demonstrated presence of a protein kinase activity 
in heart microsomes (22). 

Results of earlier studies suggest that a reduction 
in intracellular ATP concentration may stimulate 
endogenous TG lipolysis in the isolated perfused 
rat heart. For example, the increased rate of TG 
lipolysis in the perfused heart in response to 
increased work (2,4) is associated with decreased 
cellular ATP concentration (23). Hron et al. (24) 
observed inhibition of endogenous TG lipolysis 
when the heart was perfused with ketone bodies. 
Since ketone bodies are readily oxidized by the 
myocardium to produce energy (2), the observa- 
tions of Hron et al. (24) could be explained by the 
inhibition of TG lipolysis by ATP generated as a 
result of ketone body metabolism (23). The in- 
creased rate of lipolysis in the isolated perfused 
heart of diabetic rats (25) is associated with de- 
creased ATP concentration in the diabetic heart 
(26). 

We propose that cellular ATP concentration is a 
determinant of heart TG lipolysis. Such a proposal 
would predict that any substrate capable of main- 
taining stable ATP concentration in the perfused 
heart would block heart endogenous TG lipolysis. 
Regulation of TG lipase by ATP concentration in 
the heart cell would result in the coordination of 
the mobilization of stored energy (TG) with the 
availability of a readily utilizable form of energy, 
namely ATP. 
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Fatty Acid Composition of Tissue Phospholipids and 
Prostaglandin Excretion in Hyperlipidemia Induced 
in Rats by Implantation of the Mammotropic Pituitary 
Tumor MtT-F4 
Y.S. HUANGa, A. MARTINEAU~, P. FALARDEAU b and J. DAVIGNON, .  * 
"Department of Lipid Metabolism and Atherosclerosis Research 
and a Laboratory of Prostaglandins, Clinical Research Institute of Montreal, 
110 Pine Avenue West. Montreal, Quebec, H2W 1R7, Canada 

ABSTRACT 

A mammotropic pituitary tumor, MtT-F4, was implanted into male Fisher 344 rats for a period of 4 
weeks. This tumor induced growth retardation, hyperlipidemia, hepatic hypertrophy and adrenal 
hyperplasia. Lipids were extracted from various tissues. In tumor-bearing rats, phospholipid concentration 

�9 was found to be increased in plasma, spleen and testis. Distribution among the various phospholipid classes 
was similar to that of controls except in liver and heart, where phosphatidylcholine was increased at the 
expense of phosphatidylinositol and phosphatidylserine. The main difference was in the fatty acid 
composition of major phospholipids. The proportion of to6 fatty acids was lower and that of 
docosahexaenoic acid of the (o3 series (22: 6(o3) was higher in most tissues, especially in plasma, liver, heart 
and kidney. Concurrently, the urinary excretion of two endogenous metabolites of PGI2 (2,3-dinor-6-keto- 
PGF~ and 6,15-diketo-I 3,14-dihydro-2,3-dinor-PGF~ ) was found to be increased significantly in tumor- 
bearing rats. The results raise the hypothesis that hormonal changes induced by the MtT-F4 tumor accelerate 
the conversion of arachidonic acid (20:4(o6) to prostaglandins. This effect, perhaps coupled with a diversion 
of linoleic acid (18:2(o6) towards other metabolic processes, would account for a partial depletion of 
membrane phospholipids ~n 18:2to6 and for the reduced production of longer chain to6 unsaturated acids 
from 20:4to6, creating a state of "relative essential fatty acid deficiency." As a result, thg metabolism of to3 
fatty acids is altered towards an enhanced production of 22:6(o3 which accumulates in the lipids of cell 
membranes to compensate for the depletion of unsaturated acids of the (o6 series. 
Lipids 18:412-422, 1083. 

INTRODUCTION 

The mamotropic  pituitary tumor,  MtT-F4, im- 
planted in Fisher 344 rats, secretes large amounts  
of growth hormone, prolactin and A C T H  (l). The 
secretion of A C T H  induces marked adrenal hyper- 
plasia and the release of corticosteroids with 
secondary hypertension (2). Rats bearing this 
tumor also develop hyperlipidemia secondary to 
enhanced hepatic lipid synthesis and adipose tissue 
lipolysis (3-5). Exposure  of cells to this endogenous 
hyperlipidemia is likely to affect the lipid composi- 
t ion of their membranes which in turn could alter 
their permeability as well as the activities of 
membrane-bound enzymes. Hence, it is possible 
that some of the biological effects induced by 
tumor implantation could be the consequence of  a 
modification in the fatty acid composit ion of 
membrane structural phospholipid (PL) compo-  
nent. Furthermore,  since membrane PL are the 
source of the unsaturated fatty acids which serve as 
precursors in the biosynthesis of prostaglandins 
(6), any alteration in the fatty acid composit ion 
could also infludnce prostaglandin metabolism. 
With this in mind, we undertook the present study 
to examine the effect of MtT-F4 tumor implanta- 

*To whom correspondence should be addressed. 
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tion on membrane PL composit ion of various 
tissues and on prostaglandin metabolism. Because 
the tumor-bearing rats develop hypertension (2) 
and since PGI2 may play a role in the modulat ion of 
blood pressure (7), we chose to monitor  the urinary 
excretion of two endogenous metabolites of PGI2 
(2,3-dinor-6-keto-PGFj~ and 6,15-diketo-13,14- 
dihydro-2,3-dinor-PGFt~). 

Since it is generally accepted that the urinary 
excretion of the major metabolite(s) of  a particular 
prostaglandin in a reliable index of the overall 
synthesis of a prostaglandin in vivo (8,9), we felt 
that these measurements would provide general 
information on the biosynthetic capacity of ' these 
animals with regard to this aspect of the prosta- 
glandin system. 

MATERIALS AND METHODS 

Animals 

Six male Fisher 344 rats weighing 100 g were 
implanted with MtT-F4 tumor and 6 control rats 
were subjected to a sham operation (3-5). All 
animals were maintained on Purina rat chow and 
given water ad libitum. They were sacrificed 4 
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weeks after the operation. Overnight fasted ani- 
mals were killed by exsanguination under ether 
anesthesia. Blood was withdrawn from the heart 
into a test tube containing EDTA (1 rag/ml blood). 
Plasma and red blood cells (RBC) were separated 
by centrifugation at 1,000 • g for 10 rain. RBC were 
washed twice with 0.9% NaCI. Liver, heart, kidney, 
testis, spleen, epididymal fat pad, adrenals, tumor 
cortex and muscle from hind leg (mainly gastro- 
cnemius) were removed, washed with ice-cold 
saline, blotted dry, weighed and stored at -20 C 
until analysis. 

Extraction and Fractionation of Lipids 

Plasma cholesterol (CH) (10) and triglycerides 
(TG) (11) were measured enzymatically. Plasma 
PL were determined by the method of Bartlett (12). 
The homogenized tissues and RBC were extracted 
with chloroform/methanol (2:1, v/v) according to 
the method of Folch et al. (13). Aliquots of extracts 
were assayed for total phosphorus (12). The lipids 
extracted from adipose tissue and tumor cortex 
were assayed directly for total fatty acid composi- 
tion after saponification. Total PL of plasma and 
adrenals were first separated by thin layer chroma- 
tography (TLC) by means of a solvent system of 
hexane/diethyl ether/glacial acetic acid (80:20: 1, 
v/v) and the phospholipids recovered from the 
plate were kept for analysis of their fatty acid 
composition. Aliquots of other tissue lipid extracts 
were separated by TLC into 5 major PL fractions: 
phosphatidylcholine (PC), phosphatidylserine plus 
phosphatidylinositol (PS + PI), phosphatidyletha- 
nolamine (PE), sphingomyelin (Sph) and lyso- 
phosphatidylcholine (LPC) using a solvent system 
(14) of chloroform/methanol/glacial acetic acid/ 
water (50: 25: 8:4, v/v). Our preliminary results had 
shown that Sph and LPC contained little polyun- 
saturated fatty acid (PUFA) and their fatty acid 
composition was not significantly affected by the 
tumor. Hence, in this study, these fractions were 
not analyzed. Only the fatty acids of 3 major 
glycerophospholipid fractions (PE, PS + PI, and 
PC) were converted to methyl esters (FAME) (15) 
and analyzed by gas liquid chromatography (GLC). 

Analyses of Fatty Acid Composition 

FAME were analyzed on a Hewlett-Packard gas 
chromatograph (Model 5840) equipped with flame 
ionization detector (FID) and automatic inte- 
grator. A fused silica capillary column (20 m • 0.2 
mm id) of Carbowax 20M (Hewlett-Packard) was 
used for the identification of individual FAME. 
The GLC conditions were as follows: injection port 
temperature, 260 C; FID temperature, 300 C; 
nitrogen flow, 2 ml/min. The column temperature 
was programmed from 110 to 210 C at 3 C/min. 
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For the quantitation of FAME, a glass column 
(180 cm•  mm id) packed with 10% silar-10C on 
100-120 mesh Gas-Chrom Q (Applied Science) was 
used. The column was flushed with nitrogen at a 
flow rate of 30 ml/min, and the analyses were 
performed isothermally (180 C). Individual FAME 
were identified by comparing their retention times 
to those of standard mixtures (Applied Science). 
Fatty acid compositions were presented as weight 
percentages of tbtal FAME. 

Measurement of Urinary Prostaglandin Metabolites 

Prior to the sacrifice, 3 rats each from the control 
and from the tumor-bearing rats were placed in 
individual Econo polycarbonate metabolic cages. 
Three consecutive 24-hr urinary collections were 
made. Two urinary metabolites of prostaglandin 12 
(prostacyclin), i.e., 2,3-dinor-6-keto-PGF~ and 
6,15-diketo-2,3-dinor-13,14-dihydro PGFI~, were 
measured by gas chromatography-mass spectrom- 
etry (GC-MS). The analytical procedure was based 
on a stable isotope dilution method (16). To an 

aliquot of the total 24-hr urine were added 100 ng 
each of the 2 deuterated metabolites as internal 
standards. The urine was acidified with cone HCI 
to pH 3 and eluted through a "Clin Elut" column 
(Analytichem) with dichloromethane/ethyl acetate 
(8: 2, v/v). The eluate was washed with 0.05 M Tris 
buffer (pH 8.0). The aqueous phase was discarded 
and the organic solvent was evaporated to dryness 
under a stream of nitrogen. The residue was then 
dissolved in 2-3 drops of pyridine and 1 ml of 0.05 
M sodium borate buffer (pH 8.0) was added to the 
sample. After standing at room temperature for 15 
rain, the mixture was extracted twice with ethyl 
acetate and the organic phase was discarded. The 
aqueous phase was acidified to pH 3 and the 
metabolites were extracted into dichloromethane. 
After evaporation of the organic solvent, the 
residue was converted into O-methyl0xime-tri- 
methylsilyl ether/methyl ester derivatives and 
analyzed on a Hewlett-Packard 5985B GC-MS by 
selected ion monitoring (SIM) of the M-31 frag- 
ments. A column (180 cm•  mm id) packed with 
3% SP-2250 on Supelcoport (100-120 mesh) was 
used and flushed with helium at a flow rate of 30 
ml/min. The oven temperature was maintained at 
235 C. The ion source temperature was 200 C and 
the electron energy 70 eV. 

RESULTS 

General 

Four weeks after tumor implantation, animals 
developed hyperlipidemia (Table 1); plasma CH 
and PL concentrations were increased 7-fold (232 
vs 31 and 464 vs 67 mg/dl, respectively) and plasma 
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TABLE 1 

Effect of MtT-F, Tumor Implantation on Body 
and Tissue Weights and on Plasma Lipids 

Control Mt'I'-F4 p 

Total body weight (BW) (g) 204 154 <0.001 
Liver (% BW) 2.63 5.97 <0.001 
Heart (% BW) 0.29 0.40 <0.001 
Kidney (% BW) 0.29 0.53 <0.001 
Testis (% BW) 0.50 0.47 NS 
Spleen (% BW) 0.12 0.08 <0.001 
Adrenal (% BW) 0.02 0.17 <0.001 
Plasma cholesterol (mg/dl) 31 232 <0.001 
Plasma triglycerides (rag/dl) 34 120 <0.001 
Plasma phospholipid (rag/dl) 67 464 <0.001 

T G  3.5-fold (120 vs 34 m g / d l ) .  T h e  g r o w t h  o f  
t u m o r - b e a r i n g  ra t s  was  s ign i f i can t ly  s t u n t e d .  T h e i r  
liver,  k idney  a n d  a d r e n a l  we igh t s  were  inc reased .  
T h e  hea r t  we igh t  was  n o r m a l  (0.62 vs  0.59 g) b u t  its 
relat ive we igh t  (% BW)  w a s  inc reased  s ign i f ican t ly .  
T h e  we igh t  o f  tes tes  was  dec reased  in p r o p o r t i o n  to 
the  b o d y  mass ;  b o t h  a b s o l u t e  a n d  re la t ive  we igh t s  
o f  sp leen  were  s u b n o r m a l  in t u m o r - b e a r i n g  rats .  

Phospholipid Distribution 

In  t u m o r - b e a r i n g  ra ts ,  the  c o n c e n t r a t i o n  o f  to ta l  
p h o s p h o l i p i d s  in m o s t  o f  the  t i s sues  e x a m i n e d  did 
no t  differ  f r o m  tha t  in con t ro l s  (Tab le  2), excep t  for  
sp leen  a n d  test is  w h e r e  it was  inc reased .  In  PL  
c o m p o s i t i o n ,  the re  was  an  inc rease  in P C  at the  
e x p e n s e  of  PS + PI in l iver a n d  hear t .  In the  sp leen ,  
S p h  a n d  L P C  were inc reased ,  a n d  P E  a n d  PI  + PS 
were reduced .  In  musc le ,  b o t h  PE  a n d  P C  were  
increased  a n d  S p h  dec reased .  

Fatty Acid Patterns of Tissue Phospholipids 

Liver. Fa t ty  ac ids  o f  liver P L  a re  s h o w n  in T a b l e  
3. In  PE,  the  p resence  o f  the  t u m o r  s ign i f i can t ly  
inc reased  the  p r o p o r t i o n s  o f  p a l m i t a t e  (16:0)  a n d  
d o c o s a h e x a e n o a t e  (22:6m3),  w h e r e a s  it r educed  
t h o s e  o f  o lea te  (18:1),  l inolea te  (18:2m6) a n d  
a r a c h i d o n a t e  (20:4m6).  In  PC ,  the  p r o p o r t i o n s  o f  
s t ea ra t e  (18:0) a n d  22:6m3 were  ra ised a n d  t h o s e  o f  
18: 1, 18:2m6 a n d  20:4m6 were reduced .  

Heart. In  ra t  hea r t  (Tab le  4), the  t u m o r  s ignif i -  
can t ly  increased  the  p r o p o r t i o n  o f  22:6<o3 in all P L  
classes.  The  p r o p o r t i o n  o f  18:2m6 was  r educed  in 
b o t h  PE  and  PC,  w h e r e a s  t ha t  o f  20 :4m6 was  
reduced  in P E  a n d  PS  + PI. 

T A B L E  2 

Concentration and Distribution of Phospholipids in Tissues 
from MtT-F4 Tumor-Bearing (n = 6) and Control (n = 6) Rats 

l"otal phospholipids % of lipid phosphorus 
Tissue (mg/g tissue) PE PI + PS PC Sph LPC 

Liver 
Control 25.6 24.8 8.3 58.5 8.0 0.4 
MtT-F4 23.8 20.6" 7. I s 63.8 h 8.1 0.4 

Heart 
Control 24.4 29.1 15.8 35.9 12.4 6.9 
MtT-F4 25.3 29.8 14.2 ~ 39.6' 12.3 4.2 

Kidney 
Control 42. I 29.3 12. I 31.9 18.0 8.9 
MtT-F4 35.1 29.5 I 1.2 31.8 18. I 9.4 

Testis 
Control 21.6 43.7 7.6 41.6 5.3 1.8 
MtT-F4 26.6' 41.2 7. I 43.2 6.7 1.9 

Spleen 
Control 21.3 24.8 13.8 40.4 11.5 10. I 
MtT-F, 30.5" 19.4 b 11.4 a 40.5 15.1" 13.5 'j 

Muscle 
Control 16.7 26.4 3.0 39.2 25.3 
MtT-F4 20.4 31.4 d 3.3 50.4" 14.9' 

*'b"'OUnderlined values significantly different from control values at p<0.001, p<0.01, p<0.02 and 
p < 0.05, respectively. 
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TABI.E 3 

Percentage Composition of Major Fatty Acids in 1.ivcr Glycerophospholipids 
of Mtl'-l~) Tumor-Bearing (n = 6) and Control (n = 6) Rats 

4 1 5  

PE PS + PI PC 

Methylestcr Control MtT-I"~ Control Mt'l-Fd Control MtI-F4 

16:0 18.2 21.8 '~ 10.9 10.6 22.7 23.5 

18:0 29.4 30.7 41.4 41.4 22.7 27.0" 

18:1 3.6 2.1" 0.9 0.5 4.9 2.3 d 

18:2to6 6.5 1.9 d 2.2 1.5 11.3 4.3" 

20:4to6 24.4 17.0" 33.5 32.3 25.8 21.8 ~' 
22:5to3 2.0 0.7 ~ 0.9 0.5 J 0.8 0.4" 

22:6to3 13.6 24.1" 2.3 4.9 J 6.3 16.9" 

""'aUnderlincd valucs significantly different from control values at p<0.001, p<0.01 and p<0.05, 
respectively. 

TABLE 4 

Percentage Composition ol Major Fatty Acids in Heart Glycerophospholipids 
of MtT-F, Tumor-Bearing (n=6) and Control (n=6) Rats 

PE PS + PI PC 

Met hyl ester Control MtT-F4 Control Mt]-Fa Control MtT-F4 

16:0 12.8 12.2 8.1 10.3 19.1 17.1 
18:0 24.6 26.2 40.5 37.4 24.2 24.2 
18:1 5.1 6.0 4.9 50 8. I 6.0" 

18:2a,6 7.7 3.0 '~ 6.7 6.2 12.9 4.6" 

20:4t06 15.2 I 1.8 ~ 28.4 22.3" 24. I 27.6 

22:4o~ 0.5 1. I' 0.4 0.5 

22:5t03 3.0 2.4 1.9 2.5 2.7 3.2 
22:6to3 23.8 32.4 ~ 6.0 7.2 J 7.2 14. I ~ 

"'h~'dUnderlined values significantly diflcrcnt from control values at p<0.001, p<0.01, p<0.02 and 
p < 0.05, respect ively. 

Kidney. In  k idney  PE (Tab le  5), t he  p r o p o r t i o n  
of  p a l m i t o l e a t e  (16:1)  a n d  18:2co6 was r educed ,  
while  tha t  of  22:6to3 was  increased .  In  P S + P I ,  
on ly  22:6t03 was  increased .  In P C  18:2oJ6 a n d  
20:4to6 were r educed ,  while  18:1 a n d  22:6t03 were  
increased .  

Testis. F a t t y  ac ids  of  test is  PL are  s h o w n  in 
Tab l e  6. In  this  t i ssue,  t u m o r  i m p l a n t a t i o n  in- 
c reased  the  p r o p o r t i o n  o f  22:6t03 in all P L  c lasses  
but  had  little effect  on  o t h e r  fa t ty  acids.  

Spleen. In sp leen  P L  (Tab le  7), the  t u m o r  
reduced  the  p r o p o r t i o n  of  20:4t06 in PE,  18: I a n d  
18:2to6 in P S + P I ,  but  increased  22:6t03 in b o t h  
f rac t ions .  The  t u m o r  had  little effect  on  the  larry 
acid pa t t e rn  o f  sp leen  PC. 

Muscle. Fa t ty  ac ids  o f  musc l e  P L  are  s h o w n  in 
Tab l e  8. In  t u m o r - b e a r i n z  rats ,  t he  p r o p o r t i o n  o f  
18:1 was  inc reased  in all c lasses  a n d  tha t  o f  18:2to6 

in PC,  a n d  o f  20:4to6 a n d  22:5t03 in PE and  
PS + P1 was reduced .  

Red blood cells. Fa t ty  ac ids  o f  PL  in R B C  are  
s h o w n  in Tab le  9. The  t u m o r  s ign i f i can t ly  r educed  
the  p r o p o r t i o n  of  18:2t06 in PE a n d  P C  a n d  tha t  o f  
20:4to6 in PS + PI and  PC.  O n  the  o t h e r  h a n d ,  the  
p r o p o r t i o n  o f  22:6w3 in all PL  c lasses  was  in- 
c reased .  

Other tissues. F a t t y  ac ids  o f  to ta l  PL  f r o m  
p l a s m a  a n d  ad rena l  a re  s h o w n  in Tab l e  10. in 
p l a s m a  PL, the  t u m o r  i m p l a n t a t i o n  s ign i f i can t ly  
inc reased  the  p r o p o r t i o n s  o f  18:0 a n d  22:6to3 and  
reduced  t hose  o f  18:1 and  18:2to6. In a d r e n a l  PL,  
the  t u m o r  increased  the  pe rcen t age  o f  22:6to3 but  
r educed  the  p r o p o r t i o n  o f  20:4to6. T h e  fa t ty  acid 
pa t t e rn  o f  a total  lipid ex t r ac t  f r o m  the t u m o r  
co r t ex  is a lso s h o w n  in Tab le  10. T h e r e  was  no  
s ign i f ican t  a c c u m u l a t i o n  o f  22:6w3.  
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TABLE 5 

Percentage Composition of Major Fatty Acids in Kidney Glycerophospholipids 
of MtT-F4 Tumor-Bearing (n = 6) and Control (n = 6) Rats 

PE PS + P1 

Methyl ester Control MtT-F4 Control MtT-F, 

PC 

Control MtT-F4 

16:0 15.5 15.9 10.5 12.0 38.8 39.8 
18:0 26.6 26.1 44.4 41.5 16.4 16.2 
18:1 4.6 6.3 6.2 6.4 12.0 13.3 ~ 

18:2~6 7.5 5.3 a 4.8 4.4 10.0 6.3 a 

20:4o~6 35.0 33.9 25.8 27.9 18.1 15.3 c 

22:60~3 0.8 6.3 ~ 2.0 3.8 ~ 1.9 6.8 a 

~'~'dUnderlined values significantly different from control values at p<0 .001 ,  p < 0 . 0 2  and p<0 .05 ,  
respectively. 

TABLE 6 

Percentage Composition of Major Fatty Acids in Testis Glycerophospholipids 
of MtT-F, Tumor-Bearing ( n = 6 )  and Control ( n = 6 )  Rats 

PE PS + PI PC 

Methyl ester Control MtT-F4 Control MtT-F4 Control MtT-F4 

16:0 31.7 30.0 26.3 27.3 41.3 41.0 
18:0 7.8 8.1 24.3 24.9 5.3 5.9 
18:1 6.6 6.7 7.4 8.4 17.3 19.1 
18:2oJ6 3.6 3.1 2.0 2.5 3.3 3.1 
20:4o~6 18.2 18.6 22.7 18.6 a 10.6 9.8 

22:5a~6 23.5 22.3 14.1 12.2 17.6 15.6 
22:6~o3 2.0 4.4 a 0.6 2.0 b 1.0 2.C 

~"'dUnderlined values significantly different from control values at p<0 .001 ,  p<0 .01  and p<0 .05 ,  
respectively. 

TABLE 7 

Percentage Composition of Major Fatty Acids in Spleen Glycerophospholipids 
of MtT-F4 Tumor-Bearing ( n = 6 )  and Control (n=6)  Rats 

PE PS + PI PC 

Methyl ester Control MtT-F4 Control MtT-F4 Control MtT-F4 

16:0 14.4 15.9 7.9 6.2 
18:0 24.2 24.6 49.1 51.8 
18: I 10.9 9.5 14.2 11.5 ~ 

18:2o.b6 5.7 3.5 5.8 3.4 b 

20:4oJ6 34.8 29.9 d 15.7 17.3 

22:4to6 2.4 3.6 1.6 1.5 
22:5o~3 2.5 2.1 1.2 1.5 
22:6to3 2.4 7.9 d 1.5 3.3 ~ 

63.7 63.4 
22.1 21.5 

7.4 7.0 

2.6 2.4 

3.5 3.6 

b~Underl ined values significantly different from 
respectively. 
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TABLE 8 

Percentage Composition of Major Fatty Acids in Muscle Glycerophospholipids 
of MtT-F4 Tumor-Bearing (n=6) and Control In =6) Rats 

4 1 7  

PE PS + PI PC 

Met hyl ester Control MtT-F4 Control MtT-F+ Control MtT-F~ 

16:0 9.1 9.9 5.2 7.3 35.8 36. I 
18:0 28.2 27.5 40.1 40.5 9.9 9.9 
18:1 10.3 13.3 + 12.7 15.6 I 1.3 13.9 b 

18:2r 5.8 5.3 3.9 3.9 18.1 12.6 + 

20:4a~6 10.1 9.2 J 19.3 14.8' 12.6 12.0 

22:4aJ6 - I. I 0.8 
22:5~03 5.6 3.8 ~ 3.4 2. t ~ 2.3 2. I 

22:6,n3 28.2 29.0 9.9 9.8 8.2 9.9 

"a'"'aUnderlined values significantly different from control values at p<0.001, p<0.01, p<[1.02 and 
p< 0.05, respectively. 

TABLE 9 

Percentage Composition of Major Fatty Acids in Red Blood Cell Glycerophospholipids 
of MtT-F, Tumor-Bearing (n=6) and Control (n=61 Rats 

PE PS + PI PC 

Methylester Control MIT-F~ Control MtT-F+ Control MtT-F+ 

16:0 12.5 15.3 3.5 5.6 39.8 38.4 
18:0 12.0 10.9 24.4 24.4 19. I 18.8 
18: I 17. I 17.7 5.5 6.9" 10.1 10.5 

18:2co6 3.8 3.2' 4.7 4.3 15.2 9.T 

20:4w6 39.0 36.6 55.3 49. I n 11.6 14.3 + 

22:4u,6 5.5 5.1 
22:5,o3 4.5 5.2 0.9 0.5 0.3 0. I 
22:6,o3 4.0 5.3 3.9 5.4" 1.2 5.0" 

"'"'~"ttJnderlined values significantly different lrom control values at p<O.001, p<'0.01, p<O.02 and 
p<  0.05, respectively. 

Urinary Excretion of Prostaglandin Metabolites 

The  d i f fe rences  be tween  the  u r i n a r y  e x c r e t i o n  o f  
P G l : - m e t a b o l i t e s  in the  con t ro l  a n d  in the  t u m o r -  
bea r ing  rats  a re  s h o w n  in Tab le  11. T h e  u r i n a r y  
me tabo l i t e s  o f  PGI:  were s ign i f i can t ly  i nc reased  in 
t u m o r - b e a r i n g  rats.  T he  da i ly  exc r e t i on  o f  2,3- 
d ino r -6 -ke to -PGF~ , ,  was  inc reased  by 52% (151.6 
vs 99.8 n g / 2 4 - h r  ur ine)  a n d  tha t  o f  6 ,15-d ike to -2 ,3 -  
d inor -13 ,14-d ihydro-PGF~,~  by 68~ (91 vs 54.3 
n g / 2 4 - h r  ur ine) .  

DISCUSSION 

In m a m m a l s ,  the re  a re  3 c o m m o n  fami l ies  o f  
P U F A ,  cha rac t e r i zed  by the  pos i t i on  o f  the  d o u b l e  

b o n d  c loses t  to the  t e r m i n a l  m e t h y l  g r o u p  as  co3, w6 
a n d  oJ9 series.  T h e  fa t ty  ac ids  o f  the  oJ9 ser ies  a re  
e n d o g e n o u s l y  syn thes i zed  f r o m  oleic acid ( 18: I co91, 
the  o~6 fat ty  ac ids  are  der ived  f r o m  l inoleic  acid 
(18:2oJ61, a n d  t hose  o f  w3 series f r o m  l ino len ic  acid 
(18:3w3).  1,inoleic a n d  l inolenic  ac ids  c a n n o t  be 
syn thes i zed  by the  a n i m a l  body  a n d  arc  p rov ided  
by the  diet.  ] h e y  are  not  i n t e r conve r t ib l e  but  b o t h  
ac ids  are  e l onga t ed  a n d  d e s a t u r a t e d  by the  s a m e  
e n z y m e s  and  give rise to s e p a r a t e  fa t ty  acid fami l ies  
(oJ3 a n d  o~6). 

T h e  fa t ty  acid a n a l y s e s  of  t i ssue  p h o s p h o l i p i d s  
(Tab les  3-101 in t u m o r - b e a r i n g  ra ts  revealed  a 
r e m a r k a b l e  dec rease  in the  p r o p o r t i o n s  o f  w6 fa t ty  
ac ids  (18:2w6 a n d  20:4w6) a n d  a s ign i f i can t  in- 
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TABLE 10 

Major Fatty Acids in Total Lipids (TL) of Epididymal Fat and Tumor Cortex and in Total Phospholipids (PL) 
of Plamsa and Adrenal of MtT-F4 Tumor-Bearing Rats (n=6) and Control Rats (n=6) 

% Fatty acid methyl esters 

16:0 18:0 18: I 18:2oJ6 20:4o~6 22:4oJ6 22:6w3 

Plasma-PL 
Control 23.6 25.2 I 1.0 12.0 19.9 
MtT-F4 20.9 28.5 ~ 5.7" 6.1" 22.6 

Adrenal-PL 
Control 8.1 37.8 6.6 3.0 40.8 
MtT-F4 7.4 40.6 6.0 2.9 34.8" 

Epididymal fat-TL 
Control 27.2 2.8 25.2 29.5 0.6 
MtT-F4 30.T 4.1 ~ 28.4' 25.5 ~ 0.4 

Tumor cortex-TL 27.2 17.9 18.8 7.4 14.4 

2.5 
12.7" 

1.7 0.4 
3.2 3.1 ~ 

1.4 5.2 

"'""Underlined values significantly different from control values at p<0.001, p<0.01 and p<0.02, 
respectively. 

TABLE 11 

Urinary Excretion of Two Metabolites of PGI2 Expressed as 
ng per 24-hr Urine Collection 

Assays ~ 

Compound 1 2 3 Mean 

2,3-dinor-6-keto PGF~ a 
Control 83.6 + 5 136.1 _+ 0 79.6 _+ 9 99.8 _+27 
MtT-F4 114.4~-+ 27 186.8~ + 177 153.6~_+ 33 151.6 -+39 

6,15-diket o-2,3-dinor- 13,14-dihydro PGFt 
Control 47.4 _+ 4 77.0 -+ 9 38.4 _+ 4 54.3 + 19 
MtT-F4 75.4J-+24 104.6 h - 12 93.0d_+36 91.0d+26 

"'h'dUnderlined values significantly different from control values at p<0.001, p<0.01 and p<0.05, 
respectively. 

"Each value represents mean + SD of 3 individual rats. 

c rease  in the  p r o p o r t i o n  o f  t he  oJ3 fa t ty  ac id  
22:6~o3. T h e  r e d u c t i o n  o f  to6 fa t ty  ac ids  was  n o t  the  
resul t  o f  ove r t  E F A  def ic iency,  s ince  t he r e  is no  
c h a n g e  in the  t r i e n e : t e t r a e n e  ra t io  (17) o f  t i s sue  
l ipids in t u m o r - b e a r i n g  rats .  D o c o s a h e x a e n o i c  
ac id  (22:6oJ3) is k n o w n  to be i m p o r t a n t  for  the  
g r o w t h  o f  r a i n b o w  t rou t  (18) a n d  c o n s t i t u t e s  a n  
i m p o r t a n t  c o m p o n e n t  o f  p h o s p h o l i p i d s  in a n i m a l  
t i s sues  s u c h  as  re t ina  (19), b r a i n  (20), hea r t  m u s c l e  
(21) a n d  liver (22). Bu t  the  e x a c t  b io log ica l  f u n c t i o n  
o f  this  fa t ty  ac id  is no t  well e s t ab l i shed .  T h e  
m e c h a n i s m  wb, ich e levates  the  p r o p o r t i o n  of  
22:6w3 in the  t u m o r - b e a r i n g  ra ts  is a l so  no t  clear .  

Howeve r ,  the  p r o n o u n c e d  inc rease  o f  22:6oJ3 in 
th is  a n i m a l  was  no t  un i que .  W o o d  (23) ha s  d e m o n -  
s t r a t ed  a r e m a r k a b l e  inc rease  of  22:6oJ3 in t he  l iver 

p h o s p h o l i p i d s  o f  h e p a t o m a  hos t  ra ts .  S imi l a r  
inc rease  in l iver P E  ha s  a lso  been  r epo r t ed  in 
cho l ine -def ic ien t  ra ts  (24). 

T h e r e  was  no  t race  o f  22:6o~3 in the  diet.  T h u s ,  
the  inc reased  p r o p o r t i o n  o f  22:6w3 c a n n o t  be 
a sc r ibed  to the  diet .  D i r ec t  o u t p u t  o f  22:6oJ3 f r o m  
the  t u m o r  cell a n d  its d e p o s i t i o n  in t i s sue  P L  is 
unl ike ly ,  s ince the  p r o p o r t i o n  o f  22:6w3 in t u m o r  
co r t ex  was  low. A rap id  t u r n o v e r  o f  the  ~o3 fa t ty  
ac ids  in t i s sues  w o u l d  p rov ide  the  m o s t  likely 
e x p l a n a t i o n .  N o r m a l l y ,  w h e n  die ts  r ich in 18:3~o3 
are  g iven  to  rats ,  the  a m o u n t  o f  th is  fa t ty  ac id  in 
t i s sue  P E  and  P C  r e m a i n s  negl igible ,  w h e r e a s  
20: 5oJ3, an  i n t e rmed ia t e  p reced ing  a r a t e - r egu la t ing  
s tep  in the  f o r m a t i o n  o f  22:6oJ3 (25), r ises s h a r p l y  
(26). In  th is  s tudy ,  18:3co3 in P u r i n a  c h o w  given  to 
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the animals  represented only 4.7% of the fat ty acid 
intake. Fur thermore ,  the p ropor t ion  of 20:5to3 in 
tissue PL  of tumor-bear ing  rats was not  increased. 
If  indeed the tu rnover  of to3 fatty acids in tumor -  
bearing rats is accelerated, it is conceivably t h r ough  
tl~e lifting of the regulat ion imposed on the conver-  
sion of 20:5to3 to 22:5to3 at the ra te , l imit ing step, 
and  this would result in high levels of 22: 6to3. 

To obta in  an  idea of the overall  am oun t s  of 
unsatura ted  acids in the membranes ,  we calculated 
the concent ra t ion  (/~mol/g tissue weight) as well as 
the absolute  amount s  (/~mol) of 18:2to6, 20:4to6 
and  22:6to3 in the PL fract ion of three major  
organs of cont ro l  as well as of  implanted rats 
(Table 12). In spite of an  average 60% increase in 
absolute  weight for liver, kidney and heart ,  the 
combined  phosphol ip id  pool  size is reduced by 
37.7% for 18:2to6 and  is increased only by 25% for 
20:4to6 in implanted vs control  animals.  This 
fur ther  supports  the not ion  of "relative E FA  
deficiency" in the t umor  rats which have a 24.5% 
l o w e r  body weight at the end of the experiment .  
The only unsa tura ted  fatty acid tha t  follows the 
large increase in weight of  these 3 organs is 22: 6003, 
the pool  size of which is raised 234% in the PL 
fraction. 

The reduced p ropor t ion  of P U F A  of the 006 
series in the t i s sue 'phosphol ip ids  of the tumor -  
bearing rats may be related in par t  to an  increased 
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in vivo produc t ion  of prostaglandins ,  as suggested 
by the observed increase in the ur inary excret ion of 
two endogenous  metaboli tes  of PGI2 (Table 1 l). 
The cause of this increased PGI2 biosynthesis  is not  
known. Gudb ja rna son  et al. (21) have studied the 
membrane  PL  in rat  myocardium.  After  ei ther  
nicotine t r ea tmem to induce the secretion of  nor-  
epinephrine  or repeated admin is t ra t ion  of norepi-  
nephr ine  to rats, t hey  have demons t ra ted  effects 
similar to those we have observed here: an increase 
in the p ropor t ion  of 22:&o3 and  a cor responding  
decrease in those of 20:4to6 and  18:2to6. Thei r  
results implied tha t  the modif ica t ion of fa t ty  acid 
composi t ion  in tissue PL  is under  the influence of 
hormones .  Since the tumor-bear ing  rats exhibi t  
hyper tension and  high plasma ca techolamine  con- 
centra t ions  (Buu and  Ktichel, personal  communi -  
cation),  the increased excret ion of pros tag landin  
metaboli tes  could be due here also to a ho rmona l  
effect. Moreover ,  the PGI :  increase could represent  
a defence mechanism against  the rise in blood 
pressure. Indeed,  PGI2 is the principal  prosta-  
glandin synthesized by the b lood vessels and  is 
though t  to play a significant role in the modula t ion  
of vascular  reactivity and  blood pressure (9). On 
the other  hand,  the observed increase in PGI2 
fo rmat ion  may be one of the various metabol ic  
anomalies  induced by the tumor .  Recently, an 
increased produc t ion  of PGE2 has been docu- 

TABLE 12 

Concentrations (#mol/g Tissue Weight) and Total Amounts (#mol) of Linoleic, Arachidonic 
and Docosahexaenoic Acids in the Major Phospholipid Fractions of Liver, 

Heart and Kidney of Control and MtT-F4 Tumor-Bearing Rats 

18:2.t06 20:4to6 22:6to3 

Control MtT-F4 Control MtT-F4 Control MtT-F4 

Liver PE 1.10 0.25 4.13 2.22 2.30 3.15 
PS+PI 0.12 0.07 1.90 1.46 0.13 0.22 
PC 4.51 1.74 10.30 8.83 2.52 6.84 

Total/zmol/g 5.73 2.06 16.33 12.51 4.95 10.21 
Total per organ 0zmol) 30.74 18.94 87.61 ll5.01 26.56 93.87 

Heart PE 1.46 0.60 2.88 1.38 4.50 6.52 
PS+PI 0.68 0.60 2.92 2.14 0.62 0.68 
PC 3.02 1.22 5.62 7.38 1.68 3.76 

Total #mol/g 5.16 2.42 11.42 10.90 6.80 10.96 
Total per organ (#mol) 4.05 1.49 6.71 6.67 3.98 6.76 

Kidney PE 2.47 1.46 11.51 9.36 0.26 1.74 
PS+PI 0.65 0.46 3.50 2.92 0.27 0.40 
PC 3.58 1.88 6.48 4.55 0.68 2.02 

Total/zmol/g 6.70 3.80 21.49 16.83 1.21 4.16 
Total per organ (~mol) 7.93 6.20 25.43 27.48 1.58 6.79 

Total all 3 tissues (/~mol) 42.72 26.63 119.75 149.19 32.12 107.42 

Percent changes (C vs T) -37.7% +24.6% +234.4% 
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mented in rabbits bearing a VX2 carcinoma (27,28). 
We are faced with the need to explain a relative 

decrease in 18:2,o6 and 20:4o06 in membrane 
phospholipids with a very low proport ion of 
18:2o06 in plasma PL. This tissue depletion is most 
obvious in those organs of the tumor rats that 
increased in weight (liver, heart, kidney) and where 
the ,06 acids did not rise in proport ion to the 
increase in size and weight but even decreased 
(18:2006). This deficiency may be due to a decreased 
availability or to an increased utilization of  EFA. 
The control rats and the tumor rats were fed the 
same diet and there was no evidence of gross 
malabsorption in either group, so there is very little 
argument to support the view that an absorption 
defect was responsible. Hence, we postulate that an 
increased utilization is the most likely explanation. 
This could be due to an enhanced catabolism 
through B-oxidation, and /o r  to an increased utili- 
zation of arachidonic acid for its diverse metabolic 
functions including formation of prostaglandins 
through the cyclooxygenase pathway, formation of 
leucotrienes and other more abundant 12-hydroxy- 
derivatives (12-HETE) through the lipoxygenase 
pathway, formation of lipoic acid and perhaps of 
some other unknown coenzymes. We believe the 
kinetics of the various enzymes responsible for 
desaturation, elongation or B-oxidation could be 
altered in the presence of the large amounts  of 
hormones secreted by the tumor or by endocrine 
glands stimulated by the tumoral hormones. Part 
of the EFA pool may be immobilized in adipose 
tissue triglycerides (Table 10) and perhaps in 
plasma triglycerides and cholesteryl esters as well 

FALARDEAU AND J. DAVIGNON 

(not measured). In this context, the proport ion of 
EFA derived into the production of PG and other 
20:4o06 metabolites could become a critical factor 
contributing to the direct depletion of membrane 
phospholipids EFA, especially if more of the 
unsaturated acids are also pushed towards oxida- 
tion at a higher rate (which is not unlikely in 
hypertensive, tachycardiac rats with high cate- 
cholamine levels and failure to thrive). Further- 
more, an increased membrane formation in muscle 
and other tissues ~cardiac, renal and liver hyper- 
trophy) could also contribute to the sequence of 
events leading to the depletion. We would like to 
put the emphasis here on the role of an accrued 
synthesis of PG and other 20:4,o6 metabolites 
because their major donors are constituted by 
membrane PL (especially PI and PC) and because 
their total body production has been grossly under- 
estimated in the past, as pointed out by Nugteren 
(29). This author showed that, in man, the total 
urinary excretion of prostanoic and prostadienoic 
acid homologues was of the order of 300 #g per 24 
hr. He pointed out that only a relatively small part 
of the prostaglandins synthesized in vivo appears 
ultimately as tetranor-prostadienoic acids in the 
urine. Indeed, the yield from orally given uniformly 
labeled ~'C-prostaglandin E2 is 14-20% (29), where- 
as for the intravenous administration of PGE2 and 
F2o the yields were 15-30% (30,31). Nugteren 
estimated that the total prostaglandin production 
in the adult human was of the order of 1-2 mg per 
24 hr. This figure is far from being negligible and 
does not even take into account the other metabo- 
lites of arachidonic acid through the lipoxygenase 

a b a b e 
DIETARY ,8:36)3 ~ 18:46)3 ~ 20"46)3 tx~ 20:503 ~ ~ c : ~ > ~  

eft 
DIETARY 
,a:26)6 ,8.26)6 => ,8:36)6 =;, 20:36)6 c::> i 2i i  ii 22:56)6 

aDIPOSE 
TISSUE PG~ PG2 

TRIGLYCER~DES 

FIG. I. Proposed effects of Mtq-F4 tumor on the metabolic pathways of to3 and to6 fatty acid 
families. Fatty acids enclosed in solid boxes represent the major products of each pathway in most 
tissues, and that in the dotted box represents the fatty acid found mainly in tissues such as adrenal, 
lung, brain, spleen and testis. Large arrows (a desaturation and b elongation) indicate the steps 
activated by the secretion of the tumor; c indicates the deposition of fatty acids into the cell 
membrane phospholipids, d represents the activity of phospholipase, and e represents t he activity 
of cyclooxygenase. 
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pa thway  such as 12-hydroxye icosa te t r aeno ic  acid 
which  is a m a j o r  me tabo l i t e  in platelets .  

On  the basis o f  these  observa t ions ,  we p r o p o s e  
tha t  in the  t u m o r - b e a r i n g  rats there  is a genera l  
increase in the  cyc looxygenase  activity which  p ro-  
motes  the conver s ion  o f  C:o w6 fat ty acids into 
p ros t ag l and ins  (Fig. !). This ,  pe rhaps  coup led  with 
an  enha nc e d  oxidat io 'n of  essent ial  fatty acids  and  
fu r ther  d ivers ion  o f  20:4(o6 into the  l ipoxygenase  
pa thway  and  the  p r o d u c t i o n  of  o the r  metabo l i t es ,  
could  expla in  the  part ial  dep le t ion  in l inoleic acid.  
Secondar i ly ,  this would  lead to  a r educ t ion  in the  
e longa t ion  and  fu r the r  desa tu ra t ion  o f  20:4(o6. In 
turn,  the relative def ic iency in 20:4~o6 in cell 
m e m b r a n e s  would  s t imula te  the  m e t a b o l i s m  o f  
PU F A  of  the (o3 series by reduc ing  the c o m p e t i t i o n  
for  the  c o m m o n  enzyme sys tems.  The  fact  tha t  
20:5oJ3 is not  as g o o d  a subs t r a t e  for  the  cyclo-  
oxygenase  as is 20:4o~6 (32-34) would  expla in  its 
preferent ia l  conve r s ion  in to  22:6~o3 tha t  accumu-  
lates in the  t issue p h o s p h o l i p i d s  o f  t u m o r - b e a r i n g  
rats.  This a t t rac t ive  hypothes i s  l inks for  the  first 
t ime the  excessive a c c u m u l a t i o n  o f  22:&o3 in 
m e m b r a n e s  to a relative defici t  in 20:4oJ6 caused  by 
enhance d  p ros t ag l and in  p r o d u c t i o n  and  war ran t s  
fu r the r  s tudies  to  put  it to  the test. Since the  t u m o r  
p roduc e s  h o r m o n e s  which  may  be e levated in 
several p i tu i tary  d i sorders  in man ,  it is i m p o r t a n t  to 
s tudy  fu r ther  the exact role of  h o r m o n e s  in br ing ing  
abou t  these anomal i e s  o f  m e m b r a n e  c o m p o s i t i o n  
in the MtT-F4 rat  model .  

A part ia l  dep le t ion  in m e m b r a n e  18:2(o6 at-  
t r ibu tab le  to  d ivers ion  of  the  la t ter  t o w a r d s  o the r  
metabo l ic  processes  would  cons t i tu te  a n o t h e r  ex-  
ample  o f  a "relat ive and  selective E F A  def ic iency 
s ta te ,"  a concep t  we have advanced  f rom our  
s tudies  o f  fa t ty  acid profi les in Fr iedre ich ' s  A tax ia  
(35) and  in z inc-def ic ient  rats  (36). This  no t i on  
implies tha t  low level o f  E F A  occur r ing  in the  
absence  o f  an increase  in the  t r i ene : t e t r aene  ra t io  
(which  is the  cur ren t  cr i te r ion  for def in ing  E F A  
deficiency)  may  be respons ib le  for  i m p o r t a n t  bio-  
logical effects,  some  of  which  could  be dele ter ious .  
The  s i tua t ion  here  is qui te  d is t inct  f rom tha t  o f  the  
fatty acid def icient  mode l  where  no E F A  is fed to 
the  animal .  In  the  latter,  the  subs t ra te ,  i.e., 20:4w6, 
is no t  avai lable so that  a depressed  p ros t ag l and in  
synthesis  is not  only  expec ted  but even needed  to 
spare  E F A  for  i nco rpo ra t i on  into m e m b r a n e  P L  
and  p rese rva t ion  of  m e m b r a n e  stabili ty,  In ou r  
model ,  the subs t r a t e  is avai lable ,  18:2w6 is fed in 
the diet,  but  the  low levels o f  18:2(o6 and  20:4w6 in 
m e m b r a n e  P L  might  reflect  overu t i l i za t ion  o f  
E F A .  The  e n h a n c e d  p r o s t a g l a n d i n  synthes is ,  ac- 
co rd ing  to our  hypothes i s ,  is one  o f  the  causes  of, 
and  not  the c o n s e q u e n c e  of, this "relat ive E F A  
def ic iency."  The  seconda ry  par t ia l  des tab i l i za t ion  
o f  m e m b r a n e s  is c o m p e n s a t e d  by i n c o r p o r a t i o n  o f  
22:6oJ3 into m e m b r a n e  PL. This  c anno t  occur  in 

the  t rue  E F A  def ic iency mode l  because  the pre-  
cursor ,  18:3oJ3, is no t  p rov ided .  
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Modification of Microsomal Lipid Composition and 
Electron Transport Enzyme Activities in Isovalerate- 
Supplemented cells of Novel Tetrahymena ISO 

TAKEHITO WATANABE, HIROFUMI FUKUSHIMA, NOBORU SASAKI, SHIGENOBU UMEKI, 
YOSHIE SUEZAWA and YOSHINORI NOZAWA, Department of Biochemistry, Gufu University 
School of MediclT*e, Tsukasamachl 40, Gifu, Japan 

ABSTRACT 

Tetrahymena ISO cells, which have an unusually high level of/so odd-numbered fatty acids, were grown 
medium supplemented with various concentrations of isovalerate. There was a marked increase in the total 
proportion of ~so odd-numbered fatty acids in supplemented whole cells (28.9 -- 70.3%) and microsomes 
(37.7 -- 84%), with a corresponding decrease in normal fatty acids, although no significant alteration of 
phospholipid composition was observed during 11 hr isovalerate-supplementation. Microsomal palmitoyl- 
CoA and stearoyl-CoA desaturase activities in isovalerate-supplemented cells decreased by 45.7% and 
30.6% during 11 hr, respectively. NADH-cytochrome c reductase and NADH-ferricyanide reductase 
activities as well as the content of cytochrome bs6om,, which is similar to mammalian microsomal cytochrome 
Ih, were reduced in microsomes from 11 hr-supplemented cells, whereas NADPH-cytochrome c reductase 
activity was constant. It is suggested that the alteration of the cross-sectional area of lipid molecules in the 
bilayer, which results from the replacement of normal fatty acids with/so- 15:0 and iso-17: I, would result in 
the decline of palmitoyl- and stearoyl-CoA desaturation in the isovaleratc-supplemented cells, in order to 
maintain membrane fluidity at a functional level. 
Lipids 18:423-427, 1983. 

INTRODUCTION 

Modification of  membrane lipids has been pro- 
duced in bacterial system and animal cells by a 
number of procedures (1,2). 

The development of these techniques for mem- 
brane lipid modification now makes it possible to 
carry out enzymatic and physical studies in mem- 
brane biochemistry (3). All these modification 
techniques have been found to be effective in 
Tetrahymena cells, which have a proven ability to 
alter their membrane lipid composit ion in response 
to growth condition (4). As previously reported (5), 
a novel Tetrahymena ISO has a much higher 
content of iso-15:0(i0%) and iso-17:1 (18.1%), 
which are ususally minor components in the classi- 
cal strain of Tetrahymenapyriformis. This unusual 
strain prompted us to investigate the biological 
significance of  iso odd-numbered fatty acids in the 
membrane. Although Conner and Reilly (6) have 
reported that adding isovalerate to T. pyriformis 
W, which has a low concentration of branched 
chain fatty acids, caused an increase of iso odd- 
numbered fatty acids in phospholipids, we have 
extended the iso fatty acid manipulation experi- 
ment to study the influence of iso odd-numbered 
fatty acids on the physical properties and membrane 
functions in the Tetrahymena 1SO cell, which has a 
high level of  iso odd-numbered fatty acids (iso- 
15:0, iso-17: I) in membrane phospholipids. 

In this communication,  we examine the effects 
on lipid composit ion and the activities of microso- 

real desaturase and electron transport enzymes of 
feeding to Tetrahymena ISO cells isovalerate, 
which is a precursor for iso odd-numbered fatty 
acids. 

MATERIALS AND METHODS 

The novel cells which we designate as Tetrahy- 
mena ISO were provided by Dr. S. Hutner, 
Haskins Laboratories at Pace University, New 
York. This strain is similar in gross morphology to 
T. pyriformis, but the exact species identity has not 
yet been determined. The cells of Tetrahymena ISO 
were grown in proteose-peptorre basal medium as 
previously (7). When the cell density reached 5 • 
104 cells/ml, isovalerate solution (pH 7.2) was 
added to the growth medium. The concentrations 
of isovalerate in the culture medium were 2 raM, 4 
mM and 10 raM. Cell fractionation was performed 
using the procedure of Nozawa and Thompson (7). 
Lipids were extracted by the method of Bligh and 
Dyer (8), and the resultant lipid solutions were 
stored in chloroform/methanol  (6: I ,v /v)  at - 2 0  C. 
Lipid phosphorus was determined by the procedure 
of Bartlett (9) as modified by digestion with 
perchloric acid according to Marinetti  (10). Phos- 
pholipids were detected with a molybdenum blue 
reagent as described by Dit tmer and Lester (1 !). 
Further identification of the spot was performed by 
spraying the developed chromatograms first with 
Dragendorff  reagent, then with ninhydrin, and by 
cochromatography with reference substances pur- 
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chased from Sigma Chemical Co. (St. Louis, MO) 
and P.L. Biochemicals (Milwaukee, Wl). Estima- 
tion-of phospholipid distribution was done accord- 
ing to the method of Rouser et al. (12), using the 
solvent system: chloroform/acetic acid/methanol/ 
water (75:25:5:2.2, v/v) Fatty acid methyl esters 
prepared by Morrison's method (13) were chro- 
matographed on a 2 m glass column packed with 
10% diethylene glycol succinate (DEGS) on 80/100 
mesh Chromosorb W at 185 C, and 2% OV-I on 
80/100 mesh Chromosorb W at 140 C, respectively, 
using a JEOL Model JGC-II00 gas chromato- 
graph. For 8o and anteiso fatty acid determination, 
fatty acid methyl esters were analyzed on a 3 m 
column of 25% ethylene glycol succinate (EGS) at 
190 C after hydrogenation with platinum black 
under an H2 stream, and branched fatty acids were 
identified by authentic standards. The gas chroma- 
tograph-mass spectrometer (Model RMU-6MG, 
Hitachi Ltd., Tokyo) and 002 type Detalizer (Model 
HITAC 1011) were employed for unknown fatty 
acid identification. Fatty acid methyl esters were 
chromatographed on a 30 m glass capillary column 
of FFAP at 150-220 C or I m column of 5% DEGS 
at 165 C, respectively. Electron energy was 20 eV, 
ion current, 100 #A and accelerator voltage, 3.2 
kV. The temperature of the ion source was 160 C 
(5). The numbers of double bonds of unsaturated 
fatty acids were determined by the method as 
previously described (14). Fatty acid methyl esters 
were separated by thin layer chromatography on 
Silica Gel G plates containing 10% AgNO3 by 
developing in ether/hexane (1:9, v/v). Each spot 
obtained was scraped from the chromatoplate and 
immediately extracted three times with a mixture 
of petroleum ether/diethyl ether (1:1, v/v) and 
analyzed by gas liquid chromatography. Authentic 
standards such as 14:0, 16:0, 18:0, 16: I Ag, 18: I A9 
and fatty acid methyl esters from T. pyriJbrmis W 
(15) were used for comparison of retention times 
and for cochromatography. Microsomal palmitoyl- 
CoA and stearoyl-CoA desaturase activites were 
determined as previously described (16). 

The incubation mixture contained, in a final 
volume of 0.5 ml, a suitable amount of microsomes 
(0.35 mg of protein for assay of palmitoyl-CoA 
desaturase, 0.1 mg for assay of stearoyl-CoA 
desaturase), 50 nmol of NADH, 0. I M potassium 
~4hosphate buffer (pH 7.2) and 20 nmol of either [ I- 

C] palmitoyl-CoA ( I Ci/mol) or [ 1-~4C] stearoyl- 
CoA (I Ci/mol). The samples were preincubated 
for I rain at 28 C prior to the addition of 
microsomes to initiate the reduction. The proce- 
dure for analysis of reaction products was essentially 
as previously described (I 7). NAD(P) H--cytochrome 
c and NADH-ferricyanide reductase activities were 
measured at 25 C by the changes in absorbance at 
550 nm and 420 nm, respectively. Either NADH or 
NADPH (100 nmol), 20 nmol of cytochrome c, (or 

500 nmol of potassium ferricyanide) in 0.1 M 
potassium phosphate buffer (pH7.4) were incubated 
in a final volume of i.0 ml. Reduction of cyto- 
chrome c and ferricyanide was recorded in a Hitachi 
356 two-wavelength double beam spectrophoto- 
meter, and the activities were calculated using 
respective extinction coefficients of 19.6 mM-'cm-" 
(18) and 1.02 mM-tcm-*(19). Tetrahymena micro- 
somal cytochrome b56orns content was determined 
by measuring the reduced minus oxidized difference 
spectrum taking the extinction difference of the 
cytochrome between 425 and 410 nm as 216 
mM-'cm -~ as previously described (20). Protein 
was determined by the method of Lowry et ai. (21) 
using bovine serum albumin as standard. 

RESULTS A N D  D I S C U S S I O N  

Figure 1 illustrates the effects of supplementa- 
tion with various concentrations of isovalerate on 
Tetrahymena ISO cell growth. The cell population 
decreased with increasing concentration of isoval- 
erate. However, the ciliates were morphologically 
normal, although reduced motility was observed 
with the 10 mM concentration of isovalerate. 
lsovalerate supplementation at any level did not 
appear to influence the amount of lipids per cell. 

The phospholipid composition of Tetrahymena 
ISO grown in the presence of 4 mM isovalerate is 
shown in Table I. Tetrahymena cell membranes 
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FIG. I. Effect of isovalerate supplement on cell 
growth. Control (unsupplemented, O ), 2 mM ((11), 4 mM 
(Q) and 10 mM (A) of isovalerate were supplemented. 
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TABLE I 

Phospholipid Composition of Control and lsovalerate-supplemented Tetrahyrnena Cells 
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Phospholipids 

lsovalerate-supplemented 

Control 4 hr I1 br 

Lysolecit hi n 

Lecithin 

i.ysophosphatidylet hanolamine 
plus lysoglycer oamin oct hyl 
phosphonate ~ 

Phosphatidylet han olamine 

Glyceroaminoet hylphosphonate 

Cardiolipin 

4.3-+0.4" 2.0• 1.2• 

25.3• 28.1-+1.9 29.1• 

3.3• 2.4• 3.5• 

39.7• 36.4• 40.0• 

21.9• 20.4-+2.3 17.4• 

4.9• 5.7-+1.6 6.2• 

'lneludes also ceramide-aminoethylphosphonate. 
"Values represent mean + S D (%} obtained from 3 different experiments. 

]'ABLE 2 

Fatty Acid Composition of Control and Isovalerate-Supplemented Tetrahymena 
ISO Cells and Microsomes' 

Whole cells Microsomes 

Fatty acid Control Isovalerate Control Isovalerate 
i l l  hr) (11 hr) 

iso-13:0 0.8+0.0 ̀ ' 5.6• 1.2 1.7+0.1 10.7• 
n-14:0 8.2 + 1.0 2.2• 7.6• 1.3 1.5+0.1 

iso-I 5:0 10.0 + 1.0 24.8 +_0.4 10.7 +0.5 34.4 +_ 1.4 
n-16:0 5 .3-  + 1.0 2.1 +0.9 4.5+0.5 0.3+0.1 
n-16:l n~ 11.6+0.6 1.2-+0.2 11.1 -+0.8 6.0+0.3 

iso-17:1 4̀.? 18.1 • 1.8 39.9 + 1.5 25.3 +0.6 38.9-+ 1.7 
n-18:0 1.7• 1.5+0.5 3.7+0.1 2.4• 
n-18:l ''~ 3.6+0.8 trace 3.7-+0.2 0.8+0.0 
n-18:2 t'''ll 2.2+0.3 1.4-+0.4 3.7-+0.3 1.5+ 1.0 
n-18:2 ~ ' ~  6.9+ 1.3 2.0-+0.2 5.0• 1.0 trace 
n-18:3 :'"'~'~: 22.2_*0.4 7.8+0.8 17.2+ t.3 2.8+0.9 

Others" 9.41- 0.3 11.5 -+ 0.2 5.8 • 0.5 0.7 + 0. I 

Total iso fatty acid 28.9 70.3 37.7 84.0 

Unsaturation index' 118 71 109 57 

~The cells were grown in the presence of 4 mM isovaleratc and were harvested at I I hr-supplementation. 
"Includes n-12:0, n-15:0, iso-16:2, L~o-17:0 as minor components. 
~The unsaturatior~ index is defined as 5~number of doubic bonds of each l'atty acid)• of each tatty 

acid)). 
dValues represent mean + SD (v~) obtained from 3 ddlcrent experiments. 

contain 3 major phospholipids, lecithin, phospha- 
tidylethanolamine and glyceroaminoethylphospho- 
nate which is characteristic of this cell. After 11 hr, 
the relative proportion of phospholipids in whole 
cells and microsomes (data not shown) are not 
affected significantly by adding isovalerate. In 
contrast, Table 2 shows major changes in the fatty 
acid composition of supplemented cells. There was 
quite a similarity in fatty acid composition between 
whole cells and microsomes. Major fatty acids of 

the control cells are 16:0, 18:3, iso-15:0 and iso- 
17:1. The latter 2 iso fatty acids are, if present, 
usually minor components in the classical strains of 
Tetrahymena pyriJbrmis. Within 11 hr after 4 mM 
isovalerate supplementation, there were marked 
increases in the total percentage of iso odd- 
numbered fatty acids of whole cells (28.9 -- 70.3%) 
and microsomes (37.7 -- 84.0%) with compensatory 
decreases of normal fatty acids. Especially, a 
drastic increase of iso-13:0, iso-15:0 and iso-17:1 
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was observed in supplemented  whole cells and  
microgomes, cor responding  to a decrease of n-16:1 
and  n-18:3 after  11 hr. The unsa tura ted  index of 
microsomes f rom 11 hr -supplemented  cells is 
a lmost  one-hal f  tha t  of control  microsomes.  

As we have reported (22), lowering of  the 
envi ronmenta l  t empera ture  consistently induced 
the activity of microsomal  desaturase enzyme and  
followed to produce a higher  ra t io  of unsa tura ted  
to sa turated fatty acids in cell membranes .  More-  
over, the increase of  rnicrosomal desaturase activ- 
ities was primari ly associated with the a l tera t ion of 
microsomal  electron t ranspor t  enzymes such as, 
NAD(P)H-cy toeh rome  c reductase,  NADH-fe r r i -  
cyanide reductase and  cy tochrome bs6oms, which is 
similar to but  no t  identical with  m a m m a l i a n  cyto- 
chrome b5(20). Therefore,  in order  to investigate 
the drast ic  decrease of unsa tu ra t ion  index in 
isovalerate-supplemented cells, we focused on mi- 
crosomal  desaturase activites and  electron t ran-  
port  enzymes. Table  3 shows the microsomal  
desaturase activities and  electron t r anspor t  enzyme 
activities such as N A D ( P ) H - c y t o c h r o m e  c reduc- 
tase, NADH-ferr icyanide reductase and  cytochrome 
b56om~, which may be involved in the desaturase  
systems. As previously reported (17), palmitoyl-  
CoA and  stearoyl-CoA desaturase systems in Tetra- 
hymena mierosomes requires 02 and  N A D ( P ) H  

and  also are inhibi ted by KCN but  not  by CO. The 
desaturase activities (s tearoyl-CoA and  palmitoyl-  
CoA)  in isovalerate-supplemented cells are lower 
t han  those  of control  cells. In  addi t ion,  decreases of 
N A D H - c y t o c h r o m e  c 0 9 . 8 %  decrease), N A D H -  
ferricyanide (15.7% decrease) reductase and  the 
content  of cytochrome b56oms (22.2% decrease) were 
observed in microsomes  f rom isovalerate-supple-  
mented cells, a l though there was no  a l tera t ion of 
N A D P H - c y t o c h r o m e  c reductase. Since N A D H  
was more effective for  desaturase activity than  
N A D P H  as cofactor (23), N A D P H - c y t o c h r o m e  c 
reduetase which would link to cy tochrome b56oms, 
might  play a minor  role in desaturase activity. In 
consequence,  the large decrease of unsa tura ted  
fatty acids in supplemented  cells might  be ascribed 
to the decrease of the microsomal  electron t ranspor t  
enzymes which would part ic ipate  in microsomal  
fatty acyl-CoA desaturat ion.  

Since cultures of Tetrahymena respond to supple- 
menta t ion  with several sho r t - cha in  fat ty acid pre- 
cursors, sodium propionate ,  i sobutyra te ,a -methyl -  
n-butyra te  and  tris-isovalerate (24,25), it is specu- 
lated tha t  this Tetrahymena ISO cell can utilize 
isovalerate as a precursor  for iso odd-numbered  
fat ty acids more  efficiently than  o ther  Tetrahy- 
mena cells. The branched  structures of iso-fatty 
acids, like the double  bonds  of unsa tura ted  fatty 

TABLE 3 

Desaturase and Reductase Activities in Microsomes from Control and 
Isovalerate-Supplemented Tetrahymena Cells a 

Control Isovalerate 
Enzymes (100%) (%) 

Palmitoyl-CoA (nmol/rain/mg) 2.30_+0.10 b 1.25+-0.20 (54.3) 
desaturase 

Stearoyl-CoA (nmol/rain/rag) 6. l I -+ 0.13 4.24 -+ 0. l0 (69.4) 
desaturase 

NADH-cyt c (/~mol/rain/rag) 0.106 -+ 0.020 0.085 _+ 0.010(80.2) 
reductase 

NADPH-cyt c (/~mol/rain/rag) 0.029 +- 0.000 0.028 _+ 0.000(96.6) 
reductase 

NADH-ferricyanide (/~mol/min/rag) 1.72_ 0.27 1.45+0.12 (84.3) 
reductase 

Cytochrome b560ms (nmol/rag) 0.095-+0.010 0.074 + 0.018(77.8) 

aThe cells were grown in the presence of 4 mM isovalerate and were harvested at 11 hr-supplementation. 
bValues represent mean_+ SD obtained from 3 different experiments. 
The microsomal fractions were prepared from control and I l hr-isovalerate (4 mM)-supplemented cells. 

Desaturase activities of palmitoyl-CoA and stearoyl-CoA were determined as described in Materials and 
Methods. The reaction mixture (0.5 ml) contained 0.1 mM N ADH, 0. I M potassium phosphate buffer (pH 7.2), 
20 pM palmit oyl-CoA (or stearoyl-CoA) and 0.35 nag (0.1 nag for stearoyl-CoA) of microsomal protein. After 
the mixture was preincubated for 1 rain at 28 C, the assay tubes were incubated at 28 C for 3 rain. The activities 
of NAI)H-cytochrome c, NADPH-cytochrome c and NADH-ferricyanide reduetase were measured spectro- 
photometrically at 28 C. Details for each enzyme assay were described in Materials and Methods. Values 
represent the mean obtained from 3 different expei-iments. 
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acids ,  increase  the  a v e r a g e  c ro s s - s ec t i ona l  a r e a  of  
l ipid mo lecu l e s  in the  b i l aye r  a nd  tend  to  m a k e  the  
m e m b r a n e  f luid (26). To  m a i n t a i n  m e m b r a n e  

f lu id i ty  at  a f u n c t i o n a l  level, the  c o n t e n t  o f  unsa t -  
u r a t ed  fa t ty  ac ids  shou ld  be dec reased ,  a nd  th is  is 

a c c o m p l i s h e d  in pa r t  by a dec rease  in ac t i v i t y  of  

m i c r o s o m a l  e l ec t ron  t r a n s p o r t  p ro te ins .  
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Effects of Lysophosphatidylcholine on Jejunal Water 
and'Solute Transport in the Rat in vivo 1 
H.V. AMMON* ,  R.E. LOEFFLER and L.A. LUEDTKE, Gastroenterology Section, Medical Service, 
Veterans Administration Center, Wood (Milwaukee), Wl 53193, and the Department of Medicine, The 
Medical College of Wisconsin, Milwaukee, WI 53226 

ABSTRACT 

The effects of lysophosphatidylcholine on jejunal water and solute transport were studied in vivo in the 
rat. Five mM lysophosphatidylcholine significantly reduced absorption of water, electrolytes and glucose 
(P<0.05) and 10 mM lysophosphatidylcholine induced net fluid secretion. The eftects of 10 mM 
lysophosphatidylcholine were significantly reduced in the presence of 5 mM phosphatidylcholine (P<0.05) 
and 2 mM cholesterol (P<0.05). The fractional absorption of lysophosphatidylcholine decreased with 
increasing concentration of the detergent in the perfusion solution. Increasing concentrations of 
taurocholate in the perfusion solutions potentiated the effects of lysophosphatidylcholine (P<0.01), 
although 10 mM taurocholate by itself had no significant effect on intestinal water and electrolyte transport. 
The data establish that lysophosphatidylcholine, a zwitterionic detergent, affects intestinal transport in the 
same way as bile acids, fatty acids and synthetic cationic or nonionic detergents. By comparison with the 
response of the human jejunum to taurodeoxycholate, it is likely that lysophosphatidylcholine generated 
during the normal process of digestion has an effect on intestinal water and solute transport in man. 
Lipids 18:428-433, 1983. 

INTRODUCTION 

Dihydroxy bile acids and long-chain fatty acids 
inhibit intestinal transport of water and electrolytes 
and induce intestinal fluid secretion in man and 
experimental animals (I-6). In addition, they re- 
duce absorption of organic solutes in the small 
intestine (2,3,5). These effects have been attributed 
to the detergent properties of these compounds 
(4,6). Lysophosphatidylcholine (I-acyl-sn-glycero- 
3-phospho-choline) is a zwitterionic detergent 
normally present in postprandial small intestinal 
contents (7,8). It shares with dihydroxy bile acids 
and fatty acids the ability to interfere with the 
integrity of biological membranes, such as red 
blood cells (9,10) and the gastric mucosa (11-14). 
The molecular basis for the action of lysophospha- 
tidylcholine on biological and artificial membranes 
is the subject of very active investigation (15). If one 
could therefore establish that this compound af- 
fects intestinal transport processes the same way as 
dihydroxy bile acids and fatty acids, the results and 
conclusions from investigations of the effects of 
lysophosphatidylcholine in other systems would 
also be applicable to the effects of detergent 
compounds on the intestinal mucosa. Moreover,  
since previous studies have demonstrated that 
anionic (I-6,16), cationic (16) and nonionic (16) 
detergents affect intestinal water and solute trans- 
port, it was reasonable to expect that a zwitterionic 
detergent might have similar effects. We, therefore, 
tested the effects of lysophosphatidylcholine on 
water and solute transport in the rat small intestine. 

tThe work has been published in abstract form: Gastro- 
enterology 79:1091 (1979). 

*To whom correspondence should be addressed. 

METHODS 

Materials 

Lysophosphatidylcholine from egg yolk was 
purchased from Sigma Chemical Company,  St. 
Louis, M e .  It was 98% pure by thin layer chroma- 
tography (TLC) and was used as supplied. Its fatty 
acid composition was 29.7% stearic acid and 70.3% 
palmitic acid by gas liquid chromatography. Lyso- 
I-[palmitoyl- l-~4C]-phosphatidylcholine, [ 1,2 -3 H] 
polyethylene glycol-4000 and [ 1,2-~4C]-polyethylene 
glycol-4000 were purchased from New England 
Nuclear, Boston, MA. Egg phosphatidylcholine 
(Sigma Chemical Company,  St. Louis, M e )  was 
further purified by column chromatography (17). 
The final product was greater than 98% pure by 
TLC (17). Taurocholatc (>97% pure) was pur- 
chased from Calbiochem-Behring, San Diego, CA, 
and cholesterol (>99% pure) from NuChek Prep, 
Elysian, MN. 

Experimental Model 

Male Sprague-Dawley rats (Holtzman Co., 
Madison, WI) weighing 300-350 g were used after 
an overnight fast. Under general anesthesia with 
pentobarbital and ether, 40 cm of jejunum, starting 
at the ligament of Treitz, were isolated and can- 
nulated proximally and distally and returned into 
the abdominal cavity with the blood supply intact. 
Control and test solutions were kept at 37 C and 
perfused at 42 ml/hr .  The temperature of the 
animals was kept at 37 C by heat lamps controlled 
by a rectal thermometer.  Each solution was per- 
fused for 2 hr. The first hour was used for 
equilibration, followed by six 10-rain sampling 
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periods. The mean values of the six sampling 
periods constituted one data point. 

Composition of Perfusion Solutions 

Perfused were isotonic electrolyte solutions of 
the following basic compositions (in mM): Na 134, 
K 5, C1 139, glucose 11.2, polyethylene glycol-4000 
(PEG) 5 g/l with 3H-PEG 25 #Ci/L or ~4C-PEG 5 
#Ci/L. After addition of the test compounds, 
osmolality was adjusted to 280 mosmol/L with 
mannitol and pH to 7.5 with 0.1 N NaOH. Three 
groups of experiments were performed. Various 
test compounds were added depending on the 
experimental design (see below). 

Analytical Procedures 

Lysophosphatidylcholine and PEG concentra- 
tions (18) were determined by measuring the 
respective isotopes in the perfusion solutions and 
collected samples. For isotope determinations, 1 
ml of sample was mixed with 10 ml of a scintillation 
cocktail composed of toluene and emulsifier (Ready 
Solv-HP, Beckman Instruments, Inc., Fullerton, 
CA) and counted in a liquid scintillation counter 
(Beckman LS-255) with two windows. Quench 
correction was made by external standardization. 
Counts per minute were converted into disintegra- 
tions per minute with a computer program which 
corrected for quenching and spillover of 14C into 
the tritium channel (19). Spillover of tritium into 
the ~4C channel was less than 1%. Total phospho- 
lipid recovery was determined as total phosphate 
recovery (20). The difference between the phospho- 
lipid recovery and the recovery of lysophospha- 
tidylcholine by the isotope technique was attributed 
to release of phospholipids from the mucosa. 
Glucose was determined by the glucose oxidase 
method (Boehringer-Mannheim Corp., NY), Na 
and K by flame photometry and chloride by 
electrometric titration with a silver nitrate solution. 
The integrity of tysophosphatidylcholine after per- 
fusion was checked by TLC (17). 

Calculations and Statistical Analysis 

Net water and solute movements were calculated 
using standard formulas from the change in PEG 
and solute concentrations (21). Absorption rates 
were expressed as ml/hr per 40 cm, or as #mol/hr 
per 40 cm of jejunum. The differences in net 
movement of water and solutes were statistically 
evaluated by paired or unpaired t-tests. Linear 
regressions were calculated by the method of least 
squares (22). 

RESULTS 

Effects of 5 and 10 mM Lysophosphatidylcholine 

In 8 rats, perfusion of a control solution was 

followed by 5 mM and I0 mM tysophosphatidyl- 
choline. Five mM lysophosphatidylcholine reduced 
water absorption significantly (P<0.05) (Table 1). 
In the presence of 10 mM lysophosphatidylcholine, 
net water movement was reduced to zero. Con- 
comitantly, glucose absorption was reduced in a 
dose-dependent manner (P<0.01). A linear rela- 
tionship existed between net movement of water 
and glucose absorption (r=0.83; P<0.01) (Fig. l). 
In this figure, we included data on glucose absorp- 
tion obtained during control periods and during 
perfusion of 10 mM lysophosphatidylcholine in 
experiment 3. Data on the absorption of lysophos- 
phatidylcholine are only available in 4 animals. 
Absorption rates of lysophosphatidylcholine in- 
creased only slightly with the increase of the 
phospholipid concentration in the perfusion solu- 
tion from 5 mM to 10 raM. When solute absorption 
rates were expressed as fractional absorption (%), a 
linear relationship existed between glucose absorp- 
tion and absorption of lysophosphatidylcholine 
(r=0.76; P<0.02) (Fig. 2). Throughout the experi- 
ment, a net gain of phospholipid was observed. 
This was 3.8+ 1.9 /~mol/hr per 40 cm during the 
control period and increased to 48.7 + 5.2/~mol/ 
hr/40 cm (P<0.001 vs control) during the perfusion 
with 5 mM lysophosphatidylcholine and 37.6_ 10.5 
Mmol/hr per 40 cm (P<0.001 vs control) during 
perfusion with 10 mM lysophosphatidylcholine. 
No breakdown of lysophosphatidylcholine was 
observed when the collected samples were checked 
by TLC. 

Net changes in electrolyte movement were similar 
to the changes in water movement (Table 1). 
Absorption of sodium was significantly reduced 
(P<0.05). Perfusion with detergent resulted in net 

3OO 

/ -  

1o0 / 

- 4  9 - 2  -1  ] 2 3 4 

NIL WATER A S S O R B E O  

FIG. 1. Relationship between net water movement 
and glucose absorption under the influence of lyso- 
phosphatidylcholine. Perfused were isotonic electrolyte 
solutions containing 11.2 mM glucose ( [ ] ) ,  or in 
addition 5 mM (o) or 10 mM lysophosphatidylcholine 
( ~ ,  10 mM taurocholate ( <~ ) or 10 mM'taurocholate 
+ 10 mM lysophosphatidylcholine (A). The test segment 
was 40 cm of jejunum, perfusion rate 42 ml/hr. Data are 
from experiments 1 and 3 (Tables 1 and 3). 
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FIG. 2. Relationships between fractional absorption 
of glucose and lysophosphatidylcholine. Isotonic electro- 
lyte solutions containing 11.2 mM glucose and 5 mM (FI) 
or 10 mM (o) lysophosphatidylcholine were perfused 
through 40 cm of rat jejunum at 42 ml/hr. 

secretion of potassium (P<0.05). The s tandard 
errors in the movement  of chloride were rather 
large and the only significant difference observed 
was between perfusion of 5 and 10 mM lysophos- 
phatidylcholine. 

Effect of Phosphatidylc~oline on Fluid Secretion 
Induced by Lysophosphatidylcholine 

Because lysophosphatidylcholine in the post- 
prandial contents is generated f rom phosphatidyl-  
choline and because phosphatidylcholine blocks 
the effects of dihydroxy bile acids on water trans- 
port  in the je junum (2) and the gallbladder (23), we 
tested the combined effects of 10 m M  lysophospha-  
tidylcholine and 5 mM phosphatidylcholine in 4 

rats. To solubilize phosphatidylcholine,  control  
and test solutions contained in addit ion of 5 m M  
taurocholate.  Taurocholate at this concentrat ion 
has no effect on water t ranspor t  (4,24). Four  
solutions were perfused: (1) a control  solution, (2) 
10 mM lysophosphatidylcholine, (3) 10 mM lyso- 
lahosphatidylcholine plus 5 mM Dhosohatidvlcho- 
line, (4) 5 mM phosphatidylcholine (Table 2). 
Phosphatidylcholine reduced the effects of lyso- 
phosphatidylcholine on water and glucose absorp-  
tion (P<0.05). Five mM phosphatidylcholine b y  
itself had no significant effect on water transport .  

Effects of Cholesterol on Fluid Secretion 
Induced by Lysophosphatidylcholine 

Because cholesterol reduces the secretory effects 
of dihydroxy bile acids and fatty acids (25), and 
because it protects against the damaging effects of 
lysophosphatidylcholine in red cells and l iposomes 
(26), we tested its effects on fluid secretion induced 
by lysophosphatidylcholine. Preliminary studies 
had indicated that  the effects of lysophosphatidyl-  
choline were not completely reversible. We there- 
fore had to resort to unpaired experiments.  Group 
A tested the effects of  10 mM lysophosphatidyl-  
choline (n=6), group B the effects of 10 mM 
lysophosphatidylcholine plus 2 mM cholesterol 
(n=5), in the sequence Control  I - - T e s t - - C o n t r o l  II 
(Table 3). All solutions contained 10 mM tauro- 
chelate to facilitate solubilization of the cholester- 
ol. Ten mM lysophosphatidylcholine induced fluid 
secretion (P<0.01). The effects were only partially 
reversible, since fluid absorpt ion in Control  I1 was 
less than in Control  I (P<0.05). Associated with 
these effects were induction of secretion of sodium, 
chloride and potassium (P<0.01) and a reduction 
in glucose absorpt ion (P<0.01). When cholesterol 

TABLE 1 

Effect of Lysophosphatidylcholine on Water and Solute Transport in the Rat Jejunum 

Net movement Lysophosphatidylcholine Lysophosphatidylcholine 
per 40 cm jejunum' Control 5 mM 10 mM 

HzO (ml/hr) 2.7+ 0.4 1.4+ 0.4 r 0.2 + 0.7 a 
Glucose (~mol/hr) 233.7+ 13.2 201.7+ 5.7" 166.8+-. 9.9 a'~ 
Na § (pmol/hr) 180.7 + 73.9 13.7 + 55.0 c -97.9 + 102.2 c 
K* (~mol/hr) -3.8+ 5.3 -12.6+ 4.0 c -13.5"+ 4.2 c 
CI- (pmol/hr) 253.3 _+ 87.0 315.9 "+ 36.5 143.5 "+ 60.6 e 
Lysophosphatidylcholine (pmol/hr) b 44.9___66.3 47.5_ + 3.9 
Phospholipid (#mol/hr) b -3.8_+ 1.9 -48.7"+ 5.2 f -37.6"+ 10.5 f 

Results are mean (+SE) from studies in 8 rats. Each solution was perfused at 42 ml/hr through 40 cm of intestine. 
~ sign indicates net secretion. 
bData from studies in 4 rats. 
~P<0.05 vs control. 
dP<0.02 vs control. 
~ vs lysophosphatidylcholine 5 mM. 
fP<0.001 vs control. 
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TABLE 2 

Influence of Phosphatidylcholine on the Effects of Lysophosphatidylcholine in the Jejunum 
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Net movement per 40 em jejunum 

Test conditions Water (mli hr) ~ Glucose (pmot/hr) 

Control 3.5 • I. I 207 +_ 27 
Lysophosphatidylcholinc 10 mM - 1.1 • 0.7" 102 + 170 
Lysophosphatidylcholine 10 m M 0.9 _+ 0. I r 132 + 21 ' "~ 

+ phosphatidylcholine 5 mM 
Phosphatidylcholinc 5 mM 1.9 + 1.0" 172 "+ 34 

Results are mean_+SE from studies in 5 rats. Each solution was pcrfused at 42 ml/hr through 40 cm of 
intestine. All solutions contained 5 mM taurocholate. 

'Minus sign indicates net secretion. 
~P<0.05 vs control. 
~P<0.05 vs lysophosphatidylcholine. 
JP<0.005 vs control. 

TABI.E 3 

Effect of Lysophosphatidylcholine (LYS) in the Absence and Presence of Cholesterol (CHOL) 
on Water and Solute Transport in thc Rat Jejunum 

Net movement per 40 cm jejunum ~ 

H:O Glucose Na CI K 
Test conditions (ml/hr) (/amol/hr) (/amol: hr) (/amol/hr/ (/~mol, hr) 

Control 1 (n =6) 2.9 +0.3 250. I + 11.5 229.6 + 52.5 444.4+ 72.4 - I  .9 + 1.7 
LYS 10 mM -2.2•  ~ 98.3 + 8.2 b -415.0+31.1" -91.0+_33.7" -25.7+2.1 h 
Control (11) 0.9 + 0.3' "~ 165.2 + 11.6' 'J 18.3 • 41.0 .... 267.7 + 37.6" -20.5 i 2.9' 'J 
Control 1 (n = 5) 2.8 + 0.4 212.7 + 18.0 225.9_+ 48.8 326.4 +- 30.6 - 1.3 _+ 1.0 
LYS 10 mM 
+ CHOI. 2 mM - h 5  +0.3 ~" 91.8 + 14.0 ~ -295.0 +4h3  ~" 3.1 • h'~ -18.2+2.7 h'~ 
Control (11) 0.7 + 0.2 "'d 136.9 + 8.3 ''~ 7.7_+32.3 h'~ 223.1 + 37.1 "'J -14.8 • 1.9 h 

Results are mcan+SE. Each solution was pcrlused at 42 ml~hr through 40 cm of jejunum. All solutions contained 10 mM 
taurocholate. 

~Minus sign indicates nct secretion. 
hp'<0.01 VS Control 1. 
'P<0.05 vs Control 1. 
~P<0.01 vs LYS 10. 
~P<0.05 vs I.YS 10 (unpaircd t-tcst). 

w a s  a d d e d  to  the  p e r f u s i o n  s o l u t i o n s ,  s i m i l a r  
r e s u l t s  w e r e  o b t a i n e d ;  the  m a g n i t u d e  o f  t h e  f l u i d  

a n d  e l e c t r o l y t e  s e c r e t i o n ,  h o w e v e r ,  w a s  s i g n i f i c a n t l y  
less  ( P < 0 . 0 5 )  t h a n  d u r i n g  p e r f u s i o n  w i t h  l 0  m M  
l y s o p h o s p h a t i d y l c h o l i n e  a l o n e .  

DISCUSSION 

T h e  s t u d i e s  i n d i c a t e  t h a t  t he  a c t i o n s  o f  l y s o -  

p h o s p h a t i d y l c h o l i n e  o n  i n t e s t i n a l  t r a n s p o r t  re-  

s e m b l e  t h o s e  o f  b i l e  a c i d s  a n d  f a t t y  a c i d s .  I t  h a d  a n  
a d v e r s e  e f f ec t  o n  a b s o r p t i o n  of  e l e c t r o l y t e s ,  w a t e r  

a n d  g l u c o s e .  L i n e a r  r e l a t i o n s h i p s  e x i s t e d  b e t w e e n  

t h e  c h a n g e s  o f  w a t e r  a n d  s o l u t e  m o v e m e n t ;  t h i s  is 
s i m i l a r  t o  w h a t  ha s  b e e n  o b s e r v e d  in  t h e  p r e s e n c e  o f  

d e o x y c h o l a t e  a n d  f a t t y  a c i d s  (27).  A s  in  t he  c a s e  o f  
b i le  a c i d s  (2 ,23) ,  t he  e f f ec t s  o f  l y s o p h o s p h a t i d y l -  
c h o l i n e  a r e  d i m i n i s h e d  in t h e  p r e s e n c e  o f  p h o s p h a -  
t i d y l c h o l i n e .  T h e  i n h i b i t o r y  e f f ec t s  o f  c h o l e s t e r o l  

a r e  a l s o  q u a l i t a t i v e l y  s i m i l a r  to  t h o s e  o b s e r v e d  in 

t he  p r e s e n c e  o f  b i l e  a c i d s  a n d  f a t t y  a c i d s  (25). 
D u r i n g  p e r f u s i o n  w i t h  l y s o p h o s p h a t i d y l c h o l i n e ,  

p h o s p h o l i p i d s  w e r e  r e l e a s e d  i n t o  t he  l u m e n .  T h i s  

h a s  a l s o  b e e n  o b s e r v e d  d u r i n g  j e j u n a l  p e r f u s i o n  
w i t h  r i c i n o l e i c  a c i d  in  t he  h a m s t e r  (6) a n d  in m a n  

(28).  I t  h a s  b e e n  i n t e r p r e t e d  as  e v i d e n c e  fo r  m e m -  

b r a n e  d a m a g e  (6). I f  m e m b r a n e  d a m a g e  w e r e  
d i r e c t l y  r e s p o n s i b l e  fo r  t he  c h a n g e  in  w a t e r  a n d  

s o l u t e  t r a n s p o r t ,  o n e  w o u l d  e x p e c t  a n  i n c r e a s e  in 
p h o s p h o l i p i d  r e l e a s e  d u r i n g  p e r f u s i o n  of  t h e  h i g h e r  
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concentrations of lysophosphatidytcholine parallel 
with the increased effect on water and solute 
transport. Phospholipid secretion, however, did 
not appreciably change or actually decreased with 
an increase in the detergent concentration. A 
possible explanation would be that "cell damage" 
and effect on water and solute transport are not 
directly related. This explanation is supported by 
the observation that mucosal damage induced by 
chenodeoxycholate occurs independently from 
fluid secretion induced by this bile acid (29). 

To measure absorption of lysophosphatidylcho- 
line, we used ~4C-labeled palmitoyllysophospha- 
tidylcholine, while the bulk consisted of a mixture 
of 70.3% palmitoyl- and 29.7% stearoyl-lysophos- 
phatidylcholine. In view of other studies on the 
partitioning and uptake of lipids by the intestinal 
mucosa (30), we believe that the difference in 
absorption rates between the C-16 and C-18 com- 
pound is relatively small and that the isotope 
measurements represent an accurate assessment of 
lysophosphatidylcholine absorption. The absorp- 
tion rate of lysophosphatidylcholine did not signi- 
ficantly increase with its concentration in the 
perfusion solution. This observation is comparable 
to our observations for the fractional absorption of 
fatty acids, which also decreased with increasing 
fatty acid concentration (27). Possible explana- 
tions for this phenomenon are the increase in 
micellar size resulting in a decrease in the rate of 
diffusion across the unstirred water layer (31) or 
saturation of the intestinal metabolic pathways 
(32) for lysophosphatidylcholine. Because of the 
close relationship between the change in the frac- 
tional absorption of glucose and phosphatidylcho- 
line, however, we believe that the "apparent 
saturation" of lipid absorption is an expression of a 
general reduction in solute absorption induced by 
the detergent (27). 

Phosphatidylcholine reduced the effects of lyso- 
phosphatidylcholine; this is similar to its effect on 
bile acid induced fluid secretion (2,23) and is in 
keeping with in vitro observations, that it inhibits 
red cell lysis by lysophosphatidylcholine (26). The 
mechanism is thought to be due to expansion of 
micellar size and concomitant reduction of t he  
monomer concentration of the detergents (2). At a 
similar molar ratio, phosphatidylcholine blocked 
the effects of TDC completely in the human 
jejunum. The incomplete protection against lyso- 
phosphatidylcholine is probably due to the result 
of a carry-over effect (see Table 3) because water 
absorption during the subsequent perfusion with 
phosphatidylcholine did not reach the level of the 
initial control period either. 

Cholesterol reduced the effects of lysophospha- 
tidylcholine on water and electrolyte transport. 
This corresponds to the observation that the effects 
of lysophosphatidylcholine on the permeability of 

red blood cells and liposomes are mitigated by 
cholesterol (26), and to the observation that choles- 
terol inhibits the secretory effect of taurodeoxy- 
cholate and oleic acid in the human jejunum (25). 
The effect was not as dramatic as in the human 
intestine. This quantitative difference is best ex- 
plained by the observation that the protective effect 
of cholesterol varies with the detergent used; 
cholesterol, for instance, abolished the effect of 
oleic acid completely, inhibited the effects of 
taurodeoxycholate to a significant degree and had 
no effect on fluid secretion induced by linolenic 
acid (26). It is thought that the protective effect of 
cholesterol is related to its ability to stabilize lipid 
bilayer membranes (26). 

The magnitude of the changes in water movement 
induced by 10 mM lysophosphatidylcholine varied 
between the 3 experimental groups from 0.2+0.7 
ml/hr in group 1 to -2 .2+0.2  ml/hr in group 3 
(P<0.01 vs group 1) with the fluid secretion 
observed in group 2 in between. Since the solutions 
differed only by the content of taurocholate (none 
in group 1, 5 mM in group 2 and l0 mM in group 3) 
the data suggest that taurocholate might have 
potentiated the effects of lysophosphatidylcholine. 
Taurocholate by itself has no effect on water 
transport if one compares control absorption in 
experiments 1, 2 and 3. 

The relative potency of lysophosphatidylcholine 
in its effect on intestinal function and, therefore, 
the relevance of these studies for events in the 
human intestine can only be appreciated by com- 
paring the effects of lysophosphatidylcholine with 
those of taurodeoxycholate. In the rat jejunum, 5 
mM taurodeoxycholate has no effect on water and 
solute transport (33) while 5 mM lyso significantly 
reduced water and electrolyte absorption. In con- 
trast to its ineffectiveness in the rat intestine, 5 mM 
taurodeoxycholate produces significant fluid se- 
cretion in the human jejunum (25). The post- 
prandial concentrations of lysophosphatidylcholine 
in the human jejunum range from 2 mM to 4 mM 
(7,8). In view of the greater susceptibility of the 
human jejunum to taurodeoxycholate, it should 
also be more susceptible to the effects of lysophos- 
phatidylcholine. Lysophosphatidylcholine, there- 
fore, could have a significant effect on intestinal 
transport in the postprandial phase under physio- 
logical conditions. Its effects on the other hand, are 
mitigated by phosphatidylcholine and cholesterol. 
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[Revision received April 4, 1983] 

ERRATUM 

I n  the article "The  Effect o f  Die ta ry  Par t ia l ly  
H y d r o g e n a t e d  Mar ine  Oils on  D e s a t u r a t i o n  o f  
Fa t ty  Acids in Ra t  Liver  M i c r o s o m e s "  by L. 
Svensson  (Lipids 18:171-178, 1983), Table  3 on  
page 176 was  incomplete .  I t  shou ld  read: 

TABLE 3 

A 9-, A 6-, and AS-Desaturase Activites in Liver Microsomes Isolated from Rats Fed Diets 
Containing 20% (w/w) PO, HPO+4.6 cal % 18:2, HCO+4.6 ca1% 18:2, 

HHO+4.6 cal % 18:2, and RSO for 10 Weeks a 

A9-Desaturase activity A6-Desaturase activity AS-Desaturase activity 
Dietary treatment (nmol mg prot -~ 20 min -~) (nmol mg prot -~ 20 min -~) (nmol mg prot -~ 20 min -~) 

PO 0.5• b 2.5_+0.7 4.6_+1.4 
HPO+4.6c~ %18:2 2.2_+1.0 d 2.0_+0.4 5.4• 
HCO+4.6cal %18:2 1.0_+0.3 c 1.9• 3.4• 
HHO+4.6cal%18:2 0.8_+0.5 1.7_+0.5 = 3.0_+0.~ 
RSO 1.2_+0.5 = 3.4_+0.8 6.0_+2.6 

aThe partially hydrogenated oils were supplemented with safflower oil. 
~Values ar~ mean_+ standard deviation from 6 rats. 
c'~Pr0bability level as calculated according to Student's t-test; c and d are significantly different from PO 

values: p < 0.05 and p < 0.005, respectively. 
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METHODS 

Synthesis of Mixed-Acid Phosphatidylcholines 
and High Pressure Liquid Chromatographic Analysis 
of Isomeric Lysophosphatidylcholines 
ALLAN W. NICHOLAS, LILIANE G. KHOURI, JOE C. ELLINGTON, JR., and NED A. PORTER*, 
Paul M. Gross Chemical Laboratories, Duke University, Durham, NC 27706 

ABSTRACT 

A new method for the synthesis of mixed-chain phosphatidylcholines is reported. Silver ion catalyzed 
acylation of lysophosphatidylcholines by 2-thiopyridyl esters occurs rapidly (10 min) at room temperature in 
organic solvents. Yields of isomerically pure mixed-chain phosphatidylcholines (> 98% isomeric purity) are 
generally greater than 80%. The reaction proceeds with only 1.5- to 2-fold excess of thiopyridyl ester, thus 
offering some advantages over existing procedures when precious acylating agents are used. The major 
disadvantage of the procedure is its sensitivity to water. Phosphatidylcholines having hydroxy fatty acyl 
groups are prepared by protection of the hydroxyl as the levulinate ester, conversion to the 2-thiopyridyl 
ester, acylation, and removal of the levulinate with hydrazine. For purification of lysophosphatidylcholines, 
a reverse-phase high pressure liquid chromatographic method for separation of I-acylglycerophospho- 
cholines from 2-acylglycerophosphocholines was developed. 
Lipids 18:434-438, 1983. 

Interest in membrane structure and function has 
stimulated an extensive search for synthetic methods 
leading to specific phospholipids. The synthesis of 
mixed-acyl phosphatidylcholines (PC) 2, in par- 
ticular, has been the subject of several recent 
publications and partial syntheses utilizing I-acyl- 
sn-glycero-3-phosphocholine (lysoPC), 1, prepared 
by phospholipase A2 catalyzed hydrolysis of phos- 
phatidylcholine have been reported (1-5). Our 
interest in phospholipid oxidation has led us to 
seek alternate methods of phospholipid synthesis. 
We report here a method that allows the efficient 
synthesis of mixed-acyl PC with high purity. Our 
method may be particularly useful when a lysoPC 
must be acylated with a precious fatty acid. 

Existing methods for mixed-acyl PC synthesis 
rely primarily on acylation of lysoPC with acid 
anhydrides. Either p-dimethylamino pyridine (2) 
or 4-pyrrolidinopyridine (I) may be used as cata- 
lyst. Yields are excellent and the reaction is con- 
venient to carry out. The pyrrolidine catalyst is 
preferred, since less migration of acyl substituents 

has been reported with this catalyst (1). On the 
other hand, the rate of acylation is relatively slow 
unless a large excess of anhydride is used and a 5- 
fold excess of this reagent is typically utilized. 
Furthermore, one equivalent of the acyl substituent 
in the anhydride is wasted since fatty acyl carboxy- 
late is the leaving group of the acylating agent. For 
this reason, and also because we have found the 
acid anhydride method less than ideal for the 
synthesis of phospholipids having hydroxy fatty 
acyl substituents, we searched for alternate syn- 
thetic approaches to mixed-acyl PC. 

The method reported here relies on a silver-ion 
catalyzed acylation of lysoPC with 2-pyridinethiol 
fatty acid esters (Scheme I) (6-9). 

A variety of diacyl PC have been prepared by 
this approach and the method would appear to be 
one of general utility. For example, phospholipids 
(2) containing the following substituents have been 
prepared: 3, R I = R2= 16:0;4, R ~ -  18:0, R2-- 16:0; 
5, R~= 16:0, R2 = 18:2; 6, R~--- 16:0, R2= 18:1; 7, 
Ri = 16:0, R2 = 12-OH stearate; 8, R~ = 16:0, R~= 

O i, 
C H 2 - O - C - R  I 

Ag § 
H O ~ C ~ H  

C H , . ) - O - P - O - C H ~ - C H ~ - N - C H ~ ~  I �9 L i +  o R~C 
O. CH 3 

/ SCHEME I 

O 
("H 0 ~- 2 - 0 - C - R 1  ii 

R 2 - C - O ~ C ~ H  

J o c,~ 3 

' I § 
CH2-O- PI-O -CH2-CH2-N-CH 3 

O_ CH 3 

"To whom correspondence should be addressed. 
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ricinoleate. 
During the course of these synthetic studies, we 

also developed reverse-phase high pressure liquid 
chromatographic (HPLC) methods for the analysis 
and isolation of l-acyl lysoPC (1) and 2-acyl 
lysoPC. This HPLC analysis is convenient and 
may be generally useful in the analysis and prepara- 
tion of pure lysoPC isomers. 

EXPERIMENTAL 

diethylether at 0 C under argon. A solution 
(CH2C12) of 2-thiopyridyl chloroformate (0.49 g, 
2.5 rnmol) was added, and the milky mixture was 
stirred for 30 min at 0 C, dilutcd with 50 ml ether, 
and 0.2 g anhydrous MgSO4 was Ihen added. The 
solution was filtered, and the pale yellow filtrate 
was evaporated. The yellow solid that resulted was 
flash chromatographed on silica (Prep 500, 10% 
ethyl acetate/hexane on 200-400 mesh silica). 
Typical yields were 55-80%. 

Materials 

Phosphatidylcholines were obtained from Avanti 
Biochemicals (Birmingham, AL) as were lysophos- 
phatidylcholines. Palmitic acid (NuChek Prep, 
Elysian, MN), linoleic acid (Sigma Chemical Co., 
St, Louis, MO), 12-hydroxystearic acid (Pfattz and 
Bauer, Inc., Stamford, CT; Supelco Inc., Bellefonte, 
PA), and ricinoleic acid (Sigma) were used without 
further purification. 

Phosgene in benzene came from MC&B and 2- 
pyridine thiol was obtained from Aldrich (Mil- 
waukee, Wl). 

HPLC 

Simple diacyl phosphatidylcholines were puri- 
fied by reverse-phase HPLC on a Waters #- 
Bondapak C-18 column with methanol/water 
(97:3, v/v). PC having acyl groups with hydroxy 
substituents (7 and 8) were purified on the same 
column using methanol/water (95:5) as solvent. 

LysoPC were analyzed by reverse-phase H PLC 
on a Waters u-Bondapak C-18 column with 
methanol/water (85: 15). Detection for PC and 
lysoPC was by ultraviolet (UV) at 214 nm. 

Synthesis of 2-Pyridinethiol Esters 

The method of Corey and Clark (10) was used. 
Thus, 2-thiopyridyl chloroformate was prepared 
from 2-pyridinethiol and phosgene. Commercial 
phosgene in benzene was found suitable and the 
reaction was carried out as described (10), with the 
exception that toluene solvent was replaced by 
benzene. The 2-thiopyridyl chloroformate was 
converted to the thiopyridyl ester by reaction with 
free fatty acid in the presence of triethylamine to 
scavenge HCI. Fatty acyl pyridinethioesters were 
purified by flash chromatography on silica (Waters 
Prep 500, I in, od column with refractive index 
detection). Nuclear magnetic resonance spectra 
were consistent with assigned structures of all 2- 
pyridinethiol esters prepared (10). A typical pro- 
cedure for conversion of 2-thiopyridyl chloro- 
formate to the 2-pyridinethiol palrnitic acid ester is 
described below. 

Palmitic acid (512 mg, 2.0 mmol) and triethyla- 
mine (0.35 ml, 2.2 mmol) were taken up in dry 

LysoPC Preparation 

The procedure of Mason et al. was used with 
minor modifications (1). The lysoPC was dried 
exhaustively by pumping at high vacuum. 

PhosphatidyIcholine Syntheses 

The synthesis of l-stearoyl-2-palmitoyl-sn-glyc- 
erophosphocholine is typical and is presented 
below. 

Silver perchlorate (5-9 equiv) was dried for 20 hr 
(dark, P205, high vacuum) at room temperature 
and an additional 2 hr at relluxing ethanol tem- 
perature. The 2-lhiopyridyl palmitic acid ester (1,5- 
5 equiv) was dried overnight at room temperature 
under high vacuum. Freshly prepared lysoPC (one 
equivalent) was dried for 4 hr at room temperature 
under high vacuum. Benzene (2.5 ml/mmol lysoPC) 
was distilled into an oven-dried (argon) flask. The 
lysoPC was quickly added followed by solid thio- 
ester and AgCIOd. All additions were made in less 
than one min. After 10 min stirring under argon, 
thin layer chromatography showed complete reac- 
tion. Solvent was removed under vacuum and the 
crude white solid was suspended in 2.5 ml CHCI3 
and chromatographed on silica (Prep 500, CHCI3/ 
MeOH/H20, 6:2.5:.3). Yield for l-stearoyl-2- 
palmitoyl-sn-glycerophosphocholine was greater 
than 95% if appropriate precautions to exclude 
water were taken. PC of highest purity may be 
obtained by reverse-phase HPLC (vide infra) of 
material obtained from silica chromatography. If 
the procedures outlined above were followed with- 
out drying the 2-thiopyridyl ester or the lysoPC, 
yields of PC product were low (20%). 

Synthesis of 1-Palmitoyl-2-(12-hydroxystearoyl)- 
sn-glycerophosphocholine 

Protection of  hydroxy as levulinate ester. 
Levulinic anhydride (!.5 g, 7 mmol) was added to 
0.9 g (3 mmol) 12-hydroxystearic acid in 6 ml 
pyridine under argon and the mixture stirred 16-20 
hr. Pyridine was removed in vacuo, the residue was 
taken up in chloroform/water and acidified with 1 
N HCI to pH 4. The aqueous phase was extracted 3 
times with chloroform, the chloroform extracts 
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were combined, dried, and the solvent removed. 
Chromatography on silica gel (Prep 500, 20% ethyl 
acetate in hexane, 0.7% acetic acid) gave the pure 
12-1evulinate, 9. 

Synthesis of  phospholipid and removal of pro- 
tective groups. The levulinate ester of 12-hydroxy- 
stearic acid, 9, was converted to the 2-thiopyridyl 
ester and l-palmitoyl lysoPC was acylated by this 
reagent as described above. Removal of levulinate 
from the protected PC to give 1-palmitoyl-2-(12- 
hydroxystearoyl)-sn-glycerophosphocholine was 
carried out as described by vanBoom and Burgers 
(11) and Hassner et al. (12). The reaction was 
worked up by dilution of the pyridine/acetic acid 
solvent mixture with cold 1 N aq HC1 and extrac- 
tion with CHCI3/CH3OH (2:1). Removal of the 
CHC13 followed by chromatography gave the pure 
phospholipid. 

RESULTS AND DISCUSSION 

HPLC of Lysophosphatidylcholines 

The most efficient synthesis of mixed-acyl phos- 
phatidylcholines available before this work was 
initiated, involved acylation of lysoPC by acid 
anhydrides. One of the problems associated with 
this synthetic approach is the rearrangement of 1- 
acyl lysoPC to the 2-acyl lysoPC isomer during the 
course of acylation. Nitrogen bases used as cata- 
lysts for the acylation also assist in acyl migration. 
A recent publication reports on the use of 3~p N MR 
to monitor this rearrangement and the details of 
migration catalysis have been worked out in this 
elegant study (13). During the course of our 
studies, we sought to analyze the isomeric purity of 
lysoPC and we have developed HPLC methods for 
their analysis. 

A reverse-phase liquid chromatogram of a mix- 
ture of lysoPC is presented in Figure 1. This lysoPC 
mixture contains myristoyl, palmitoyl, and stear- 
oyl lysoPC, and the fractions A-F have been as- 
signed as follows: A, 8.3 ml, 2-myristoyl-sn-glycero- 
3-phosphocholine; B, 8.9 ml, l-myristoyl-sn-glycero- 
3-phosphocholine; C, 12.9 ml, 2-palmitoyl-sn- 
glycero-3-phosphocholine; D, 14.1 ml, l-palmitoyl- 
sn-glycero-3-phosphocholine; E, 21.6 ml, 2-stearoyl- 
sn-glycero-3-phosphocholine; and, F, 23.8 ml, l- 
stearoyl-sn-gtycero-3-phosphocholine. Freshly pre- 
pared lysoPC (snake venom) contains only the l- 
acyl lyso compounds (B, D, and F) and upon 
standing, the 2-acyl substituted isomers are formed 
(A, C, and El. 

Commercial samples of lysoPC are quite variable 
in purity. Some sampled contained no detectable 2- 
acyl lysoPC, while others showed as much as 8% of 
this isomer. We find, in fact, a direct correlation of 
lysoPC purity and isomeric PC purity of products 

B 

D 
O 2 1 n n m  

F 

I t I i ~ -  L _ I 
0 5 10 15 20 25 30 

m/ 

FIG. 1. HPLC trace for chromatography of lysoPC. 
Solvent was methanol/water (85: 15), flow rate I ml/min, 
column Waters/~-Bondapak C-18. Fractions A-F as 
identified in text. Separation was achieved only with this 
column. Other highly coated columns proved ineffective 
in the separation. Compounds separated were as follows: 
A, 8.3 ml, 2-myristoyl-sn-glycero-3-phosphocholine; B, 
8.9 ml, 1-myristoyl-sn-glycero-3-phosphoeholine; C, 12.9 
ml, 2-palmitoyl-sn-glycero-3-phosphocholine; D, 14.1 m|, 
l-palmitoyl-sn-glycero-3-phosphocholine; E, 21.6 ml, 2- 
stearoyl-sn-glycero-3-phosphocholine; and, F, 23.8 ml, l- 
stearoyl-sn-glycero-3-phosphocholine. 

of the acylation procedures we have developed. 
The quality of commercial samples depends dra- 
matically on history in transit and storage. The 
HPLC analysis reported here should allow for easy 
and direct analysis of commercial or laboratory 
samples. 

The 2-acyl lysoPC isomers isolated by HPLC 
have JH NMR spectra consistent with their pro- 
posed structures. For example, in CDCI 3 for 2- 
palmitoyl-sn-glycero-3-phosphocholine (Fraction 
C), the sn-2-methine proton appears at 4.95 6, 
characteristic of an acyl substituted methine, and 
inconsistent with an acyl substituted methylene 
(14). In DMSO-d6, the sn-2-methine proton appears 
at 4.75 6 as a quintet and the primary -OH is 
observed at 5.7 6 as the expected triplet. 

We should note that other reverse-phase HPLC 
columns were not found suitable for lysoPC 
separations. The utility of the column appears to 
relate directly to the amount of C-18 bonded phase 
present. The 10 ~ column successfully used in these 
studies does not contain a highly coated silica and it 
was only with this column material that a success- 
ful separation was achieved. Even 5 /~ or 3 # 
spherical head columns that are highly coated are 
not suitable for the separation of lysoPC isomers. 
The differences in solubility of the isomeric lysoPC 
is also noteworthy. Whereas the 2-acyl lysoPC 
were soluble in benzene, DMSO, chloroform, and 
methanol, the l-acyl lysoPC were readily dissolved 
only in methanol. 
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TABLE 1 

Synthetic Phosphatidylcholines from Acylation of Lysophosphatidylcholinr 
with 2-Thiopyridyl Esters 
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Phosphatidylcholines Isomeric impurity ~ F]b F~ Yield c 
(%) (%) (%) (%) 

1,2-Palmitoyl-sn- 98 
glycer ophosphocholine 

1 -Stearoyl-2-palmit oyl-sn ~ 1.5 49.3 50.7 95 
glycer ophosphoeh01ine 

l-Palmitoyl-2-1inoleoyl-sn- 1.8 49.0 51.0 93 
glycer ophosphocholine 

~Amount of mixed-chain impurity, analysis as described in ref. 1. 
bFraction of fatty acids at the 1 and 2 positions; see ref. 1. 
CYield based on lysoPC. 

Phosphatidylcholine Synthesis 

The yield and isomeric purity of 3 PC prepared 
by 2-thiopyridyl ester acylation of lysophospha- 
tidylcholines are presented in Table 1. Yields are 
90% or greater and the isomeric impurity present 
was comparable to that obtained by the method of 
Mason et al. (1). In fact, we have oreoared both of 
the mixed-chain PC reported in Table 1 by 
acylation of lysoPC with acid anhydride in the 
presence of 4-pyrrolidine-pyridine catalyst, and the 
isomeric purity obtained by the 2-thiopyridyl ester 
method was slightly better in each case than that 
obtained by the acid anhydride method. Yields 
reported here are for material purified by normal- 
phase HPLC. If PC of highest purity are required, 
we recommend additional reverse-phase HPLC 
chromatography as described in the Experimental 
section. 

1 -Palmitoyl-2-(12-hydroxystearoyl)- 
glycerophosphocholine, 10 

Several approaches to the synthesis of PC having 
acyl groups containing hydroxyl functions were 
attempted. Silyl protecting groups for the hydroxyl 
(t-butyldimethylsilyl) were utilized, but the best 
protecting group found for the free' hydroxyl was 
the levulinate ester (11,12). While silyl protected 
fiydroxy fatty acid derivatives could be used to 
acylate lysoPC, we found removal of the t- 
butyldimethyl silyl group to lead to impurities that 
could not be removed even by reverse-phase 
HPLC. The preferred synthetic approach to 
hydroxy fatty acyl phosphatidylcholines is illus- 
trated in Scheme 2. Protection and removal of the 
protecting group are easy and convenient, and 
yields for the overall sequence of acylation with 

protected hydroxy fatty acid and deprotection with 
hydrazine were on the order of 50%. Isomeric 
impurity in lecithin synthesized by the route in 
Scheme 2 was 1.3%. The levulinate protecting 
group could also be used with the acid anhydride 
method of PC synthesis. That is, the levulinate 
ester of 12-hydroxystearic acid could be converted 
to its anhydride and used to acylate lysoPC. This 
acylation appeared to be unusually slow, however, 
and overall yields for the acylation-deprotection 
sequence were on the order of 30%. 

Hydroxy fatty acid phosphatidylcholines have 
been isolated from natural sources (15,16), but the 
chemistry and biochemistry of these novel species 
have not been extensively explored. One might 
anticipate that these compounds would have 
unusual effects related to membrane structure and 
ion transport. The methods reported here for 
synthesis of PC and hydroxy-PC thus provide 
compounds of unique and novel structure for 
further study. 

A comparison of the acyl anhydride and 2- 
thiopyridyl ester methods of PC synthesis should 
be made at this point. The 2-thiopyridyl ester 
method is fast and efficient with product isomeric 
purity equivalent to the acid anhydride method. In 
the case of precious or slow reacting acid anhydride 
acylating groups, the 2-t hiopyridyl method appears 
to have some advantages. A great excess of 
thiopyridyl ester is not required and valuable fatty 
acid is not used as the leaving group. Yields of the 
levulinate derivatives described here were better 
than the anhydride method. The one major 
disadvantage noted thus far for the 2-thiopyridyl 
ester method is the great sensitivity to moisture. 
This detracts from the convenience of the method. 
Nevertheless, this new method is significantly 
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S C H E M E  2 

d i f f e r e n t  f r o m  c u r r e n t  m e t h o d o l o g y  a n d  it  t h u s  

p r o v i d e s  a p o t e n t i a l l y  u s e f u l  a l t e r n a t i v e  t o  e x i s t i n g  
p r o c e d u r e s .  

ACKNOWI.EDGMENTS 

These studies were supported by grants from the National 
Institutes of Health (HL17921) and the National Science 
Foundation (CHE 80-26541). We thank Dr. J. T. Mason, The 
University of Virginia, for helpful discussions and for help in the 
analysis of mixed-chain phosphatidylcholines. 

REFERENCt~S 

I. Mason, J . l . ,  Brocolli, A.V., and Huang, C. (1981) Anal. 
Biochem 113, 96-101. 

2. Gupta, C.M., Radhakrishran, R ,  and Khorana, HG. (1977) 
Proc. Natl. Aead. Sci. USA 74, 4315-4319. 

3. t.ammers, J.G., l.eifkens, J., Bus, J., and van dcr Moor, .1. 
(1978) Chem. Phys. Lipids 22, 293-305. 

4. SIotboom, A.J., Verheij, H.M., and De Haas, G .H (1973) 
Chem. Phys. |.ipids I 1,295-317. 

5. Eibl, H. (1980) Chem. Phys. l.ipids 26, 405-429. 
6. Gerlach, H., and Thalmann, A. (1974) Heir. ['him. Acta 57, 

2661-2663. 

7. Corey, EJ., and Nicolaou, K.C. (1974) J. Am. ('hem. Soc. 
96, 5614-5616. 

8. Nicolaou, KC. {1977)l'etrahedron 33, 683-710. 
9. Masamune, S., Kamata, S., and Schilhng, W. {1975) J. Am. 

(_'hem. Soc. 97, 3515-3516. 
10. Corey, EJ. .  and Clark, I).A. (1979) ietrahcdron Left. 

2875-2878. 
II. ,~anBoom, J.H., and Burgers, P.M.J. (1978) Recl. "lrav. 

Chim. Pays-Bas 97, 73-80. 
12. Hassner, A., Strand, G., Ruhinstein, M., and Patchornik, A. 

(1975) J. Am. Chem. Soe. 97, 1641-1615. 
13. Pliiekthun, A., and Dennis, E.A (1982) Biochemistry 21, 

1743-1750. 
14. Hauser, H., Guyer. W., Levine, B., Skrabal, P., and Williams, 

RJ.P.  (1978) Biochlm. Biophys. Acta 508, 450-463. 
15. Bonser, R.W., Siegel, M.I., Chung. S.M., McConnell, R.T.. 

and Cuatrecasas, P. 11981) Biochemistry 20. 5297-5301. 
16. Stenson, W., and Parker, C. (1979) I'rostaglandins 18, 

285-292. 

[Received December 17, 1982] 

L I P I D S ,  VOL.  18, NO.  6 (1983) 



COMMUNICATIONS 

439  

Waxes and Volatile Oils in Hypericum ericoides (Guttiferae) 
M.L. C A R D O N A  a, J.A.  M A R C O  a*,  J .M.  S E N D R A  b, E. S E O A N E  a and J. T O R R E S  IBAI~IEZ a, 
a Departarnento de Oufrnica Org~nica, Facultad de Ou{micas, Burjasot, Valencia (Spain) and  b Instituto de 
Agroqu[mica y Tecnolog[a de Alimentos, Valencia (Spain) 

ABSTRACT 

A wax isolated from an hexane extract ofHypericum ericoides L. was shown to contain only an aldchydic 
and an alcoholic fraction. The aldehydic fraction was found to be largely n-octacosanal (~ 77%), with minor 
amounts of other linear homologous aldehydes, whereas the alcoholic |raction was almost pure n- 
octacosanol. From the same hexane extract, a volatile oil was also isolated and studied by combined gas 
chromatography-mass spectrometry (GC-MS). Monoterpene, sesquiterpenc and aliphatic straight chain 
(C~-C~ 0 hydrocarbons, sesquiterpene alcohols and aliphatic long-chain acids (C~, C,, C,,, C~,, C~.,, C~,, C~ 
and Ck~) were found. Biogenetic relationships are discussed. 
Lipids 18:439-442, 1983. 

INTRODUCTION 

Specimens of the genus Hypericum have been 
used for a long time in folk medicine(1,2).  Modcrn  
studies have been focused on the activity of extracts  
of these plants against certain viruses and bacteria 
and on their possible appl icat ions as medicines for 
various diseases (I,2). Mathis  and Ourisson have 
published a detailed investigation of the distribu- 
t ion of essential oils (3-5) and hypericin (6) in 
Hypericum species. Hypericin has been found 
responsible for the phototoxici ty  exper imented  by 
cattle which have ingested aerial parts of these 
plants (7). Phenolic  compounds  are also amply 
represented in the genus. We have recently isolated 
several xan thono ids  and l lavonoids from tly- 
pericunt ericoides (1,2,8,9) and tt. balearicum (10). 
We wish now to report  the results of investigations 
on the hexane extract  of H. ericoides, which 
contained several aliphatic straight chain hydro-  
carbons,  alcohols,  aldehydes and carboxylic acids, 
as well as some mono te rpene  and sesquiterpene 
compounds .  

MATERIALS AND METHODS 

Aerial parts (stems, leaves and llowers) of H. 
ericoides L. (ca. 8 kg) were air-dried and extracted 
with hexane. By steam-dist i l lat ion of the extract,  
essential oils (ca. 65 g, ~ 12% of thc whole cxtract)  
were separated. The residue was dissolved in hot 
hexane (2 I) and cooled to room temperature .  A 
waxy solid (ca. 420 g, ~80% of the whole extract)  
precipitated out. 

*'1o whom correspondence should be addressed. 

An aliquot of the wax was ch romatographed  on 
silica gel (Merck G, Type 60) and eluted with 
hexane /benzene  mixtures.  Hexane /benzene  (4: 1, 
v/v) ,  eluted an aldehydic fraction A (ca. 55%) and 
hexane /benzene  (1:4, v /v)  elutcd an  alcoholic 
fraction B (ca. 35%). Other  more polar  minor  
componen ts  (ca. 10%) were not investigated. The 
wax did not contain any carboxylic acids in 
detectable proport ion,  as inferred from an infrared 
(IR) spectrum. 

The essential oil was subdivided into a neutral  
fraction C (ca. 96%) and an acid fraction D (ca. 4%) 
by repeated extract ion of an ethereal solution with 
5% aqueous NaOH. The neutral  fraction C was 
also subdivided into a hydrocarbon  fraction C~ (ca. 
60%) and an oxygenated fraction C.~ (ca. 40%) by 
column ch romatography  on silica gel and clution 
with hexane and ether, respectively. The hydro-  
carbon fraction was separated into mono-  and  
scsquiterpcnes by fractional distil lation in vacuo. 
The oxygenated fract ion conta ined only sesqui- 
terpenes. 

Gas chromatograph ic  (GC) analyses were per- 
formed on a gas ch roma tog raph  with flame ioniza- 
t ion detector,  using a 2 m •  mm column, packed 
with 2% SE-30 on C h r o m o s o r b  Wi A W - D M C S .  
For thc GC-MS analyses, a 100 m •  in. id 
capillary column, packcd with SF-96, was used. 
For  the hydrocarbon fraction of the w)latile oil, an 
initial oven tempera ture  of 80 C was held for 12 rain 
and  then a heat ing rate of 1 Cj min was employed 
(final tempera ture  200 C). 

The mass spect rometer  was a Hi tachi-Perkin  
Elmer RM U-6L apparatus ,  operat ing at 70 cV. ~ H 
N M R  spectra wcre recorded at 90 MHz in a R-32 
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Perkin Elmer apparatus. 

RESULTS 

Fraction A, isolated from the wax by column 
chromatography, was a white solid melting in the 
interval 65-67 C. It formed a crystalline derivative 
with 2,4-dinitrophenylhydrazine and showed char- 
acteristic IR bands for an aliphatic aldehyde: 
2720(w) and 1720(ms) cm -~. A weak unresolved 
signal at 6 9.3 was also visible in the IH NMR 
spectrum (CDCI3), which had typical features for a 
fully saturated, straight chain aldehyde. The mass 
spectrum gave the highest mass peak at m/e  408, 
consistent with a molecular formula C28H560, as 
required by n-octacosanal, but the somewhat low 
melting point led us to suspect the presence of a 
mixture of homologous compounds. To clarify this 
point, we oxidized the product with Jones reagent 
(CrO3) and methylated the oxidation product with 
diazomethane. The resulting methyl esters were 
analyzed by GC and the retention times compared 
with those of authentic samples. It can be seen 
(Table 1) that methyl n-octacosanoate is clearly the 
most abundant component and, hence, n-octaco- 
sanal is the major component in the original 
aldehyde mixture. No olefinic components were 
found. 

Fraction B was a white crystalline solid, mp 80- 
81 C, with characteristic IR bands for a saturated 
long-chain alcohol: 3340 (broad) 2920, 2840, 1460, 
1060, 730 cm -t. The mass spectrum was consistent 
with that of n-octacosanol, the highest m~ss peak 
being at m/e 392 (M + -H20). This was confirmed by 
CrO3 oxidation and methylation as above, giving 
practically pure methyl n-octacosanoate as evi- 
denced by GC. Literature mp for n-octacosanol: 
83-84 C (11), 80-81 C (12). By the usual methods, an 
acetate, mp 66-67 C, lit. 65-66 C (11), 65-68 C (12); 
a benzoate, mp 61-62 C, lit. 61-64 C (12) and a 
phenylurethane, mp 91-92 C, were also prepared. 

T A B L E  I 

Fat ty Aldehydes ~ of the Wax  

Component b % Component b % 

C~s 1.0 C2~ 0,3 
Ct6 3.6 C22 7.4 
C~7 3.2 C23 0.2 
C~8 3.8 C24 0 3  
C~9 2,0 C28 77.0 
Cz0 1.2 

aAnalyzed as the methyl esters of the corresponding carboxylic 
acids. 

bCarbon number of the chain: only saturated straight chain 
isomers were found. 

All derivatives gave the expected combustion 
analyses (13). For the not previously reported 
phenylurethane, the following values were found: 
C, 79.77; H, 12.00; N, 2.58. Calc. forC3sH~NOz: C, 
79.40; H, 11.91; N, 2.65. Typical 1R bands (KBr 
pellet) were found at 3300, 1700, 1590, 1525, 1225, 
745, 720 and 690 cm -~. 

The components of the monoterpene hydro- 
carbon fraction were analyzed by GC-MS as 
described in the Materials and Methods section. 
Reference spectra (14-19) and, in most cases, 
comparisons with authentic samples were utilized 
for structure attributions (Table 2). As can be seen, 
some aliphatic nonterpenic hydrocarbons were 
also found in this fraction. The sesquiterpene 
hydrocarbon fraction was analyzed by an identical 
procedure, the results being also presented in Table 
2. 

The composition of the oxygenated fraction (22 
was rather simple: only two major and two minor 
peaks were detected by GC. Only one of the major 
components could be identified as/3-eudesmol by 
GC and MS comparison with an authentic sample. 

The acid fraction D was analyzed by methylation 
and GC-MS analysis of the methyl esters: benzoic 
acid and the saturated n-alkanoic Cs, C9, C10, Cj~, 
G2, Ct4, C~6 and C~s acids were unequivocally 
determined by comparison with authentic samples. 
C12 and C16 were the predominant components in 
the mixture. 

DISCUSSION 

Our results might be helpful for providing 
chemotaxonomic relationships between species in 
a yet not completely known genus Hypericum. A 
wide spectrum of natural products is known to be 
biosynthesized from carboxylic acids (20,21); linear 
hydrocarbons originate usually by enzymatic de- 
carboxylation of carboxylic acids, whereas alde- 
hydes and alcohols are formed from carboxylic 
acids by reduction. Other secondary transforma- 
tions include dehydrogenations, hydroxylations, 
epoxydations, etc., of the aliphatic chain. All these 
metabolites are involved in the biogenesis of cutin 
and suberin, two noncarbohydrate polymers as- 
sociated with wood and plant cuticles (22). We 
found only small amounts of low molecular weight 
(Cs-CI~) hydrocarbons and low to medium molecu- 
lar weight (C8-C~8) carboxylic acids in the steam 
volatile fraction, but great amounts of predomi- 
nantly high molecular weight, nonvolatile alde- 
hydes and alcohols. It would appear that the 
enzymatic system which reduces carboxylic acids 
to aldehydes and alcohols works efficiently only 
with high molecular weight components. No low 
molecular weight aldehydes were found in our 
studies in contrast to other Hypericurn species (3- 
5). Moreover, the enzymatic decarboxylation 
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TABI .E 2 

Fatty and "1 erpene Hydrocarbons in the Essential Oil 

441 

Relative retention 
Component times (to n-octane) Abundance" Reference spectra Comparison ~ 

n-Octane' 1 T 16 + 
n-Nonane ~ 1.44 L 16 + 
n-Dccane" 2.26 1. 16 + 
n-Undecanc' 3.62 L 16 + 

Monoterpencs 
a-Pinene 1.67 M 16, 17 + 
/3-Pinene 2.01 1. 16, 17 + 
Limonenc 2.57 L 16, 17 + 

Sesquiterpenes 
a-Copaene 6.73 L 14 + 
Caryophyllene 7.05 L 14, 15 + 
3,-M uurolcne 7.48 M 14 + 
t~-Curcumcne 7.75 H 14 - 
Calamenenc 7.85 L 18, 19 + 
6-Cadincne 7.89 M 14, 15 + 

18, 19 
et-M uurolene 8.03 L 14, 15 + 
Calacorene 8.03 1. 18 - 

"l.ctters indicate approximate relative abundances: H,high (10-203); M,medium (5-10c~); l.,lov, (I-5C~); 
1,trace (< 1%). 

~ sign (+) indicates direct comparison (GC and MS) with an authentic sample. Ihc sign (-} indicates 
comparison only with literature mass spectra. 

'l'race amounts of 5 other branched C,-C,, saturated hydrocarbons were also found but they could not be 
unequivocally identified. 

system seems not  to be very efficient, work ing  only 
to a small  extent  on low molecular  weight  acids 
(C9-C~2). The reduct ion to a lcohols  works  ap-  
parent ly  only with the C28 c o m p o n e n t ,  a mos t  
interest ing finding. Mathis  and Our i s son  (23) had 
already s h o w n  the presence of  mix tu res  of  the C:4, 
C26 and C2~ alcohols  in the wax  of  H. perjoratum. 
Also of  interest are the p r e d o m i n a n c e  of  pinenes in 
the m o n o t e r p e n e  h y d r o c a r b o n  fract ion,  the practi-  
cal absence of  m o n o t e r p e n e  a lcohols  and the low 
concen t ra t ion  (trace a m o u n t s )  of  b ranched  (un- 
identified) hydroca rbons .  Mathis  and O u r i s s o n  (3- 
5) pointed out  that  specimens  of  the E u h y p e r i c u m  
section (to which H. ericoides belongs)  g row i ng  in 
dry climatic condi t ions  afford essential  oils with 
clear p redominance  of  pinenes in the m o n o t e r p e n e  
h y d r o c a r b o n  fraction. The oil f rom species of  that  
section is usual ly rich in sesqui te rpenes  but  p o o r  in 
m o n o t e r p e n e  alcohols.  This  is also the case here, 
the sesqui te rpene  fract ion being of  specially varied 
compos i t i on  with the mos t  represented ca rbon  
f r a m e w o r k s  of  the b isabolene  and cadinene types. 
Caryophyl lene  and a - c o p a e n e  are also present  but  
not humulene  (3-5). All these c o m p o n e n t s ,  with the 
except ion of  caryophyl lene  and /3 -eudesmol ,  have 
been said to be biogenetically derived (24) f r o m  
cis, trans-farnesyl p y r o p h o s p h a t e  by a p p r o p r i a t e  
cyclization. 
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Stimulation of Bile Acid Synthesis by Dibutyryl 
Cyclic AMP in Isolated Rat Hepatocytes 
G.S. SUNDARAM, VICKI ROTHMAN and SIMEON MARGOLIS, Departments of Medicine and 
Physiological Chemistry, Johns Hopkins University School of Medicine, 722 Traylor Building, Baltimore, 
MD 21205 

ABSTRACT 

Freshly isolated rat hepatocytes were used to examine the effects of dibutyryl cyclic AMP on the 
incorporation of t4C-acetate and J4C-cholesterol into bile acids. After an initial lag period, both precursors 
were incorporated into cholic and chenodeoxycholic acids at a linear rate for the subsequent 60 rain. An 
apparent stimulation of bile acid formation from t4C-acetate by dibutyryl cyclic AMP was complicated by 
the concomitant inhibition of cholesterol synthesis. In experiments with ~4C-cholesterol, dibutyryl cyclic 
AMP (I mM) increased the labeled cholic and chenodeoxycholic acids in the medium by 83 and 224%, 
respectively, but cellular levels of labeled bile acids were unchanged. As a result, the nucleotide stimulated 
the overall incorporation of ~4C-cholesterol into cholic acid by 39% and into chenodeoxycholic acid by 
123%. The mean ratio of labeled cholic to chenodeoxycholic acid declined from 55:45 in control cells to 
41:59 in cells incubated with d ibutyryl cyclic A M P. The results demonstrate that label incorporation can be 
used to study the regulation of bile acid synthesis in isolated hepatocytes. We propose that dibutyryl cyclic 
AMP enhances bile acid production by phosphorylating, and thus stimulating the activity of, cholesterol 7a- 
hydroxylase, the rate-limiting enzyme in bile acid synthesis. 
Lipids 18:443-447, 1983. 

INTRODUCTION 

Extensive studies have characterized the path- 
ways for bile acid synthesis (1), and several factors 
are known to exert long-term effects on the forma- 
tion of bile acid. For example, biliary diversion and 
cholestyramine feeding enhance the production of 
bile acids, probably because the reduced pool of 
circulating bile acids increases the synthesis of 
cholesterol 7t~-hydroxylase, the rate-limiting en- 
zyme in bile acid synthesis (2). Relatively little is 
known about the short-term regulation of bile acid 
synthesis, although Mitropoulos et al. showed that 
the administration of cholesterol or mevalonate to 
rats rapidly increased bile acid synthesis (3). 

Most studies on the control of bile acid synthesis 
have utilized intact animals, perfused liver or liver 
slices. Isolated hepatocytes, which have provided 
considerable information on the regulation of 
other metabolic pathways in the liver (4-6), have 
been used by a few workers to investigate bile acid 
synthesis (7-II). However, these prior experiments 
with hepatocytes have not examined the incorpora- 
tion of labeled precursors into bile acids and have 
provided little insight into factors that exert rapid 
effects on bile acid synthesis. The present study 
demonstrates that dibutyryl cyclic A M P  (Bt2cAM P) 
stimulates the incorporation of ~4C-acetate or ~4C- 
cholesterol into bile acids by isolated rat hepato- 
cytes. A brief account of this work has been 
presented (12). 

MATERIALS A N D  METHODS 

~4C-Acetate (45-60 mCi /mmol )  and X4C-choles- 
terol (59,4 mCi /mmol )  were obtained from New 

England Nuclear, Inc. Purified bile acids were 
purchased from Applied Science Laboratories, 
Inc. Dibutyryl Y,5'-cyclic AMP,  m0nosodium salt, 
was bought from Sigma Chemical Co. Cholylglycine 
hydrolase (4000-5000 uni t s /mg protein) was sup- 
plied by Dr. P.P. Nair, Sinai Hospital, Baltimore, 
MD. 

Isolation of Hepatocytes 

Fed, male, Sprague-Dawley rats, weighing about 
125 g when purchased, were used for the isolation 
of hepatocytes after I wk of adaptation to altered 
lighting conditions (dark cycle from 4 AM to 4 
PM). Rats had access to Purina rat chow and 
water, ad libitum. Hepatocytes were prepared 
between 10 and 11:30 AM by our published 
method (13) with the exception that the perfusate, a 
modified Krebs-Ringer bicarbonate buffer, was 
Ca2§ and contained 20% (v/v) steer red blood 
cells which were washed 5 times with 0.9% NaCI 
solution. The isolated hepatocytes were washed 3 
times with modified Krebs-Ringer bicarbonate 
buffer containing Ca 2§ (2.4 mM) and 1% bovine 
serum albumin (incubation buffer). Cell viability 
was assessed by dye exclusion as previously de- 
scribed (13). Hepatocytes with damaged cell mem- 
branes were counted as nonviable even if they 
excluded the dye. Cell viability, initially 90 to 95%, 
fell to 85 to 90% after 3 hr of incubation. 

Incubation Conditions 

Freshly isolated hepatocytes (3 to 6 million) were 
suspended in 3 ml of incubation buffer containing I 
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#Ci of 14C-acetate or 14C-cholesterol (added in 10 
#1 of ethanol) that was freshly purified by thin layer 
chromatography (TLC) using benzene/acetone 
(1:I). Incubations were carried out in 25 ml 
siliconized plastic flasks which were shaken at 120 
oscillations per min in a water bath shaker at 37 C 
under an atmosphere of 95% 02:5% CO2. Cells 
were separated from the incubation medium by 
centrifugation for 5 min at 920 g at room tempera- 
ture in an International table top centrifuge. Each 
experiment, done in triplicate, included a zero time 
incubation, where cells and medium were separated 
at 0 C immediately following the addition of label. 
Incorporation into bile acids was calculated by 
subtracting zero time control values from those 
obtained after a period of incubation. 

Isolation of Bile Acids 

Bile acids were isolated separately from the cells 
and incubation medium. Cell pellets were sonicated 
after suspension in 0.5 ml water at pH 11. The cell 
sonicate or medium (at pH 11.0) was heated for 15 
min in a boiling water bath, cooled, and extracted 3 
times with redistilled diethyl ether (5 ml) to remove 
neutral lipids and most of the ~4C-cholesterol. With 
14C-acetate as substrate, the heating step was 
omitted. The pooled ether extracts were washed 
once with 1 ml water at pH 11.0, and the water 
wash was added to the aqueous solution. The 
volume and p H of the medium or cell s onicate were 
adjusted to 3 ml and to pH 7 to 7.4, respectively. 
Three ml of acetate buffer (0.1 M, pH 5.6) was 
added, and the pH of the 6 ml mixture was checked 
to be between 5.6 and 5.8. The addition of 1.5 ml of 
100 mM ~-mercaptoethanol and 1.5 ml of 60 mM 
disodium EDTA (both in 0.1 M acetate buffer, pH 
5.6) was followed by adding 0.1 ml cholylglycine 
hydrolase. After the mixture was incubated at 37 C 
for 2 hr with gentle shaking, the pH was adjusted to 
1, cholic and chenodeoxycholic acids (20 #g of 
each) were added as carriers, and the mixture was 
extracted 3 times with 5 ml of ethyl acetate. The 
ethyl acetate extracts were dried with anhydrous 
sodium sulfate and evaporated to dryness under 
nitrogen. 0.4 ml methanol and 0.2 ml saturated 
methanolic HC1 were added to the residue, and the 
mixture was incubated overnight at room tempera- 
ture. The solvents were evaporated under nitrogen. 
The bile acid methyl esters were applied to a 
prewashed Silica Gel G plate and separated by 
successive development in the solvent systems 
benzene/acetone (95:5) and benzene/acetone (1: 1) 
to separate the methylated bile acids from each 
other and from any radioactive cholesterol or 
oxidation products of cholesterol formed during 
the incubation or extraction steps. Cholesterol 
moved to the solvent front and the Rf's for cholic 
and chenodeoxycholic acids were 0.19 and 0.50, 

respectively. Bile acid spots were identified under 
UV light after spraying with 8-hydroxy-l,3,6- 
pyrenetrisulfonic acid. Each individual bile acid 
zone was scraped from the plate into a scintillation 
vial and counted for radioactivity in 10 ml of 
Betaflour in a liquid scintillation counter with a 
counting efficiency of 67% for 14C. 

Validation of Measurement of Labeled Bile Acids 

The conditions utilized to isolate the primary 
bile acids are similar to those reported by several 
investigators for the isolation of bile acids from 
biological tissues and fluids (14). The efficiency of 
bile acid recovery by our method was determined 
by adding 14C-taurochenodeoxycholic acid or t4C- 
taurocholic acid to an incubation flask with sus- 
pended hepatocytes, immediately separating cells 
from incubation medium and carrying out our 
standard procedure for the quantitation of label in 
bile acids from the medium. We recovered 76% and 
70% of the label in the chenodeoxycholic and 
cholic acid spots, respectively. 

We also carried out experiments to determine 
the amount of label contaminating the spots identi- 
fied as cholic and chenodeoxycholic acids on TLC 
plates. Hepatocytes were incubated with labeled 
cholesterol; bile acids extracted from the medium 
and pure radioactive bile acid standards were 
methylated and isolated from the TLC plates after 
development in our system. After the radioactivity 
was counted in aliquots, the remainder was reapplied 
on another TLC plate and developed in ethyl 
acetate/acetone (70:30). Bile acid spots were iso- 
lated and counted. Between 80 and 95% of the label 
applied to the second TLC plate was recovered in 
spots with Rf values identical to that of the labeled 
bile acid standards. 

RESULTS 

After an initial lag period of 30 min, the rate of 
incorporation of 14C-cholesterol into medium bile 
acids (Fig. 1) and into total (cells plus medium) bile 
acids (data not shown) was linear for the next 60 
min. A similar time course was observed for the 
incorporation of 14C-acetate into medium bile 
acids. In experiments with Z4C-cholesterol, the cell 
sonicate contained about 20% of the radioactivity 
recovered in bile acids from medium and cells. 
When the amount of free bile acids was estimated 
by omitting the usual treatment with cholylglycine 
hydrolase, conjugated bile acids accounted for 
about 90% of the labeled bile acids in the incuba- 
tion medium. These results suggest that both 
labeled acetate and cholesterol are suitable precur- 
sors for studies of the synthesis of bile acids in 
isolated rat hepatocytes. 

Studies on the regulation of bile acid synthesis by 
Bt2cAMP were initially carried out with 14C- 
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FIG. 1, Representative time course for ~4C-cholesterol 
incorporation into medium bile acids. Hepatocytes (6 
million) were incubated in 3 ml of buffer with 1 /~Ci of 
label for various periods. X X, chenodeoxycholic 
acid; O . . . .  O, cholic acid. The points in the figure 
represent mean + S.E.M. from 3 experiments. 

acetate. Such experiments are complicated by the 
fact that Bt2cAMP inhibited cholesterol synthesis 
by about 25% (6). To correct for this problem, the 
effects of Bt~cAMP were determined by comparing 
the radioactivity in secreted bile acids as a percent 
of total radioactivity in cholesterol plus bile acids 
in the presence and absence of the cyclic nucleotide. 
Bt2cAMP more than doubled the percentage of 
label incorporated into the bile acids recovered in 
the incubation medium. In 3 experiments, the 
percentage label (mean + standard error of  mean or  
S.E.M.) in cholic acid was 2.2 + 0.7 in control cells 
and 5.4 + 0.9 in cells incubated with Bt2cAMP. 
Incorporat ion into chenodeoxycholic acid was 8.3 
+ 1.3 with BhcA'MP compared with 3.2 + 1.0 in 
control cells. Since incorporation into cellular bile 
acids was not measured in these experiments, the 
results do not distinguish whether Bt2cAMP en- 
hanced the overall synthesis or only the secretion of 
bile acids. It is noteworthy that bile acids were a 
quantitatively significant product from ~4C-acetate, 
particularly in the presence of Bt2cAMP where the 
secreted bile acids accounted for almost 15% of the 
radioactivity incorporated into cholesterol. 

Because of  the difficulties in interpreting the 
effects of Bt2cAMP in experiments with ~4C- 
acetate, subsequent studies were carried out with 
labeled cholesterol. As shown in Table 1, 1 mM 
Bt2cAMP stimulated the incorporation of  ~4C- 
cholesterol into cholic and chenodeoxycholic acids 
in the incubation medium by 83 and 224%, respec- 

TABLE 1 

Effect of Bt2 cAMP on the Incorporation of ~4C-Cholesterol 
into Cholic and Chenodeoxycholic Acids 

Label Incorporation, as percent of Control 

Cholic acid Chenodeoxycholic acid 

Incubation medium 183 +-- 29* 324 _+ 34* 
Cell sonicate 88 + 20 96 _+ 11 
Cells plus medium 139 +- 19" 223 + 31" 

Hepatocytes (3 to 6 million) were incubated for 1 hr with 1 t~Ci 
of ~4C-cholesterol in the presence and absence of 1 mM BhcAMP. 
Counts recovered in each bile acid are expressed as the percent of 
the corresponding controls (incubated in the absence of Bt2cAMP), 
taken as 100%. In the control incubations, radioactivity was 288 + 
88 cpm/106 ceils in cholic acid and 251 + 69 cpm/106 cells in chen- 
odeoxycholic acid in the incubation medium; label was 74_+21 
cpm/106 ceils in cholic acid and 65 _+ 15 cpm/106 ceils in 
chenodeoxycholic acid in the cell sonicates. The results are the 
mean --. S.E.M. from 12 different experiments. 

*Value statistically different from control at p < 0.01 by 
student's t test. 

tively. Bt2cAMP had no effect on the amount  of 
labeled bile acid recovered from the cells. As a 
result, Bt2cAMP produced a statistically signifi- 
cant increase (p < 0.01) in the incorporat ion of ~4C- 
cholesterol into cholic and chenodeoxycholic acids 
by 39 and 123%, respectively. Sodium butyrate (1 
mM) had no effect on bile acid synthesis from 
either precursor. Bt2cAMP had a relatively greater 
stimulatory effect on the formation of chenode-  
oxycholic acid compared with cholic acid. Thus, in 
12 experiments, the ratio of labeled cholate: labeled 
chenodeoxycholate was 55:45 in control cells but 
41:59 in cells incubated with Bt2cAMP. This 
difference is significant with p < 0.05 by Student's 
two-tailed "t"  test. 

DISCUSSION 

Two studies (7,8) that reported the synthesis of 
bile acids in rat hepatocytes utilized an enzymatic 
assay with hydroxysteroid dehydrogenase to quan- 
titate the amount  of bile acids secreted into the 
medium. Other workers (9,15) have questioned the 
validity of results obtained with this assay pro- 
cedure. Furthermore, the fact that bile acid synthesis 
required supplementation of the incubation medium 
with Krebs cycle intermediates, such as succinate, 
suggest that damaged cells were used in one (8) of 
these studies, since hepatocytes with intact plasma 
membranes are considered impermeable to suc- 
cinate (16). Additionally, Whiting and Edwards (9) 
suggested that the reported (8) stimulation of 
secretion b y  succinate could be from dehydro- 
genase activity unrelated to bile acid levels. Two 
studies (9,10) utilized gas liquid chromatographic 
techniques to measure bile acid synthesis in com- 
bined extracts from cells and medium. Both showed 
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that cholic acid was the major bile acid produced. 
One of these studies (10) used cultured hepatocytes 
and heavily fortified incubation medium. Recently, 
Botham et al. (l 1) reported the use of radioim- 
munoassay techniques to measure the amount of 
conjugated bile acids secreted into the incubation 
medium. Our findings demonstrate the incorpora- 
tion of labeled precursors into bile acids from a 
Krebs-Ringer buffer containing no special addi- 
tions. 

Initial experiments with ~4C-acetate as precursor 
showed that BtzcAMP increased the relative incor- 
poration of label into medium bile acids. Since 
simultaneous inhibition of cholesterol s~,nthesis by 
BhcAMP complicated the interpretation of these 
experiments, subsequent studies were carried out 
with ~4C-cholesterol. As shown in Table I, Bt2cAM P 
also produced a significant stimulation of the 
incorporation of ~4C-cholesterol into both cholic 
and chenodeoxycholic acids. 

Mere demonstration of increased incorporation 
of labeled precursors into bile acids by the addition 
of BhcAMP can not be construed as proof that this 
agent stimulates the synthesis of bile acids. Thus, 
the cyclic nucleotide may enhance the cellular 
uptake of labeled precursors, increase their specific 
activity in a critical intracellular pool, or facilitate 
the transfer of cholesterol to cholesterol 7a- 
hydroxylase. We have found, however, that Bt2- 
cAM P does not alter the uptake of labeled acetate 
or cholesterol from the incubation medium (data 
not shown). Since Bt2cAMP inhibited acetate 
incorporation into cholesterol in the present and 
previous studies (6), while stimulating the incor- 
poration of ~4C-acetate into bile acids, it is highly 
unlikely that Bt2cAMP exerts both actions by 
altering the specific activity of the labeled acetate 
available to the microsomal enzymes which are 
rate-limiting for both biosynthetic pathways. The 
possibility that Bt2cAM P facilitates the transfer of 
cholesterol to 7u-hydroxylase can not be dismissed. 
On the other hand, it should be pointed out that 
Bt:cAMP enhanced the formation of bile acids 
both from cholesterol newly synthesized from 
labeled acetate and from endogenous ~4C-cholesterol 
taken up by the cell. Taken together, these con- 
siderations strongly suggest that the observed 
effects of Bt2cAMP on the incorporation of labeled 
precursors does result from a stimulation of bile 
acid synthesis. 

Earlier experiments, which showed that Bt:cAMP 
inhibited~4 �9 . . C-acetate incorporation into cholesterol 
by isolated rat hepatocytes (6), stimulated studies 
on the regulation of HMG CoA reductase. Elegant 
work has now shown that the activity of HMG 
CoA reductase is inhibited by covalent phosphoryl- 
ation of the enzyme and stimulated by removal of 
phosphate groups (17). This was the first example 

of control of the activity of a microsomal enzyme 
by altering its phosphorylation state. Recent reports 
have provided evidence for activation of two other 
microsomal enzymes, glucose-6-phosphate, and 
acyl CoA: cholesterol acyl transferase, by covalent 
phosphorylation (18,19). Studies by Sanghvi et al. 
(20), and in our laboratory (21), have shown that 
treatment of rat liver microsomes with alkaline 
phosphatase inhibits the activity of cholesterol 7a- 
hydroxylase; enzyme activity can be partially or 
completely restored by subsequent incubation of 
the microsomes with MgATP, cAMP, and protein 
kinase. Based on these observations, we propose 
that BtzcAMP enhances overall bile acid synthesis 
in isolated rat hepatocytes by stimulating a cA M P- 
dependent protein kinase to phosphorylate and 
activate cholesterol 7a-hydroxylase. It is, of course, 
possible that other mechanisms may also play a 
role in the effects of BhcAMP since the activities of 
both HMG CoA reductase (22,23) and cholesterol 
7t~-hydroxylase (24,25) are modulated by cytosolic 
proteins in the absence of added ATP. The fact that 
Bt2cAMP stimulated label incorporation into bile 
acids in the incubation medium, but not within 
cells, suggests that BhcAMP may also increase the 
conjugation or secretion of bile acids, or both, but 
no studies have been carried out to test this 
possibility. 

Little is known concerning the factors that 
determine the relative rates of synthesis of cholic 
and chenodeoxycholic acids. We have no explana- 
tion for the relatively greater synthesis of chenode- 
oxycholate from labeled cholesterol, and particu- 

14C c larly from -a elate, when the results of the 
present study are compared with those of two 
workers (10,11). Amuro et al. (26) have recently 
reported that human hepatoblastoma cells in cul- 
ture predominantly synthesized chenodeoxycholic 
acid. They did not explain the relatively greater 
synthesis of chenodeoxycholic acid. It is possible 
that we are measuring another co-migrating dihy- 
droxy bile acid such as muricholic acid along with 
chenodeoxycholic acid. Treatment of rats with 
thyroid hormone, which stimulates bile acid syn- 
thesis, increased the biliary ratio of chenodeoxy- 
cholic to cholic acid (27) in a manner similar to the 
effects of Bt2cAMP reported here. Botham et al. 
(l l) showed that the addition of high concentra- 
tions of 7a-hydroxycholesterol to isolated rat 
hepatocytes stimulated the synthesis of chenode- 
oxycholate but inhibited cholate synthesis. They 
proposed that high concentrations of 7a-hydroxy- 
cholesterol inhibits 12a-hydroxylation of 7a- 
hydroxycholest-4-en-3-one, the last intermediate 
common to both cholic and chenodeoxycholic 
acids. It is possible that the increased rate of bile 
acid synthesis produced by Bt,_cAMP leads to an 
accumulation of 7a-hydroxycholesterol which in- 
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hibits 12t~-hydroxylase. Reduction of 12a-hydroxyl- 
ase activity by either mechanism would decrease 
the synthesis of 5fl-cholestan-3t~,7t~-diol, the pre- 
cursor of chenodeoxycholic acid (28) accounting 
for the findings in the present study. 
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Effects of Triarimol and Tridemorph on Sterol 
Biosynthesis in Sapro legn ia  ferax 1 
L I N D A  R. B E R G  a *, G L E N N  W. P A T r E R S O N  a , and W I L L I A M  R. L U S B Y  b, aDepartment of Botany, 
University of Maryland, College Park, MD 20742; b Insect Physiology Laboratory, Beltsville Agricultural 
Research Center, Beltsville, MD 20705 

ABSTRACT 

The efli:cts of two fungicides, triarimol and tridemorph, on sterol biosynthesis in Saprolegniaferax were 
examined. Cultures grown in the presence oftriarimol accumulated lanosterol. Tridemorph-treated cultures 
accumulated AS-sterols including zymosterol, fecosterol and stigmasta-8-24(28)-dienol. The latter is a new 
sterol. A proposed scheme is given for sterol biosynthesis in S.Jbrax showing points of inhibition of triarimol 
and tridemorph. Results point to the intermediacy of lanosterol but not cycloartenol in sterol synthesis in 
Saprolegnia. 
l.ipids 18:448-452, 1983. 

INTRODUCTION 

The Oomycetes are almost universally recog- 
nized as having characteristics which set them 
apart phylogenetically from other fungi. Their cell 
walls contain cellulose 1 instead of, or in addition 
to, chitin (1,2), they have a diploid vegetative 
thallus (3-7), and they have the t~,~-diaminopimelic 
(DAP) pathway for lysine biosynthesis (8). 

The sterol composition of the Oomycetes is also 
unusual. Most fungi contain ergosterol (ergosta- 
5,7,22-trien-3/3-ol) as the dominant  sterol (9,10). 
Members of two orders of Oomycetes have been 
studied and their major sterols are cholesterol 
(cholest-5-en-3/3-ol), 24-methylenecholesterol (er- 
gosta-5,24(28)-dien-3/3-ol), desmosterol (cholesta- 
5,24-dien-3/3-ol) and fucosterol (stigmasta-5,E- 
24(28)-dien-3/3-ol) (11). The only notable excep- 
tion to this is Zoophagus insidians. It has been 
reported as having ergosterol as its dominant  sterol 
(12). 

In the biosynthesis of sterols, there is a bifurca- 
tion at the cyclization of epoxysqualene (13,14). 
Photosynthetic organisms produce cycloartenol 
(9/3, 19-cyclo-5a-lanost-24-en-3/3-ol) and nonphoto- 
synthetic organisms, including fungi, produce lano- 
sterol (5a-lanosta-8,24-dien-3/3-ol) as the first cyclic 
intermediate (10,15). There are some notable excep- 
tions to this generalization. Several nonphoto-  
synthetic plants with close phylogenetic ties to 
photosynthetic plants do utilize the cycloartenol 
pathway 06,17). 

Although cycloartenol has never been isolated 
from any fungus, there is some speculation regard- 
ing its role in Oomycete sterol biosynthesis. Sapro- 
legnia ferax can incorporate tritium from either 
cycloartenol or lanosterol into its normal sterols 
(18). Inhibition of sterol biosynthesis soon after 
epoxysqualene cyclization should provide good 
evidence on the intermediates in this part of their 

tScientific article number A3388, Contribution no. 6460 of the 
Maryland Agricultural Experiment Station. 

sterol biosynthetic pathway. Triarimol [a-(2,4- 
dichlorophenyl)-t~-phenyl-5-pyrimidine-met hanoi] 
was chosen because one of its sites of inhibition is 
14a-demethylation (19-23). The other inhibitor 
used was tridemorph (2,6-dimethyl-N-tridecylmor- 
pholine), which is known to inhibit opening of the 
9/3,19-cyclopropane ring in organisms utilizing the 
cyloartenol pathway (24). 

MATERIALS A N D  METHODS 

S.Jerax ATCC. 36051 was obtained from Amer- 
ican Type Culture Collection and maintained on 
PYG agar. Cultures were grown at 25 C on PYG 
(Cantino) broth, PYG broth plus 0.5% methanol, 
and PYG broth plus 0.5% ethanol for two weeks, 
Triarimol in methanol was added to flasks after 
autoclaving at a concentration of 10 mg per liter of 
media. Tridemorph in ethanol was added to the 
flasks after autoclaving at a concentration of 10 mg 
per liter of media. Each experiment was performed 
in triplicate. 

Sterols were isolated by our usual methods, 
utilizing alumina and silica gel thin layer chromato- 
graphy (TLC) (25). Identification was based on gas 
liquid chromatography (GLC) (26) and GLC-mass 
spectrometry (GLC-MS) (27). Authentic standards 
of lanosterol, fecosterol (5a-ergosta-8,24(28)-dien- 
3fl-ol), campest-8(14)-en-3/3-ol, and stigmast-8(14)- 
en-3B-ol were used for comparative purposes in 
GLC and GLC-MS analyses. 

Electron impact (70 ev) mass spectra were ob- 
tained from a F innigan-MAT model 4500 mass 
spectrometer which was operated at a source block 
temperature of 120 C. Sample introduction was via 
a split injection onto a 15 m by 0.32 mm i.d. fused 
silica column coated with a 0.25 #m film of DB-i 
(bonded methyl silicone). The column was operated 
at a temperature of 255 C and a head pressure of 4.5 
PSI helium. Data were collected and processed on 
an Incos data system. 
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To confirm their structures, two of the sterols 
(from tridemorph-inhibited cultures) that were not 
separable by column chromatography were sub- 
jected to infrared analyses. They were also treated 
in acetic acid with hydrogen for 4 hr in the presence 
of 10% palladium on charcoal and the products 
obtained from the reaction were analyzed by GLC 
and GLC-MS. 

RESULTS A N D  D ISCUSSION 

Control cultures of S. ferax grown in PYG, in 
PYG plus methanol, and in PYG plus ethanol were 
identical in their sterol composition. S. Jerax 
produces 24-methylenecholesterol, desmosterol, 
fucosterol, cholesterol and lanosterol (Table 1) and 
differs from the previous report (11) only in the 
presence of lanosterol. This could be due to a 
difference in isolation methods. Lanosterol and 
fucosterol are not separated by GLC on an SE-30 
column. Lanosterol was only identified in the 
control after TLC on silica gel which separated 
sterols into dimethyl, monomethyl and desmethyl 
fractions (25). 

GLC-MS of sterols from control cultures verified 
the structures which have been previously reported 
(11). Lanosterol was also verified by GLC-MS by 
comparison with two authentic samples. Its mole- 
cular ion was at m/z 426 (30%). Other intense 
peaks were at m/z 411(50%), 393(21%), 341(4%), 
297(4%), 283(4%), 273(7%), 259(15%), 241(11%), 
229(9%), 215(10%), 203(7%) and 201(8%). 

Triarimol greatly inhibited sterol biosynthesis in 
S. ferax (Table 1). Only 0.07 #g of sterol per mg d ry 
weight was produced in triarimol-treated mycelia, 
whereas the control had 2.01 ~g sterol per mg dry 
weight. Interestingly, over 90% of the total sterol in 
the inhibited cultures was lanosterol. 

The amount of sterol produced in tridemorph- 
inhibited cultures was ca. 2.5 times the amount of 
sterol found in control cultures. This enhancing 
effect of tridemorph has been previously noted 
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(24). The sterols that accumulated were all A s_ 
sterols (Table 1) and our results support previous 
work on the site of tridemorph inhibition in fungi 
(28,29). 

Zymosterol (5a-cholesta-8,24-dien-3fl-01) gave 
the molecular ion at m/z 384(65%). Other promi- 
nent ion peaks were at m/z  369(39%), 351(7%), 
271(17%), 246(16%), 231(20%), and 213(29%). A 
computer search through the library of spectra 
matched the spectrum of the sample with authentic 
zymosterol. 

The molecular ion peak of fecosterol was at m/z 
398(50%). Other intense peaks were at m/z 383 
(27%), 365(6%), 299(8%), 271(39%), 257(11%), 
213(27%). This mass spectrum matched the mass 
spectrum of fecosterol in the computer library as 
well as the mass spectrum of an authentic sample of 
fecosterol from our laboratory. 

The final sterol analyzed by GLC-MS from the 
tridemorph-treated cultures had a molecular ion at 
m/z 412(50%). Other prominent peaks were at m/z 
397(27%), 314 (characteristic of a sterol with a 
A 24128) bond but not as intense as is usually 
observed, 7%), 273(8%), 271(20%), 246(12%), 231 
(17%), and 213(22%). This compound was tenta- 
tively identified as stigmasta-8,24(28)-dienol and 
verified by other procedures. 

Both fecosterol and stigmasta-8(9),24(28)-dienol 
gave relatively weak peaks at m/z 314. An intense 
peak was expected there due to the presence of the 
A24128)-bonds (27). Presumably, the presence of a 
Astg~-bond alters the configuration in such a way 
that the molecule doesn't readily fragment at the 
C(22)-C(23) position. Because of the uncertainty 
concerning the expected MS fragmentations of 
fecosterol and stigmasta-8(9),24(28)-dienol, a meti- 
culous GLC analysis was undertaken. 

A comparison was made between the relative 
retention times of various sterol standards to 
determine the effects of position of double bond 
and alkyl substituents on relative retention time. 
Three different gas chromatographic columns were 

TABLE 1 

A Comparison of Sterols from Control, Triarimol-treated and Tridemorph-treated Cultures of Saprolegniaferax 

Control Triarimol-treated Tridemorph-treated 

Sterol % Sample /~g/mg dry wt % Sample #g/mg dry wt % Sample /~g/mg dry wt 

Cholesterol 1.3 0.03 
Desmosterol 36.5 0.73 3.4 tr 
24-Methylene cholesterol 43.3 0.87 
Fucosterol 11.8 0.24 5.8 tr 
Lanosterol 7.0 0.14 90.8 0.06 
Zymosterol 
Fecosterol 
Stigmasta-8,E-24(28)-dienol 
Total 99.9 2.01 100 0.07 

0.5 0.02 
18.0 0.92 
55.3 2.83 
26.3 1.35 

100A 5A2 
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employed, SE-30, OV-17, and QF-I. The separa- 
tion factors are presented in Table 2, and Table 3 
s h o w s  the  ca lcu la ted  R R T ' s  of  poss ib le  s tero l  
s t r uc tu r e s  based  on  G L C - M S  da t a ,  a c c o r d i n g  to 
p rev ious ly  pub l i shed  m e t h o d s  (26,30). T h e s e  ca lcu-  
lated R R T ' s  were  t h e n  c o m p a r e d  wi th  t he  ac tua l  
R R T  o f  the  s a m p l e  a n d  a pos i t ive  i den t i f i ca t ion  
was  m a d e  in each  case.  

The  IR  s p e c t r u m  of  a n y  s terol  wi th  a t e r m i n a l  
m e t h y l e n e  g r o u p ,  i.e. A24~2S~-bond s h o w s  a s t r o n g  
peak in the  885-895 c m  -k reg ion  (311. B o t h  feco-  
s terol  a n d  fecos tero l  ace ta te  f r o m  t r i d e m o r p h -  
t rea ted  cu l tu re s  s h o w e d  a very  s t r o n g  peak  in the  
892 c m  -~ region.  T h u s ,  IR  d a t a  s u p p o r t s  the  
p re sence  o f  a 2 4 - m e t h y l e n e  g roup ,  

Fecos te ro l  a n d  s t i gmas t a -8 ,24 (28 ) -d i eno l  were  
conve r t ed  wi th  h y d r o g e n  in t he  p re sence  o f  acet ic  
acid a n d  10% p a l l a d i u m  on  c h a r c o a l  in to  A s"4~- 
s te ro ls  wi th  s a t u r a t e d  side cha ins .  In  th is  r eac t ion ,  
the  Ag~9~-bonds were  i somer i zed  to A slt4~ a n d  the  
A24C2S~-bonds were  reduced .  T h e  p r o d u c t s  o f  th is  
react ion,  ergost -8(14)-enol  a n d  s t igmas t -8 ( l  4)-enol,  
were t hen  c o m p a r e d  by G L C  a n d  G L C - M S  wi th  
a u t h e n t i c  s terol  s t a n d a r d s ,  c a m p e s t - 8 ( 1 4 ) - e n o l  a n d  
s t igmas t -8 (14) -eno l .  T h e  m a s s  spec t r a  a n d  G L C  
ana ly se s  were  ident ical .  

T r i d e m o r p h  inhibi ts  o p e n i n g  o f  the  c y c l o p r o p a n e  
r ing  in all p l an t s  s tud ied  w h i c h  uti l ize the  cyc lo-  
a r t eno l  p a t h w a y  (24; G. H o s o k a w a ,  u n p u b l i s h e d ) ,  
b u t  inh ib i t s  A s - -  A7 i s o m e r a s e  in f ung i  u s i n g  the  

TABLE 2 

Double Bond and Alkyl Substituent Separation Factors of Sterols 

Gas chromatographic system ~ 

Factor SE-30 OV- 17 QF- I 

~'~*/A~ 1.041 1.058 1.042 
AS~4,/A~ 0.992 0.999 1.007 
A :~2~ 1.081 1.194 1.068 
A:~2;~ 0.955 1.007 0.953 
24-Methyl 1.278 1.290 1.274 
24-Met hylene 1.251 1.330 1.265 
24-Ethyl 1.594 1.593 1.520 
24-Ethylidene (E) 1.594 1.681 1.486 

~3c)~ SE-30 on Gas Chrom Q, 245 C, 20 psi: 3ch QF-I on Gas Chrom P, 231 C, 211 psi; 3q~ OV-17 on Gas 
Chrom Q. 260 C, 20 psi. 

TABLE 3 

A Comparison of the RRT's of Three Unknown Sterols from Fridemorph-treated Cultures 
with the Calculated RRT's of Possible Sterol Structures 

Gas chromatographic system 

Free sterol SE-30 OV-17 QF-I 

C:, sterol I. 13 1.27 I. I 1 

Zymosterol (1.13) ~ (1.26) ( I. I I ) 
Cholesta-8,25-dienol (0.99) (1.07) (0.99) 
Cholesta-8( 14),24(25)-dienol (1.07) ( I. 191 ( 1.081 
Cholesta-8( 14),25-dienol (0.95) (1.01) (0.96) 

C.~8 sterol 1.31 1.42 1.33 

Fecosterol (1.30) (1.41) (1.32) 
Ergosta-8,25-dienol (1.27) (1.37) (1.27) 
Ergosta-8( 14),24(28)-dienol (1.24) ( I. 33) (1.27) 
Ergosta-8( 14),25-dienol ( 1.21 ) (1.30) (1.22) 

C2q sterol 1.65 1.79 1.55 

Stigmasta-8,24(28)-dienol (1.66) (1.78) (1.55) 
St igmasta-8,25-dienol (1.59) ( 1.701 ( 1.511 
Stigmasta-8( 14),24(28)-dienol ( 1.581 (1.68) (1.50) 
St igmasta-8( 14),25-dienol ( 1.51 ) ( 1.601 (1.46) 

"Values in parenthesis arc calculated according to tile methods of Patterson and Clayton (26.301. 
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lanosterol pathway (28,29). The fact that we were 
unable to show the presence of any 9,19-cyclo- 
propyl sterols in S. ferax grown with tridemorph 
suggests that this fungus utilizes the lanosterol 
pathway. However, feeding experiments on S. 
ferax with labeled cycloartenol (18) and on other 
Oomycetes with unlabeled cycloartenol (32,33) 
have shown that cycloartenol can be metabolized 
by the Oomycetes. 

Figure 1 shows a proposed scheme for sterol 
biosynthesis in S.ferax. If cycloartenol is the first 
cyclic precursor, it is probably converted to lano- 
sterol by a cyclopropyl isomerase. The production 
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of both lanosterol and cycloartenol has been 
reported in Euphorbia pulcherimma (34). 

Lanosterol is the product of 2,3-oxidosqualene 
cyclase in all fungi thus far investigated. This work 
with Saprolegnia..demonstrates the synthesis of 
lanosterol in control cultures, accumulation of 
large amounts of lanosterol but no cycloartenol in 
triarimol-treated cultures, and the presence of 
lanosterol but not cycloartenol in tridemorph- 
treated cultures where cycloartenol accumulation 
would be expected. These data strongly suggest 
that lanosterol is the product of 2,3-oxidosqualene 
cyclase in Saprolegnia. Although the tridemorph 

LANOSTEROL 

HO/  ~ g  

ZYMOSTEROL 

$ 

HO HO 

DESMOSTEROL CHOLESTEROL 

FECOSTEROL 

$ 
24- M ETHYLE N ECHOLESTEROL 

STIGM A STA- 8 ,E-  24 (28 ) -0  IENOL FUCOSTEROL 

O. S I T E  OF INHIBITION OF TRIARIMOL. 

b. S I T E  OF INHIBITION OF TRIDEMORPH. 

FIG. 1. Proposed sterol biosynthetic scheme in SaDrolegniaJ~,ra.~;. 
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data  make  the possibil i ty of  a c y c l o a r t e n o l -  
lanos tero l  p a t h w a y  seem remote ,  it c anno t  be 
total ly ruled ou t  at this po in t .  However ,  a cyclo- 
a r tenol  p a t h w a y  can be p r o v e n  only af ter  the 
d e m o n s t r a t i o n  of  cycloar tenol  synthesis  by Sapro- 
legnia. To date, this has  no t  been dem ons t r a t ed .  
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METHODS 
Systematic Protocol for the Accumulation of Fatty Acid 
Data from Multiple Tissue Samples: Tissue Handling, 
Lipid Extraction and Class Separation, and Capillary 
Gas Chromatographic Analysis 
ROBERT J. MAXWELL* and WILLIAM N. MARMER, Eastern Regional Research Center 1, 
Philadelphia, PA 19118 

ABSTRACT 

A systematic procedure was developed for detailed fatty acid profiling of both neutral and polar lipid 
fractions isolated from hundreds of related bovine muscle and adipose tissue samples. A regimen was 
established tora nonbiased handling of tissue samples, which included their handling in a predetermined 
random order. Lipid class separation was accomplished concomitantly during the extraction of the tissues 
by a selective dry column method, which allowed a detailed analysis of minor but important polyunsaturated 
fatty acids associated with the polar fraction. Neutral lipids were derivatized to fatty acid methyl esters 
(FAME) by a literature procedure. However, to protect against lysis of plasmalogens in the polar fraction, a 
modified nonacidic esterification procedure was developed. FAME profiles were obtained on a program- 
mable high resolution capillary gas chromatograph (GC). Run programs for unattended GC operation and 
data storage are described. By this overall procedure, the quantitation and peak identification were obtained 
for major and minor fatty acid constituents from bovine tissue in a manner that prepares for valid statistical 
interpretation of the resulting data. 
Lipids 18:453-459, 1983. 

This report describes a systematic approach used 
to gather fatty acid compositional data from a large 
set of tissue samples. The approach was developed 
to allow for an unbiased handling of the samples, 
proper record-keeping, and--most importantly-- 
the timely completion of an otherwise unmanage- 
able task. 

This systematic approach was developed and 
used for 2 bovine dietary studies in conj unction with 
Oklahoma State University. One study investigated 
differences in beef quality of animals raised on 
forage (wheat pasture) compared to those on grain. 
The other determined the effect of the antibiotic 
supplement monensin on beef quality (1). 

Three goals were considered during the develop- 
ment of the approach. First, fatty acid data needed 
to be accumulated in such a way as to allow later 
valid statistical analysis. Tissues were to be com- 
minuted and extracted in random order. Data 
obtained by gas chromatography (GC) analysis 
were to be electronically stored for later retrieval 
and manipulation. Second, data needed to be 
detailed and accurate. This was to be achieved by the 
use of complete extraction and proper derivati- 
zation techniques, and by efficient GC separations 
and careful peak identification. Third, data needed 
to be accumulated in a timely way, despite the large 
number of tissue samples to be handled. This was to 
be accomplished by rapid extraction and deriva- 
tization techniques and the use of automated GC 

~Agricultnral Research Service, U.S. Department of Agricul- 
ture, 600 E. Mermaid Lane. 
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instrumentation. All the above mentioned criteria 
were met by the procedures described in this report. 

EXPERI MENTAL 

Tissue Samples 

Samples of bovine tissue were obtained from 
Oklahoma State University and consisted of the 
following: kidney knob fat (KD), M. longissimus 
dorsi (LD), M. psoas major (PM), M. semf 
tendinosus (ST), and subcutaneous fat (SQ), all of 
which were attained from the carcasses of animals 
used in 2 specific feeding studies. The first of these 
studies (Fig. l) required 140 tissue samples and the 
second 116 samples. 

Tissue Handling 

Tissue samples were sealed in plastic, pouches at 
Oklahoma State University, shipped to this labora- 
tory in dry ice, and stored at -60 C until analyzed. 
Samples of ca. 100 g each were comminuted at 10 C 
in a food processor (Cuisinart CFP-5A, Cuisinarts, 
Inc., Stamford, CT) together with 30/zl of anti- 
oxidant (50% l: l BHA/BHT in ethanol, Tennox 5, 
Eastman Kodak Corp., Rochester, NY). Replicate 
samples were weighed (5 g _+ 0.1 mg), sealed, and 
stored at -60 C. To eliminate experimental bias over 
the several weeks necessary for extraction of all the 
tissue samples, each sample was coded randomly 
before lipid extraction was undertaken. Frozen 
comminuted samples were then removed from 
storage and extracted on the basis of this sequence. 
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FIG. 1. Flow scheme for the analysis of multiple tissue samples. 
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Extraction of Lipids 

Duplicates of each tissue sample (5 g + 0.1 rag) 
were extracted sequentially by the dry column 
method (2). Before the sample was ground in the 
mortar, Tennox 5 (1 ml, 0.01 mg in methylene 
chloride) was added to the tissue. Eluates from each 
neutral and polar fraction were collected in 200 ml 
round bottom flasks. Solvent was removed on a 
rotary evaporator at room temperature, 1 ml of 
Tennox 5 added, and the contents transferred with 
hexane to a 100 ml volumetric flask and brought to 
volume with hexane. Aliquots were taken for thin 
layer chromatography (TLC), phosphorus analyses, 
and weight determination. A larger aliquot was 
reserved for derivatization to FAME's for subse- 
quent GC analysis. 

Derivatization of Glycerides to Methyl Esters: 
Neutral Lipid Fraction 

The lipids were converted to their methyl esters 
by treatment with NaOH/methanol followed by 
BF3/methanol (3). 

Equipment 

GC analyses were carried out on a Hewlett- 
Packard 5880A level 4 flame ionization capillary 
GC, equipped with magnetic tape storage capability 
and a Model 7672A automatic sampler. The column 
used for all analyses was a Quadrex 100 m 0.25 mm 
I.D. SP 2340 glass column (Quadrex, New Haven, 
CT). (Analyses may now be accomplished alterna- 
tively on either of two recently introduced flexible 
columns: a flexible glass column with the same 
stationary phase (50 m Quadrex Monarch series) 
or a fused silica column with a similar but bonded 
phase (50 m Quad rex 007-CPS 1). Both alternatives 
allow efficient separation of FAME's in substan- 
tially reduced analysis time, and are more easily 
installed than the fragile soft glass column used in 
the present work.) Carrier gas was helium at a flow 
of 1 ml/min and make-up gas was nitrogen at a 
flow of 30 ml/min. The temperature program em- 
ployed was 150 C-170 C at 0.4 ~ then 1 ~  
to 200 C, at which temperature the oven was held 
for a maximum of 40 rain until all FAMEs had 
been eluted. 

Derivatization: Polar Lipid Fraction 

A previously reported procedure (4) was modified 
in the following manner: an aliquot of the polar 
lipid fraction containing ca. 20 mg of lipid was first 
reduced in volume to about 5 ml on a rotary 
evaporator at room temperature. The contents of 
the flask were quantitatively transferred to a 15 ml 
centrifuge tube with a few ml of hexane, and the 
remaining solvent was removed under a stream of 
nitrogen. The residue was immediately dissolved in 
1.0 ml of isooctane containing 4 mg of the internal 
standard methyl heneicosanoate followed by addi- 
tion of 100 #1 of 2 N KOH in MeOH (1.1 g/10 ml). 
The contents of the tube were mixed on a vortex 
mixer for 60 sec and then centrifuged to separate 
the layers. The lower methanol layer in the tube 
was removed with a microsyringe and discarded. A 
saturated ammonium acetate solution (0.5 ml) was 
added to the tube, the tube's contents stirred on the 
vortex mixer, centrifuged, and the aqueous layer 
removed and discarded. The above procedure was 
repeated with 0.5 ml of water instead of ammonium 
acetate. A small amount of anhydrous sodium 
sulfate was placed in the tube, the contents were 
stirred and allowed to stand for 30 rain, and then 
the mixture was centrifuged. The upper isooctane 
layer (ca. I ml) of FAME was transferred to a 1 ml 
serum bottle (No. 223682, Wheaton Glass Co., 
Millville, N J), which was then sealed with a cap 
lined with Viton A (Hewlett-Packard, No. 5080- 
8730, King of Prussia, PA). The vials were stored in 
a freezer until required for GC analysis. Complete- 
ness of esterification was established by TLC 
analysis of the reaction mixture. 

Determination of FAME Identity and Reference Standards 

Initial identification of FAMEs was made by 
injecting samples from bovine tissue into an HP 
5840 GC (located in the laboratory of H. Slover, 
USDA, ARS, BARC, Beltsville, MD) that had 
been calibrated by GC/mass spectroscopy to iden- 
tify major components in the mixture (3). Verifica- 
tion of other constituents was made by peak 
enhancement of the unknown using authentic 
compounds and by retention time analysis of the 
unsaturated FAMEs before and after hydrogena- 
tion. 

A reference standard with 18 known FAMEs 
common to bovine muscle (Nu-Chek Prep, Inc., 
Elysian, MN) contained the relative amount of 
each component approximately, found in a polar 
fraction of a typical muscle sample. This standard 
was chromatographed after each group of 10 
bovine samples to ascertain if changes in retention 
times and peak shape, due to instrumental changes 
during the analysis of the preceding block of 
samples, had occurred. 

RESULTS AND DISCUSSION 

The methodology described in this study was 
developed to undertake a project in lipid analysis 
involving over 200 bovine tissue samples taken 
from 2 feeding studies at Oklahoma State Univer- 
sity (1). Our independent investigations involved 
detailed analyses of the fatty acids of the tissue 
samples generated in these 2 studies. In all, 49 
animals were used in the 2 studies, In the dietary 
study, samples were obtained from 5 tissue loca- 
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tions in each grain-fed animal and from 2 cor- 
responding tissue locations in each forage-fed 
animal (5). In the monensin study, samples were 
taken from 2 locations per animal. The systematic 
protocol developed for examining the bovine tissues 
from the dietary study is shown in Figure 1. A 
similar protocol was used for the monensin study. 
To indicate the magnitude of both studies, the total 
numbers of tissue samples, lipid fractions, and GC 
reports are shown in Figure 1. This figure shows the 
sequence used to handle the samples employed in 
this study up to the generation of the reports of the 
GC analyses. The continuation of this diagram, 
which describes the data manipulat ion to the 
generation of the final report, can be found in 
Figure 2 of the following article (6). Although 
samples of muscle and adipose tissue from 5 
locations were studied, only tissue from ST and 
PM are represented on the flow chart for simplifi- 
cation. The same sequence was used to examine all 
other tissue samples. Each tissue was ground to a 
uniform consistency (use of a food processor 
minimized sampling problems) in the presence of 
antioxidant,  packaged as accurately weighed repli- 
cate portions, and quickly frozen until  required. 
All samples studied were extracted in duplicate 
(total 256 samples) (Fig. 1) for lipid by the sequen- 
tial dry column method (2). Since this method 
allows for the recovery of separate neutral and 
polar lipid fractions, no further separations of the 
lipid extracts were required prior to derivatization. 
Excellent agreement between duplicates was ob- 
tained for amounts of recovered lipid and for total 
phosphorus in these samples (5). 

In most previous studies, F A M E  profiles of 
bovine muscle have been reported as those obtained 
from total lipid extracts. Such extracts generally 
contain only small amounts of polar lipid, and 
consequently their contribution is diluted in the 
GC trace by the overwhelming presence of the 
neutral lipids. Additionally, polar lipid of bovine 
muscle contains large amounts  of plasmalogen (up 
to 30%), which produce dimethylacetals (DMA) of 
long chain aldehydes by acid-catalyzed esterifica- 
tion techniques. Although the DMAs would appear 
as only trace artifacts in the GC trace of the 
FAMEs of total lipid extracts, they would appear 
as major components in a GC trace of polar lipid 
FAMEs. Therefore, to prevent the acid-catalyzed 
lysis of plasmalogen lipids in the polar lipid extract, 
a published method for transesterification of total 
lipids (4) was modified to handle phospholipid 
concentrates. Room temperature alkaline trans- 
esterification converts all phospholipids to esters 
while generating no DMAs from the plasmalogens. 
The neutral lipid fractions, which contain no 
plasmalogens, did not present such problems, and 
were derivatized to their FAMEs by the technique 
of Slover and Lanza (3). 

The 256 tissue samples (Fig. 1) after sequential 
extraction yielded only 454 neutral and polar lipid 
fractions, not the expected 512, because certain 
adipose samples were extracted for total lipid. 
These fractions were, in turn, derivatized to FAMEs 
by the methods described above. Each F A M E  
sample contained a measured amount  of internal 
standard according to the method of Slover and 
Lanza (3). 

GC Analysis of FAMEs 

Prior to analysis of the F A M E  samples on the 
HP 5880A GC, a sample run program was devised 
to run the instrument unattended during the actual 
analysis and to store the data when each run was 
completed. A profile of that run program is shown 
in Figure 2. Although that program was developed 
for a specific instrument, it illustrates the steps that 
are needed to carry out unattended profiling on any 
automated GC. This run program was written (in 
Hewlett Packard BASIC) for neutral lipid analysis, 
but the program for polar lipids was similar. The 
first command of the program (line 10) was to print 
"prgm for neutral lipid extracts." All commands in 
the program written within quotat ion marks are 
printed on the chromatogram and are informa- 
tional only. List commands (lines 60, 360, and 400) 
serve similar purposes and instruct the instrument 
to print such current information on the chromato- 
gram. Lines 30-50 are another informational set 
which is programmed to print the checklist (lines 
450-510) prior to the start of the unattended 
automated analysis. The lines 70-280 describe the 
program used to start and advance the automatic 
sampler. This program instructs the sampler to 
inject the reference mixture (line 210) after 4 
samples have been run, and then once after every 
next 10 samples have been run. Lines 290-330 
describe a sequence designed to reject a report and 
prevent its tape storage if the total area found is less 
than 10 area counts (line 330). The feature is 
designed to shut down the instrument if, for 
example, no injection occurred due to a broken 
syringe. If the report is satisfactory, it is transferred 
to tape (line 340) and the program advances to the 
next step (line 350), which is a loop wherein the unit  
prepares itself for the next injection. 

The utility of obtaining fatty acid profiles of 
separate neutral and polar lipid fractions of the 
same tissue, as opposed to profiles of a total lipid 
extract, is demonstrated by the 3 chromatograms 
(Fig. 3) that were generated from the above run 
program. Peaks are identified by manually inserted 
peak numbers (Chromatogram B, Fig. 3) to over- 
come run-to-run variations in retention times and 
to facilitate subsequent handling of data. Chromato- 
gram C is derived from a total lipid extract and is 
representative of what would be seen from a 
traditional Folch extraction (7). Chromatograms 
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PROGRAM: 
10 
~5 
20 
30 
40 
50 
60 
70 
80 
90 
100 
110 
120 
130 
140 
150 
~60 
170 

(ANNOTATION OFF) 
PRINT '" PRGM 5: FRGM FOR POLAR LIPID EXTRACTS." 
REM SAME AS PRGM 4, BUT WITHOUT STEPS 208,270. 
FOR B=l TO I I  
READ P$ 
PRINT P$ 
NEXT 
LIST OVEN TEMP 

INPUT "ENTER THE FIRST (N) QN~ LAST (M) BOTTLE # (N,M>",H,M 
INPUT "ENTER THE DESIRED STOP # ( I ,2 ,0R 3) "',C 
LET K=O 
FOR I=N TO M STEP 2 
LET K=K+I 
IF K=5 THEN 150 
IF K=IO THEN 430 
GOTO 220 
EDIT AUTO SEQ 4~I 
EDIT RUT? SEQ 8,98 
PRINT '" 

180 PRINT "STOP# 1 '  
190 PRINT "REFERENCE VI~L #97" 
210 START AUTO SEQ 97,97 
220 EXECUTE X,"EDIT AUTO SEQ 4,"&VAL$(C) 
230 EXECUTE X," EDIT AUTO SEA 8, "&VRL$(I+I) 
240 PRINT " 
258 PRINT "STOP# "&VAL$(C> 
260 PRINT "SAMPLE VIAL #"&VALI(1) 
280 START AUTO SEQ I , I  
290 LET S=0 
300 FOR J = l  TO #PEAKS 
310 LET S=S+RREA(O) 
32e NEXT J 
330 IF S<10 THEN 390 
340 EXECUTE Y," SAVE REPORT "&VRL$(1)&" DEVICE# 16" 
350 NEXT I 
360 LIST CLOCK TIME 
370 OVEN TEMP 70 
380 STOP 

390 PRINT "PROGRAM STOPPED BECAUSE NO PEAKS WERE FOUND IN LAST RUN" 
400 LIST CLOCK TIME 
410 OVEN TEMP 70 
420  STOP 
430 LET K=O 
440 GOTO 220 
450 DATA " ( )  IS NEW TAPE CONDITIONED (DELETE DEVICE# 16)?" 
460 DATA "<) ARE GASES OK?","<) IS PAPER SUPPLY OK?" 
470 DATA " ( )  ARE SAMPLES LOADED AND STIRRED?","() IS SAMPLE TBL OK?" 
480 DATA " ( )  ARE SOLVENT VIALS FULL?","()  IS REFERENCE VIAL FULL?" 
490 DATA " ( )  ARE OTHER VIALS RETURNED TO FREEZER?","() IS SEP?UM OK?" 
500  DATA " ( )  IS THE FID IGNITOR CONTROL OF~?" 
510 DATA "<) IS THE OVEN TEMP NO~ f i t  THE PROPER INITIAL VALUE?" 

FIG. 2. Sample program for automaled gas chromotograph. 

A and B are derived from the neutral and polar 
lipid fractions, respectively, of the sequential ex- 
traction (2J of the same tissue. The advantage of 
examining separate chromatograms (A and B) is 
illustrated by the difference in fatty acid consti- 
tuents associated with each lipid fraction. Specifi- 
cally, the polyunsaturated fatty acids (peaks 380, 

420, 460-660) are concentrated in the polar lipid 
fraction (B), but are overwhelmed by the contribu- 
tion of the fatty acids of  the neutral fraction when 
examined as a part of a total lipid extract (C). To 
achieve a fatty acid profile of the total l ip id -  with 
the content of the polyunsaturated acids obtained 
in detai l - - the data of the separate neutral and 
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FIG. 3. Comparison of capillary GC chromatograms for neutral, polar, and total FAME extracts of bovine muscle 
tissue. 
Trace A: Neutral FAMEs; 
Trace B: Polar FAMEs (showing peak numbers and identities); 
Trace C: To;al FAMEs. 

polar runs need only be consolidated. 
At the end of each GC run, each trace was 

checked for completeness of  integration of each 
component against the values in the sample report. 
Criteria used to judge the acceptability of each 
report have been described (3). Data for each run 
'was, in turn, stored on magnetic tape. The stored 
data did not include the assigned peak numbers, 
which were entered manually as described in the 
next report (6). 

We have demonstrated that fatty acid profiling 
on such a massive scale requires deliberate plan- 
ning from tissue handling on through GC analysis. 
This profiling has been accomplished by use of a 
strict protocol for tissue comminution,  by the dry- 
column method of lipid extraction and concomi- 
tant class separation, and by capillary column GC 
analysis that is automated for unattended opera- 
tion and data storage. 
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Systematic Management and Analysis of Fatty Acid Data 
from Multiple Tissue Samples 
WILLIAM N. MARMER* .  ROBERT J. MAXWELL and JOHN G. PHILLIPS I, Eastern Regional 
Research Center, 2 Philadelphia, PA 19118 

ABSTRACT 

A systematic approach has been developed for the collection and analysis of gas chromatographic (GC) 
data from multiple fatty acid profiles. The approach was applied to a series of polar and nonpolar tissue 
lipids generated in animal feeding studies to allow a comparison of mean fatty acid profiles as a function of 
either dietary regimen or tissue location. The magnitude of the studies, sufficiently large to minimize error 
from animal variabilities, mandated the use of computer assistance. Nevertheless, manual input was 
essential due to the complexity of the GC patterns, and was invoked for peak assignment and report editing. 
The approach discussed here allowed for the consolidation and statistical analysis of data from over 30,000 
GC peaks, and generated results in both tabular and graphic formats. It should be extendable to other 
chromatographic studies of lipid componenls. 
Lipids 18:460-466, 1983. 

INTRODUCTION 

The investigation of variations in tissue fatty 
acid profiles from experimental tissue studies is an 
enormous task, due to the large number of  in- 
dividual fatty acids that are separated by capillary 
column gas chromatography (GC) as well as the 
large number of GC runs mandated to eliminate 
animal variability. In our studies of the variation of 
bovine profiles as a function of dietary regimen or 
tissue location, data included over 30,000 assigned 
peak areas. It was evident that the data had to be 
handled systematically, beginning with the raw GC 
reports that were automatically stored on magnetic 
tape, through the statistical handling that allowed 
conclusions to be drawn from the studies. It was 
also evident that automation alone was no panacea; 
a substantial manual input would be required for 
editing during the entire process. This report 
presents a systematic approach for the manage- 
ment of voluminous and unwieldly data generated 
from large-scale animal studies. 

EXPERIMENTAL 

Computer Hardware 

Initial data were processed first by the mini- 
processor of the gas chromatograph (Hewlett- 
Packard 5880A GC, Level 4, with magnetic tape 
and ASCII  keyboard accessories, Hewlett-Packard 
Corporation,  Avondale, PA). Manually edited 
data were transferred to a minicomputer  (Mod- 
comp Classic 7861 with 10 million bytes of on-line 
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(disk) storage, Modular  Computer  Systems Inc., 
Fort Lauderdale, FL). Final statistical analysis was 
accomplished by electronic transfer of data to the 
USDA's  Washington Computer  Center (WCC) 
(IBM 4341 and IBM 3033 attached processor with 
31 billion bytes of on-line (disk) storage, Inter- 
national Business Machines Corp., White Plains, 
NY). 

Computer Software 

A program (Hewlett-Packard BASIC) was pre- 
pared for generation of a modified report by the 
GC's miniprocessor for each GC run. The program 
is designed to recall a stored GC report f r o m  
magnetic tape, and then to list each peak's reten- 
tion time, relative retention time (RRT),  area, and 
area percent. Manual inputs are required to assign 
a time reference peak ( R R T =  l; our peak #140, 
palmitoleate) and to eliminate the area of the 
internal standard peak (heneicosanoate). The out- 
put format also allows manual input of sample 
information (tissue source, dietary regimen, per- 
cent lipid, etc.) and most importantly, of peak 
identities. Identification numbers for the peaks 
were assigned manually, with the aid of RRT's  and 
a regularly run reference mixture. An example of  a 
manually annotated output is shown (Fig. l). The 
5880A GC did not permit editing or modification 
of a report for restorage, and did not contain an RS 
232 interface for direct data transfer to the in-house 
minicomputer. Therefore, all data (peak numbers, 
their individual peak areas, and sample informa- 
tion) had to be transferred manually to the mini- 
computer for subsequent statistical analysis. To 
simplify this transfer, peaks with areas less than 
0.10% of total peak area (not including the peak 
area of the internal standard) were disregarded. All 



M E T H O D S  

, : ~ ) ( $ T ) ~  ~ ) (  P : , < F ) < O . 9 O ) ( O . ~ O ) ( N ) ( ~ ) < ~ - @ ) ( 7 ~ # - 7 ~ )  
B C D E F G H I J K 

~NIM TISS REPL FRBC DIET %LIP %PL MON9 SICK? REPORT- BOOK- 
TAPE PAGE 

Kh~3 5880R SAMPLER INJECTION @ 04:00 MAY 19, 1981 
8~MPLE # : iD CODE : 

15 778/138T/4 
~REA % 

RT AREA TYPE ARE~ % 

i 5 . 7 7  8 2 6 . 7 1  08 2 0 . 3 2 8  
2 3 . 6 8  5 2 0 . 9 8  88 1 2 . 8 ! 0  
2 6 . ! 2  8 0 1 . 6 5  VV 1 9 . 7 1 2  
3 0 . 5 6  6 8 2 . 3 4  BV 16.778 
43.13 t 2 3 5 . 2 2  BV 30.373 

TOTAL AREA = 4066.91 
MULTIPLIER = 1 
ENTER RT OF PALMITOLEATE (OUR ~ #140): 
ENTER AREA OF 21:0 iSTD: 1235.22 

AREA RT REL RT NAME 

10.95 
11.93 
12.32 
12.48 
!2.99 
14.30 
15.77 
17.04 
17.40 
!7.67 
18.03 
19.14 
2 1 . 1 7  
21.36 
2 3 . 6 8  
2 5 . 5 5  
26.12 
26.42 
26.74 
30.56 
36.49 
38.09 

620 +0 
675 
697 
706 
735 fO 
809 90 
893 IOO 

. 9 6 5  I l O  

.984 l a o  
1.000 i #0  
1.020 
t . 0 8 3  I l O  
: . 1 9 8  2 1 0  
t . 2 0 9  2~,O 
t . 3 4 0  RSO 
1.446 ~ 6 0  
z.478 ~90 
1.495 ~ l O  
1.513 
i . zz9 3 | 0  
2.065 u 
2 . 1 5 6  @ ~  

1 4 , 3 9  
1 ,61  
2 . 0 0  
1 . 5 6  
8 . 8 3  
4 . 1 1  

8 2 6 . 7 1  
4 9 . 9 7  
2 4 . 8 3  
35.23 

3 . 5 2  
2 0 . 0 6  

6 . 2 4  
19.09 

520.98 
50.02 

801.65 
82.48 
1.57 

6 8 2 . 3 4  
1 6 1 . 4 3  
!6.04 

43.13 2.441 ( z s T o )  1235.22 
45.17 2.556 ~!~0 2 1 . 4 4  
4 7 . 7 9  2 . 7 0 4  510 1 0 2 . 8 2  
5 0 . 9 0  2 . 8 8 0  ~"~0 3 7 9 . 0 6  
54.85 3.104 S'70 30.52 
5 ~ . I 6  3.291 600 123.76 
66.08 3.740 6~0 28.55 
73.88 4.181 650 229.17 
7 7 . 4 0  4.380 6 6 0  I S .  27 

17.67 

AREA % 

.34 

.04 

.05 

.04 

.19 

.10 
19.37 
1.17 
.58 
.03 
.08 
.47 
.15 
.45 

12.21 
1.17 

1 8 . 7 9  
1.93 
.04 

15.99 
3.78 

.38 
28.94 

.50 
2.41 
8 . 8 8  

. 7 2  
2 . 9 0  

. 6 7  
5.37 
.43 

********************* REPORT ANNOTATION ON ******************* 

FIG. I. Sample modified report. Handwritten entries are shown. Top line entries are sample 
information for later classification of data. Upper  abbreviated table shows only the largest peaks, 
and allows easy retrieval of the peak area of the internal standard.  There are 2 pauses for input by 
keyboard; first, the retention time of the time standard peak, palmitoleate, must  be entered t o  
enable the program to list relative retention times of all peaks; then the area of the internal 
standard peak, heneicosanoate, must  be entered to enable the program to renormalize the data  
after exclusion of this area. Finally, the data  reappear with the newly calculated relative retention 
times and renormalized area percentages. Space is given for manual  insertion of peak 
identification numbers.  All peaks whose renormalized area percentages are under 0.10% are 
deleted. The manually entered data and the raw areas are then transferred to the minicomputer  
for further processing. 
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462 METHODS 

transferred data were processed on the minicom- 
puter by a program that checked the validity of the 
manual input, renormalized the data, and finally 
output the results. The output was written to both a 
line printer for proofreading and a tape file for later 
transmittal to the WCC. 

Data were processed at WCC by the Statistical 
Analysis System's (SAS Institute, Inc., Cary, NC) 
subroutines on statistical analysis and data man- 
agement. SAS procedures MEANS and GLM 
were used to calculate mean values and other 
descriptive statistics and to perform analysis of 
variance (Bonferroni mean separation techniques 
(1)). SAS/GRAPH was used to produce histo- 
grams of the summarized data for illustrating 
various comparisons. Finally, SAS also was used 
to produce tabular summaries of the average peak 
values for various combinations of lipid fraction, 
tissue type, and dietary regimen. 

Stetistica! Anelysis 

The goal of this research was to determine which 
fatty acids were present in statistically different 
amounts from tissue to tissue for animals in the 
same dietary regimen, and from regimen to regimen 
for the same tissues. The analysis of variance 
procedure was used to test these effects. Variation 
from animal to animal was partitioned from the 
tissue effect in those comparisons between tissues 
within a given diet. Analysis of variance produced 
probability levels (p) for each fatty acid com- 
parison. For convenience, only those differences 
that were significant above the 95% confidence 
level (p< 0.05) were reported. In addition, those 
fatty acid comparisons with less than 3 degrees of 
freedom for error (4 degrees of freedom for the 
comparisons of 3 muscles of a single regimen) were 
considered invalid due to insufficient data. This 
situation occurred with peaks of very small area 
percentages that often were not reported for all 10 
animals of a set; some of the missing values within a 
set resulted from the mandated 0.10% cut-offlevel. 

Editing Procedures 

Anomalies in data from over 30,000 peaks of 
these studies are to be expected because of errors in 
editing or peak assignment, deficiencies in elec- 
tronic integration, or the appearance of spurious 
peaks. Consequently, human intervention is re- 
quired for accurate results. 

Deficiencies in electronic integration occurred 
most often with unsymmetrical peaks, particularly 
with the ill-defined group of peaks that comprises 
the signals from the trans-octadecenoate isomers. 
Because the GC runs were automated and un- 
attended, such errors were noted long after the 
completion of the runs. Correction usually re- 

quired the summation of several peak areas, but 
occasional adjustments had to be made by the 
archaic "cut-and-weigh" method, whereby the peak 
areas were related to the weights of the cut-out 
peaks. Spurious peaks generally were noted by 
inspection of the chromatogram, and were dis- 
regarded whenever they were not confirmed in the 
duplicate GC run. Errors from spurious peaks and 
from faulty peak assignments were also detected 
during the statistical analysis of the data. These 
errors were manifested by unusually high coeffi- 
cients of variation (CV) for a particular peak in the 
composite report from the consolidation of indi- 
vidual runs. For example, peak 280 (cis-vaccenate) 
in one composite report (the mean value of peak 
280 from 10 animals on the same diet, in which the 
value of peak 280 of each animal was itself the 
average of duplicate determinations) was 3.70% of 
the total peak area, but with a CV of 164%. To 
investigate the problem, the individual averages of 
duplicate determinations were examined for each 
of the 10 animals. One such average was suspect. 
Examination of the individual runs for that 1 
animal then showed a misidentification of peak 
280. Corrections were made, and the composite 
value for peak 280 diminished to 1.68% with an 
acceptable CV of 12%. 

RESULTS AND DISCUSSION 

The course of consolidation and analysis of the 
individual GC reports is outlined in Figure 2, a 
continuation of Figure 1 of the preceding article 
(2). Initially, each GC report was converted into a 
modified report (peak numbers and corresponding 
peak areas; Fig. I). For each tissue, duplicate 
extractions were carried out (2) and eventually led 
to duplicate GC runs. Because the GC's mini- 
processor was incapable of consolidating multiple 
GC reports, subsequent manipulations were ac- 
complished on computers with greater capabilities. 
Initial data consolidation was the combination of 
duplicate modified GC reports. The middle 2 
blocks in the upper part of Figure 2 represent 
duplicates A and B from 2 polar lipid extracts of M. 
semitendinosus tissue from animal no. 6, an animal 
that had been raised on a grain regimen. The 
computer-generated average of these 2 reports is 
represented as the middle block of the next row of 
blocks in Figure 2. All averages of A and B 
duplicates served as the raw material for analysis of 
variance. To generate a composite report--the 
next line of blocks in Figure 2~this  average report 
from animal no. 6 was combined with the other 9 
average reports from polar lipid extracts of M. 
semitendinosus tissue from the other 9 animals 
raised on a grain regimen. The resulting composite 
report--a mean of 10 average reports--is rep- 
resented as 1 column of the computer-generated 
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FIG. 2. Schematic for data analysis. Consolidation of data from 6 individual modified GC 
reports through the generation of composite reports is shown. In the actual studies, close to 500 
individual reports were handled in this way. The 3 consolidated reports in the example illustrate 
the 2 types of comparisons that can be made a function of dietary regimen, using the same tissue 
(forage vs grain, using M. semitendinosus (ST) tissue), and a function of tissue location in the 
carcass, using the same dietary regimen (ST vs M. psoas major (PM), grain regimen). This 
schematic is a continuation of the schematic in Fig. 1 of the preceding article. 
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tabulation illustrated in Figure 3a, the column Although the variance from animal to animal in 
labeled "grain ST." (An analogous composite this set of 10 is not presented in this figure, the 
report was generated from data from corresponding variance information was used in the subsequent 
neutral lipid extracts.) The column lists the mean statistical analysis (doneat the WCC because of the 
normalized peak for each of the 60 most significant availability there of the appropriate software for 
peaks, together with the number of observations Bonferroni mean separation techniques (1)). Such 
(n). If the peak was seen for each animal of the set, n analysis served to determine whether any particular 
was 10 (9 for M. longissimus dorsi tissue)�9 For peak value differed significantly from its opposite, 
example, in the mean report of the polar fraction of the corresponding value in another tissue (Fig. 2, 
M. semitendinosus (ST) tissue of grain-fed animals, right-hand blocks) or the corresponding value for 
peak no. 40 (myristate) was seen for each animal the same tissue from animals raised on another 
(n = 10) and averaged 0.62% of the total peak area. dietary regimen (Fig. 2, left-hand blocks)�9 Such 
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FIG. 3a. (Upper report) Computer-generated composite report, normalized data. Abbreviations: ID, identification; 
ST, M. semitendinosus; PM, M.psoas major; LD, M. Iongissimus dorsi; i, iso; ai, anti-iso; to, first double bond position 
from hydrophobic end; c, cis; t, trans. Integers next to compositional data specify the number of animals from which 
individual reports were consolidated into this composite report. Maximum n for ST and PM, 10; for LD, 9. Columns of 
data are repeated to allow convenient inspection for each comparison (3 tissue by tissue, 1 diet by diet). 

FIG. 3b. (Lower report) Computer-generated composite report, gravimetric data (mg fatty acid/100 g tissue). 
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statistical analysis showed, for example (Fig. 3a, 
arrow), that the cited 0.27% value for grain-fed ST 
was identical (p < 0.05) to the corresponding value 
for grain-fed M. psoas major (PM, 0.19%) and also 
identical ( p <  0.05) to the corresponding value for 
grain-fed M. Iongissimus dorsi (LD, 0.16%). To 
have concluded that these 3 values were different 
(i.e., without rigorous analysis) would therefore 
have been invalid. 

By use of an internal standard, the aliquot size, 
and the percent lipid, sets of gravimetric data may 
be generated to show the results as mg fatty 
acid/100 g tissue (Fig. 3b) for use by nutritionists. 
Because the study was designed to determine those 
fatty acids whose normalized amounts differed 
significantly from their opposites, GC response 
factors were not included. To convert to ' a  gravi- 
metric tabulation (mg fatty acid/100 g tissue), the 
following algorithm was applied to individual GC 
reports: 

(rag FAME/  
100 g tissue) 

Since (mg fatty acid/ 
100 g tissue) = 
then (mg fatty acid/ 

100 g tissue) 

Definitions: 
Aliquot = 

(Scale-up factor) = 

(area 1 mg ISTD per = 
aliquot) 

(area sum) = 

0.95 = 

(mg FAME/al iquot)  
(scale-up factor) 

[(area sum)/(area 1 mg 
ISTD per aliquot)] • 
[(mg lipid / 100 g tissue) / 
(mg lipid/aliquot)] 

[(area sum)/(area 1 mg 
ISTD per aliquot)] • 
[(1000(% lipid)/ 
(mg lipid/aliquot)] 

0.95 (mg FAME/  
100 g tissue), 

950 (area sum) (% lipid) 

(area 1 mg ISTD 
per aliquot) 

(mg lipid/aliquot) 

Portion of lipid extract 
set aside for derivatiza- 
tion to FAME. 

Ratio of lipid weight of 
full sample to lipid 
weight in aliquot. 

Peak area of internal 
standard (ISTD; here 
21:0 FAME) that results 
from incorporation of 
1 mg ISTD into the 
aliquot. (We used 4 mg 
21:0/aliquot, and there- 
fore divided our 21:0 
peak area by 4.) 

Sum of FAME peak 
areas, not including 
ISTD peak area. 

Factor to convert mg 
FAME TO mg fatty 

acid, valid (+1%) for 
FAME's C-14 through 
C-22. 

To determine the weight contributions of each 
fatty acid, the .(mg fatty acid/100 g tissue) figure is 
distributed according to the normalized report for 
each individual run. Thus, for any fatty acid P, (mg 
P/100 g tissue)=0.01 (%P) (mg fatty acid/100 g 
tissue), where (%P) is taken from the normalized 
report. Then replicate runs are combined to gen- 
erate an average report for each animal, and finally 
the set of average reports (usually 10) are con- 
solidated into a mean report, such as shown in 
Figure 3b. 

Tabular data (Fig. 3) were often unwieldy and 
overwhelming for purposes of study. More satis- 
factory was the use of graphics, including computer- 
generated graphics. By the introduction of field 
descriptors to classify each peak number, the final 
reports could be digested into conveniently read 
graphics. Although approximately half the peaks 
were not identified as particular fatty acids, the.  
identified portion included over 95% of the total 
peak area. Unidentified peaks were classified as 
either saturated or unsaturated by hydrogenation 
experiments (3). All peaks were classified into 1 of 7 
groups: (a) normal-chain saturated, (b) branched- 
chain saturated, (c) unidentified saturated, (d) 
unidentified unsaturated, (e) trans-monoenoic, (f) 
cis-monoenoic, (g) polyenoic. The horizontal bars 
at the bottom of Figure 4 illustrate one possible 
graphics output. Inspection of corresponding bars 
shows trends in fatty acid composition as a function 
of carcass location or dietary regimen, but does not 
show whether any differences are statistically sig- 
nificant. A breakdown of each segment of these 
bars into a set of histograms of constituent fatty 
acids, shaded to show significantly different pairs, 
allows a better interpretation of the trends in fatty 
acid patterns (Fig. 4, vertical bars). Figure 4 
represents the polar fraction from M. semitendino- 
sus, grain (G) regimen vs forage (F) regimen. 
Significant differences may be noted in 4 of the 9 
identified polyunsaturated fatty acids. Although in 
this example the grain-fed animals generated more 
total polyunsaturated fatty acids than did the 
forage-fed (Fig. 4, bottom), this was mainly due to 
the (statistically significant) greater amounts of 
linoleate (18:2) (Fig. 4, top). Nevertheless, statis- 
tically significant greater amounts of polyenoic 
fatty acids, excluding the dienes, were seen in the 
forage-fed animals. (Such polyenoics may be re- 
sponsible for off-flavors in forage-fed beef. The 
higher linolenate content of the samples from 
forage-fed animals (4,5) results from the ingestion 
of grasses whose fatty acids are comprised of 
predominantly linolenic acid. The full data sets and 
interpretation will be published elsewhere). 
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SAMPLE COMPARISO N 
INDIVIDUAL FAME GROUPED BY CLASS 

SHADED BARS ARE SIGNIFICANTLY DIFFERENT (p<O.05) 

FoR~ P~ .' ,0 , , ,L . . c , E 0  , . . . . . .  ,,,0ROE,  ,0L, .E  

xO.; 
F g F 

o o  o - - - -  
~ 6 3 o  

normol b t \ ?  ? If O s - m o ~  ~lyene 

OF ALL FAME /G 

2'0 4'o do Bb id0 .~ 

FIG. 4. Graphic representation of fatty acid distribution, expanded to show which peaks are 
statistically different from 1 data set (F) to another (G). Horizontal histograms are representative 
of computer graphics output. Vertical histograms show breakdown by fatty acid. Shaded pairs of  
vertical histograms are statistically different (p < 0.05). To allow a reasonable vertical scale, the 
largest vertical histograms are reduced to i /10th  their height and denoted by extra width. 
Abbreviations: ST, M. sernitendinosus; FAME,  fatty acid methyl ester; br, branched; ?, 
unidentified; tr, trans. 

It s h o u l d  be ev iden t  t ha t  the  p r o c e s s i n g  o f  d a t a  
sets  o f  g rea t  m a g n i t u d e  r equ i re s  c o m p u t e r  ass i s -  
t ance ,  no t  on ly  for  d a t a  m a n a g e m e n t ,  bu t  a l so  to  
o b t a i n  s ta t i s t ica l ly  val id  c o n c l u s i o n s .  W e  have  
d e m o n s t r a t e d  p r o c e d u r e s  t ha t  enab l e  s u c h  p rocess -  
ing a n d  env i s i on  fu tu re  s tud ies  tha t  m a y  be even  
m o r e  easi ly a c c o m p l i s h e d  wi th  inc reas ing ly  s o p h i s -  
t icated e lec t ronics .  
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Dietary Lipid Modulation of Immune Responsiveness 1 
KENT L. E R I C K S O N * ,  D O R O T H Y  A. A D A M S  and C A R L A  J. McNEILL,  Department of Human Anatomy, 
University of California. School of Medicine, Davis, CA 95616 

ABSTRACT 

The influence of dietary fat concentration and saturation on blastogenesis, cytotoxicity, antibody 
response and fatty acid composition of murine splenic lymphocytes was studied. Blastogenesis of 
lymphocytes from dietarily manipulated mice in response to alloantigens from control mice was significantly 
greater for those mice fed a diet containing minimal essential fatty acids (EFA) as the only fat source (EFA 
control) than those fed an EFA-deficient diet. When the dietary fat concentration was increased, blastogenic 
responses decreased compared to the EFA control diet. Lymphocyte-mediated cytotoxicity against 
allogeneic melanoma cells was greater for mice receiving diets with EFA only than for those deficient in 
EFA. However, cytotoxicity responses of mice fed additional polyunsaturated fat (PUF) decreased as 
concentration increased, whereas responses of mice fed the saturated fat (SF) diets decreased only when the 
dietary fat concentration was greater than 8%. As compared to diets with EFA control, direct plaque- 
forming cell (PFC) response was decreased for mice fed high levels of PUF and increased for mice fed high 
levels of SF; however, no difference in the percentage of IgM-positive cells was observed. These changes in 
PFC response were inversely related to the levels of linoleic acid in the lymphocyte. Thus, high levels of 
dietary fat, and particularly PUF, suppress lymphocyte functions when EFA requirements are met, whereas 
low levels (EFA control) intensify these responses. EFA deficiency, however, suppresses some lymphocyte 
responses. Thus, dietary lipids differentially modulate the levels of T- and B-cell responsiveness. 
Lipids 18:468-474, 1983. 

INTRODUCTION 

Fatty acids introduced into culture or injected 
subcutaneously into animals have been reported to 
influence immune function. Nevertheless, the exact 
effect of these fatty acids is a controversial issue; 
both enhancement and suppression of  immunity 
have been reported. For  example, PU FA dissolved 
in ethanol inhibited lymphocyte transformation in 
response to P H A  (I); arachidonic acid dissolved in 
hexane, however, enhanced, whereas the same 
fatty acid dissolved in ethanol inhibited PHA-  
induced human lymphocyte blastogenesis (2,3). In 
contrast, others (4) have suggested that PU FA may 
not play an immunoregulatory role. Their hy- 
pothesis is based on observations that fatty acids 
bound to albumin did not inhibit lymphocyte 
transformation. However, changes of immune 
response after manipulation of fatty acids in vitro 
may not relate to changes of immune responsive- 
ness in vivo because of the complexity of cellular 
and humoral  interactions observed in vivo. More-  
over, few studies have addressed the question of 
how dietary fat influences both T- and B-ceU 
responsiveness. We (5) have previously reported 
that prenatal and postnatal dietary lipid manipula- 
tion can significantly influence several parameters 
of immune status in neonatal mice. For  example, 

tPresented at the 73rd Annual Meeting of the American Oil 
Chemists' Society in Toronto; Canada, May 1982. 

Abbreviations: BHT, butylated hydroxytoluene; EFA, essential 
fatty acid; FBS, heat-inactivated, fetal bovine serum; IP, intra- 
peritoneally; MLC, mixed lymphocyte culture; PEC, peritoneal 
exudate ceils; PFC, plaque-forming cells; PHA, phytohemag- 
glutinin; PUF, polyunsaturated fat; PU FA, polyunsaturated fatty 
acids; SF, saturated fat; and SRBC, sheep red blood cells. 

*To whom correspondence should be addressed. 

lymphocyte transformation induced by concana- 
valin A was significantly decreased as levels of PU F 
increased. In addition, the number of immuno- 
globulin-positive cells and serum IgG1 and IgG2 
levels decreased with increasing fat concentration. 
Because of the controversial nature of fatty acid 
effects on immune response in vitro and the 
potential association between dietary fat and im- 
mune status, the purpose of the experiments 
reported herein were to determine the influence of 
dietary fat concentration and saturation on: 
lymphocyte blastogenesis, cytotoxicity, antibody 
response, and antibody response as related to the 
fatty acid composit ion of lymphocytes. 

MATERIALS AND METHODS 

Animals and Diets 

Six week old female C57BL/6J ,  BALB/cAnN,  
and C 3 H / H e J  mice previously fed a stock diet 
(Purina Rodent  Chow, St. Louis, MO) were main- 
tained as specifically pathogen-free in an air curtain 
isolator and fed at a level such that each mouse had 
16 kcal of metabolizable gross energy available 
daily. At that level, weights increased at the same 
rate and there was no significant difference 
(p>0.05)  between groups fed the various diets. 
The semipurified diets consisted of a constant 
amount  per kilocalorie of casein, salts, vitamins 
and fiber. Diets then had either 0% energy from 
corn oil (essential fatty acid deficient) or 1.4% 
energy from corn oil which provided minimal E F A  
for each diet (6) (Table 1). To test the influence of 
dietary fat concentration, 4 diets contained addi- 
tional 20.3% or 40.6% energy from fat; 2 of  those 
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TABLE l 

Composition of Experimental Diets 

469 

1 2 3 4 5 6 
Ingredient (0 Fat) (EFA) (8% Fat) (8% Fat) (20% Fat) (20% Fat) 

g/100g diet 

Casein 18.2 18.4 21.0 21.0 24.8 24.8 
Salt mix "'~ 4.5 4.7 5.4 5.4 6.4 6.4 
Vitamin mix ~'~ 1.2 1.2 1.4 1.4 1.7 1.7 
Fiber a 4.0 4. t 4.7 4.7 5.5 5.5 
Cerelose 72.0 71.1 59.0 59.0 41.6 41.6 
Corn oil c'j 0 0.5 0.6 0.6 0.7 0.7 
Safflower oil ~ 6 0 7.9 0 19.3 0 
Coconut oil ~ 0 0 0 7.9 0 19.3 

Percent energy 

Protein 28.0 28.0 28.0 28.0 28.0 28.0 
Fat 0 1.4 20.3 20.3 40.6 40.6 
Carbohydrate 72.0 70.6 51.7 51.7 31.4 31.4 

~See Erickson, et al. (7) for composition. 
bprovides 1.3 g/kcal of gross energy. 
~Provides 0.3 g/kcal of gross energy. 
dProvides 1.1 g/kcal of gross energy. 
CProvides 1.4% of the gross energy as an essential fatty acid source. 
~See Ossmann et al. (8) for fatty acid analysis. 
gSee Erickson et al. (5) for fatty acid analysis. 

diets conta ined coconut  oil (8.4% unsa tura ted  
bonds)  and 2 conta ined safflower oil (89.3% un- 
saturated bonds). Mice were fed the exper imental  
diets for 4 weeks before immunizat ion ,  and  then 
cont inued on the same diets unti l  they were killed. 
All dietary groups conta ined at least 6 mice per  
group in each experiment.  Separate  exper iments  
were performed 2 or 3 times. 

Mixed Lymphocyte Culture (MLC) 

First, to test dietary fat influences on lymphocyte  
t rans format ion  in response to alloantigens,  spleen 
cells f rom C57BL/6  dietarily manipu la ted  mice 
acted as responder  cells to s t imula t ion by B A L B / c  
spleen cells f rom mice fed the stock diet. Second, to 
test dietary fat influences on alloantigenicity, spleen 
cells f rom dietarily manipula ted  C57BL/6  mice 
acted as s t imulator  cells for B A L B / c  responder  
cells f rom mice fed the stock diet. 

Single cell suspensions of spleen cells were 
prepared in RPMI-1640  wi th  25 m M  H E P E S  
buffer, 10% heat- inact ivated FBS, and antibiot ics  
(100 un i t s /ml  penicillin and 100 # g / m l  strepto- 
mycin) at 3 • 106/ml. For  the p repara t ion  of stimu- 
lator cells, spleen cells at a concen t ra t ion  of 107/ml 
were incubated with 50 ~ g / m l  of mi tomycin  C in 
RPMI-1640  for 30 min at 37 C, washed and  
resuspended in complete  medium at 3 x 106/ml. 
Quadrupl ica te  cultures for each group were set up 
with 100 #l of s t imulator  and 100/~l of responder  
cells in a round  bo t tom microt i ter  plate. Both  one- 

way and two-way MLC were assayed. Contro ls  
included cultures of responder  or s t imula tor  cells 
alone as well as a coculture of syngeneic mi tomycin  
C treated and untreated cells. All mice were treated 
individually. After  108 hr, 1 #Ci  of 3H-thymidine 
(3H-TdR; sp act 6.7 C i /mmol )  was added, and at 
120 hr, the cells were collected onto  glass fiber 
filters. The dried samples were placed into vials 
containing toluene and  omnif luor  (New England 
Nuclear, Boston,  MA)  and  counted  in a liquid 
scintil lation spect rophotometer .  The results are 
expressed as mean  c p m _ S E M ;  the s t imulat ion 
index (SI) was calculated: 

C P M  of allogeneic culture 
SI = C P M  of syngeneic culture 

Cytotoxicity Assay 

Cell-mediated cytotoxicity assays were performed 
in vitro as described by Benjamini  et al. (9). The 
tumor  target  cell line, P51, was used for the assay. 
P51 was previously established f rom a t rans-  
plantable  BI6 murine  me lanoma  and  propagated  
in culture (10-12). Fo r  the assay, P51 cells were 
harvested by a short  t rypsinizat ion and  washed; 5 • 
106 cells were then injected IP  into die tary-manip-  
ulated C3H mice. Ten days after injection, PEC 
were collected by lavage with Ca2+-Mg 2§ free 
Hank ' s  balanced salt solution,  centrifuged, and  
resuspended in RPMI-1640  with 25 m M  H E P E S ,  
10% FBS, and  antibiotics.  The result ing suspen- 
sions were greater  than  90% lymphocytes.  T u m o r  
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target cells in their exponential growth phase were 
incubated at 37 C for 1 hr in RPMI-1640 containing 
200 /~Ci of Na25tCrO4 (sp act 128 mCi/mg). P51 
ceils were then washed, trypsinized, resuspended in 
complete medium, and 2.5 • 104 added per 38 mm 2 
well (Microtest II, Falcon, Oxnard, CA). Quadrup- 
licate cultures were set up for individual mice with 
an effector:target cell ratio of 50: 1. Radiolabeled 
target cells were also plated alone. After 4 hr of 
coculture, aliquots of the supernatant were re- 
moved and samples counted in a gamma counter. 
Maximum release was determined by freeze-thaw- 
ing the tumor cells 3 times. Spontaneous release 
was always less than 10%. The results were calcu- 
lated by: 

CPM released for test sample - 
% cyto- = CPM of spontaneous release 

• 100 toxicity total releasable C P M -  
CPM of spontaneous release 

Hemolytic Plaque Assay 

For measurement of primary responses, dietarily 
manipulated mice were immunized with 0.2 ml of 
10% sheep red blood cells IP. Six days after 
immunization, spleen cells were assayed for anti- 
body forming cells by the Cunningham and Szenberg 
modification of the Jerne plaque technique (13). 
Controls included samples without spleen cells and 
spleen cells from unimmunized mice. The former 
yielded no plaque-forming cells, whereas the latter 
yielded fewer than 5 plaque forming cells/106 
nucleated spleen cells. 

Extraction and Gas Chromatographic Analysis of Lipids 

Lipid extractions were carried out by the method 
of Folch et al. (14), as modified by Johnson (15). 
For each sample, ca. 9 • 10 7 cells were lyophilized 
and 5.0 ml freshly distilled methanol containing 
0.005% BHT was added. Samples were resuspended, 
flushed with nitrogen, and sealed with teflon tape 
before incubation at 55 Cfor 1 hr. After cooling, 10 
ml freshly distilled chloroform with 0.005% BHT 
was added, the sample flushed with N2, sealed, and 
the extraction continued at 25 C for 12 hr. Insoluble 
material was removed from each sample by filtra- 
tion through a 0.45 # size Millipore filter. The 
chloroform/methanol suspension was then washed 
twice with 2 M KC1, followed by one wash with 10 
ml distilled water. The organic layer was passed 
through freshly packed anhydrous sodium sulfate 
columns and dried under N2 and stored at -70 C 
until derivatized. 

Dried lipid samples were resuspended in 3 ml 
petroleum ether and 300 #g of the stock C~7 (100 
/~g/50 #1 in isopropyl alcohol) was added to each. 
An aliquot was removed, placed into a round- 
bottomed flask, the solvent evaporated under 
vacuum, and 1.0 ml of 0.5 M NaOH in methanol 

added. The sample was heated over a steam bath 
for 5 min to achieve hydrolysis of the fatty acyl 
groups. After cooling, 1.0 ml methanolic BF3 (14% 
w/v, Applied Science) was added, followed by 
heating at 100 C for 1 min. The solvent was 
evaporated under vacuum and the residue was 
extracted twice with 2.0 ml petroleum ether. Each 
extract was shaken with 1.0 ml ddH20, the ether 
layer removed carefully, combined in a round- 
bottomed flask, and the solvent evaporated under 
vacuum. The resultant methyl esters were re- 
suspended in dichloromethane. 

Gas chromatographic analyses were carried out 
on 1-5 #1 samples of methyl esters on a Silar 10C 
column using hydrogen flame detection. Quantities 
were calculated on the basis of peaks relative to the 
internal standard of known fatty acid methyl 
esters. 

Statistical Methods 

The mean of replicate samples for individual 
mice were used for analysis. Data were initially 
subjected to one and two way analysis of variance 
(16), then to multiple-t pairwise comparisons of 
independent samples or (17) Scheffe's multiple 
range test (18). Correlation coefficients were de- 
termined for linear relationships (17). 

RESULTS 

Lymphocyte Blastogenesis in Response to Alloantigens 

High levels of dietary fat, particularly PUF, have 
been shown to suppress lymphocyte responses to 
T-cell mitogens (5,8). We now wish to determine 
how dietary fats modulate lymphocyte responses to 
defined antigens. First, to test whether dietary fats 
directly influence the lymphocyte, transformation 
in response to alloantigens was measured. For this 
determination, spleen cells from dietarily manipu- 
lated mice acted as responders to stimulation by 
spleen cells from mice fed the stock diet (Fig. 1). 
Responses of 24,700 + 3,300 cpm for lymphocytes 
from mice fed the EFA diet were significantly 
(p<  0.05) greater than responses of 9,200 + 1,000 
cpm for lymphocytes from mice fed a fat-free diet. 
With additional fat added to the diet, the levels of 
lymphocyte blastogenesis decreased such that at 
20% concentration, responses of 14,500+2,400 
cpm for mice fed PUF diet and 14,200 + 1,000 cpm 
for mice fed the SF diet were significantly (p < 0.05) 
less than mice fed the EFA. 

Second, to test the dietary fat influences on 
alloantigenicity, spleen cells from dietarily manipu- 
lated C57BL/6 mice acted as stimulator cells for 
responding BALB/c splenic lymphocytes from 
mice fed the stock diet (Fig. 2). Responses of 
52,500 + 1,740 cpm for mice fed a fat-free diet were 
significantly greater than responses of lymphocytes 
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FIG. I. Blastogcnesis oflymphocytes from dietary-lat- 
manipulated mice in response to alloantigens from con- 
trol mice. Diets contained either 0% fat (EFA-deficient) 
or 0.5% corn oil (minimum EFA). To test the influence of 
dietary fat situation, 4 diets contained additional saf- 
flower (PUF, e - -  e) or coconut (SF, e-  e) oil. Data 
shown represents the mean and standard error of the 
mean for all mice. 36 mice were used in each individual 
experiment with 6 animals per diet group treated indi- 
vidually. All mice were assayed in quadruplicate. This 
was repeated 3 times. 

3 
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FIG. 2. Blastogenesis of lymphocytes from control 
mice in response to alloantigens from dietary-fat- 
manipulated mice. Diet contained either 0% lat or EFA. 
In addition to EFA four diets contained added PUF 
(e--- e) or SF (e e). Data shown represents the mean 
and standard error of the mean for all mice. The number 
of animals used was the same as indicated for Figure I. 

TABI.E 2 

Cytotoxicity Mediated by Peritoneal Exudatc Cells" 

Dietary 
fat 

from mice fed a diet containing fat except for those 0 
receiving a 20% P U F  diet (42,000__+4,100 cpm). 0.SC~tEFA) 
Responses of 26,500 ___ 5,000; 23,600 + 4,000; 28,000 8%PUF 
+ 6,000; and 25,700 + 3,000 cpm were observed for ~% sF 

mice fed the EFA, 8% PUF,  8% SF, and 20% SF 20% I,t;t- 
diets. 20% SF 

Peritoneal Exudate Cell Cytotoxicity Toward 

Melanoma Targets 

The influence of dietary fat on PEC-mediated 
cytolysis was measured by radioisotope release 
from a standardized target cell taken from culture 
(Table 2). PEC from mice fed the EFA diet 
exhibited significantly higher levels (p<0 .05 )  of 
cytotoxicity than those mice receiving a fat-free 
diet. Cytotoxicity of PEC from mice fed additional 
PUF at either 8 or 20% concentrat ion decreased 
compared to EFA controls. In contrast ,  the cyto- 
toxic responses of mice fed the 8% SF diet were not 
significantly different (p>0 .05)  than EFA diet 
controls but decreased in mice fed the 20% SFdiet .  
Cytolysis mediated by PEC from mice fed the 20% 
PU F diet was not different as compared to cytolysis 
by PEC of mice fed the 20% SF diet. 

% Cytotoxicity toward target cells h 

20.4• 
27.5• 
19.4• 
25.2• 
17.0• 
20.5• 

�9 Cytotoxicity toward the P51 melanoma target mediated by 
allogeneic PEC from dictarily manipulated mice. 

hMcan_+SEM for 6 mice in each dietary group. 
"Significantly (p<0.05) less than lot mice fed the control 

(EFA) diet. 

Antibody Formation by Single Cells 

Dietary fat manipulation has been shown to 
influence serum immunoglobulin levels in neonatal 
mice (5). l o  determine whether similar lipids effect 
B-cell responses to specific antigens, direct plaque- 
forming responses to SRBC were measured (Fig. 
3). The numbers of IgM plaque-forming cel ls / l0  f' 
nucleated spleen cells were not significantly differ- 
ent ( p >  0.05) for mice fed at either 0, 0.5, or 8% fat 
concentration. However, mice fed the 20% P U F  
diet had 276 ___ 36 PFC/10" which was significantly 

LIPIDS, VOL. 18, NO. 7 0983) 



472 K.L. ERICKSON, D.A. ADAMS AND C.J. McNEILL 

( p < 0 . 0 5 )  less than  the n u m b e r  of P F C  (41~+ 
40/106) for mice fed the E F A  diet; mice fed the 20% 
SF diet had 6 5 2 + 4 6  PFC/106 which was signifi- 
cantly greater ( p <  0.05) than  the E F A  control .  
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FIG. 4. Fatty acid composition of lymphocytes from 
immunized and control mice fed a stock diet. Values 
represent the means of all mice with triplicate samples for 
each dietary group of 6 mice. Standard errors of the mean 
remained <10% throughout. This experiment was re- 
peated 2 times. 

FIG. 3. Number of direct plaques from mice fed diets 
containing either no fat, EFA, or EFA plus additional 
PUF (a e) or SF ( e - - ~ ) .  Mice were fed various diets 
for four weeks before primary immunization with SRBC 
then maintained on the same diet until the assay on day 6. 
Data shown is the mean and standard error of the mean 
for all mice. In each experiment, 6 mice in each dietary 
group were treated individually; the experiment was 
repeated 2 times. 

Fatty Acid Composition of Lymphocytes 

To assess the fatty acid composi t ion  of lympho-  
cytes after  dietary manipu la t ion  and  correlate  
potent ial  changes with B-cell responses, fatty acid 
levels were determined by gas chromatography .  
With  mice main ta ined  on the stock diet, no signifi- 
cant change in the fatty acid profile of whole cell 
extracts was observed after immuniza t ion  with 
SRBC as compared  to control ,  non immunized  
mice (Fig. 4). However,  by increasing either the 
P U F  or SF concentra t ion,  the lymphocytes  f rom 
mice immunized with SRBC had an  increased level 
of palmitic and  arachidonic  acid as compared  with 
the control  (EFA)  diet, whereas the concen t ra t ion  
of stearic acid remained cons tant  (Fig. 5). With 
increasing concent ra t ion  of dietary SF, the levels of 
palmitoleic acid remained cons tant  while levels of 
oleic and linoleic acid decreased in the lymphocyte.  
When  the diets were supplemented  with increasing 
amount s  of PUF,  the levels of linoleic acid in- 
creased with a concomi tan t  decrease in bo th  
palmitoleic and  oleic acid. 

DISCUSSION 

High concentra t ions  of dietary fat and  part icu- 
larly PU F appear  to suppress lymphocyte  funct ions 
when E F A  requirements  are met. Fo r  example,  
with  a T-cell funct ion such as cytotoxicity,  when  
mice were fed high levels of dietary fat, sa tu ra t ion  
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FIG. 5, Fatty acid composition of ]ymphocytes f rom 
dietarily manipulated mice. Animals were immunized 
with SRBC 6 days prior to assay. Values represent the 
means for all mice and at least triplicate samples for each 
group with 6 mice per dietary group; standard errors of 
the mean remained <6% throughout. This experiment 
was repeated 2 times. 

of the fat had no influence. However,  when  the 
concent ra t ion  was reduced, mice fed the P U F  had  
suppressed responses when  compared  with mice 
fed the SF. In contrast ,  lymphocyte  blastogenesis 
in response to al loantigens was not  significantly 
influenced by sa tura t ion  of the fat but  by concen-  
t ra t ion  only. These differences may reflect the t ime 
required for the assay. The cytotoxici ty assay 
requires 4 hr  of  culture, whereas the M L C  was 
measured after 120 hr  of cul ture time. Thus,  high 
levels of certain fatty acids conta ined  in the p lasma 
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membrane  of the lymphocyte  may flux into the 
culture medium when the cells are grown wi thout  
high levels of the same exogenous fatty acid 
(19,20). Because it takes  ca. 24 hr  for cells to regain 
their characteristic fatty acid profiles after changing 
the sur rounding  lipid concentra t ion ,  assessments 
of in vivo lipid modula t ion  may be only reflected in 
the first 24 hr of the assay. Consequent ly ,  results of 
a 120 hr assay are not  directly comparab le  with  the 
results of a 4 hr  assay and  bo th  assays may be 
influenced to varying degrees by the fatty acid 
content  of the FBS. Based on the reports  of  o ther  
investigators (19,20), however, we would expect 
tha t  the fatty acids in FBS would have little 
influence on a 1-4 hr assay compared  to the 120 hr 
assay. Nevertheless, 16w levels of dietary fat  such as 
EFA tend to increase the lymphocyte  blastogenic 
responses whereas high levels tend to suppress this 
response. EFA deficiency, however,  suppresses 
lymphocyte  blastogenesis.  Other  investigators (21) 
have shown similar suppression of immune  func- 
tion; they demonstrated that  subcutaneous injection 
of linoleic acid prolonged skin allograft  survival 
and  that  a dietary deficiency of P U F  resulted in 
immunopoten t ia t ion .  In contrast ,  most  levels of 
dietary fat suppressed the ability of al loantigens to 
st imulate blastogenesis in a mixed lymphocyte  
culture. Since changes in the levels of dietary fatty 
acids are reflected th rough  changes in the fatty acid 
composi t ion of the lymphocyte  itself (22,23), the 
cell membrane  of lymphocytes f rom mice fed diets 
with high levels of P U F  or SF may have altered 
physical properties.  A direct re lat ionship between 
membrane  lipid composi t ion  and surface prote in  
mobili ty may exist such that  the less fluid mem- 
brane  lipids would result in reduced mobil i ty of the 
surface proteins.  This has been demonst ra ted  in the 
case of patching and  capping of H-2 antigens (20). 
Thus,  changes in lateral mobili ty may influence the 
ability of H-2 antigens to st imulate lymphocyte  
blastogenesis in a MLC.  

High levels (20%) of dietary PU F suppress direct 
P F C  response to SRBC,  whereas SF  increase this 
response as compared  to mice fed the E F A  diet. 
This is in direct contras t  to the work of o ther  
investigators (24) who have demons t ra ted  tha t  ele- 
vated levels of dietary P U F  have no effect on the 
number  of PFC.  Since we observed no significant 
differences in the percentage of IgM-posi t ive  cells 
with dietary fat manipula t ion,  we conclude tha t  
dietary fat influences are not  due to changes in cell 
n u m b e r  but  lead to a change in the f requency of B- 
cells responding to antigen. In addi t ion to al tering 
frequency, the secretory capacity of individual  B- 
cells may be modified. Moreover ,  direct P F C  
response to SRBC appears  to be inversely related 
to the levels of linoleic acid in the lymphocyte,  i.e., 
as linoleic acid level increases, P F C  response 
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decreases. The correlat ion coefficients for all values 
were r = - 0 . 8 0  ( p <  0.05) and  r = - 0 . 9 6  ( p <  0.001) 
for P U F  diets only. The mechan ism by which 
linoleic acid influences lymphocyte  response is a 
mat ter  of speculation. However,  changes in the 
fatty acid composi t ion  of cell membranes  can result 
in changes of membrane  fluidity (25). These changes 
may adversely influence the necessary events in 
lymphocyte responsiveness, such as lymphocyte-  
ant igen binding,  resulting in few B-cells responding 
to antigen, a lower level of an t ibody  product ion,  or 
both.  In  view of this, we hypothesize tha t  responses 
of lymphocytes to ant igen may be modified de- 
pending upon  the fatty acids available and  that  
dietary fat manipula t ion will change the availability 
and  thus the total  fatty acid composi t ion.  There-  
fore, the concen t ra t ion  of fatty acids could affect 
the phase behavior  of lipids, l ipid-protein inter- 
action, and  conformat ion  of glycoproteins within 
the membrane  of the lymphocytcs and  immune  
responsiveness. 
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Role of Membrane Lipids in the Immunological Killing 
of Tumor Cells: I. Target Cell Lipids 1 
S E Y M O U R  I. S C H L A G E R  a '* and S A R K I S  H. O H A N I A N  b, aDepartment of Microbiology, 
University of Notre Dame, Notre Dame, IN 46556 and b Laboratory of Immunobiology, 
National Cancer Institute, NIH. Bethesda, MD 20205 

ABSTRACT 

The metabolic and physical properties of tumor cells that are associated with their ability to resist or 
escape from immune attack have been investigated. The susceptibility of P815 murine mastocytoma cells to 
immune killing can be modulated. Culturing the cells with adriamycin or with hydrocortisone increases or 
decreases, respectively, the sensitivity of the cells to killing by antibody (Ab) plus complement (C); in 
addition, culturing the cells with mitomycin C or hydrocortisone increases or decreases, respectively, the 
sensitivity of the cells to killing by cytotoxic T lymphocytes (CTL). The susceptibility of the cells to Ab-C 
killing correlates with the ability of the cells to synthesize complex cellular lipids, but not DNA, RNA, 
protein, or carbohydrate. Further, tumor cells rendered sensitive to Ab-C killing by adriamycin are 
decreased in total lipid content and in their cholesterol/phospholipid mole ratio; hydrocortisone-treated 
resistant cells showed the opposite effects. The ability of tumor cells to resist CTL killing did not correlate 
with their total cellular lipid synthesis, but did correlate with the synthesis and composition of specific 
cellular phospholipids. In addition, tumor cells increased in sensitivity to Ab-C killing exhibited an increase 
in cell surface membrane fluidity, whereas cells increased in susceptibility to CTL attack showed an increase 
in their net negative cell surface charge density. These data show certain unique chemical and physical 
properties of tumor ceils to be of fundamental importance for their ability to resist either humoral or cell- 
mediated immunologic attack; modulation of one or another of these cellular properties results in a change 
in the cells' susceptibility to immune killing by antibody plus C or by cytotoxie T lymphocytes. 
Lipids 18:475-482, 1983. 

INTRODUCTION 

A long-standing, and currently still accepted. 
dogma regarding the humoral or cellular immune 
killing of tumor cells is that the target cells are not 
actively involved in the lytic process, but merely 
serve to present the appropriate stimulating antigen 
to the attacker complex. However,  recent evidence 
has suggested that tumor cells can play a role in 
influencing the outcome of immune attack. For  
example, it has been shown that line-I and line-10 
guinea pig hepatoma cells can bind C-fixing Ab 
and fix C without being killed (1). Similarly, these 
cells, when under Ab-C attack, demonstrate 
markedly higher levels of cell surface and intra- 
cellular lipid synthesis, presumably to compensate 
for C-induced release of lipid macromolecules 
from the cells (2,3). Moreover,  it has been shown in 
a variety of cell systems that nucleated cells in 
different stages of cell growth show differences in 
their innate susceptibility to Ab-C killing (as 
reviewed in 1,4). 

Parallel observations have been reported in 
systems where tumor cell killing is achieved with 
cytotoxic T lymphocytes (CTL). For  example, it 

~Presented at the 73rd Annual Meeting of the American Oil 
Chemists" Society in Toronto, Canada, May 1982. 

Abbreviations: Ab. antibody; C. complement; CTL, cytotoxic 
T-lymphocyte(s); HP1.C. high pressure liquid chromatography; 
C H OL, cholesterol; CH I.-E, cholestcryl ester(s); TG, triglyceride(s); 
FFA, free latty acid(s); PA, phosphatidic acid; CI., cardiolipin; 
PE, phosphatidylethanolamine; PS, phosphatidylserine; PC, 
phosphatidylcholine; SPH, sphingomyelin; LYPL, lysophospho- 
lipid(s). 

has been shown that the sensitivity of  tumor  cells to 
be killed by CTL correlates with the target cell's 
ability to retain the selective semipermeable prop- 
erties of its membrane, not its ability to express 
antigen (5). Further, innate differences in tumor 
cell susceptibility to CTL killing during different 
phases of the cell cycle have been demonstrated (6). 

Taken together, these observations suggest that 
certain metabolic activities in the target cell, or 
certain chemical or physical cellular characteristics 
that are under metabolic control, can affect the 
outcome of cellular and humoral immune attack. 
These properties of the target cell may enable the 
cell to "respond" to immune attack, thus preventing 
or repairing CTL- or C-induced damage. In addi- 
tion, the chemical composition a n d / o r  physical 
characteristics of the target may affect its suscep- 
tibility to immune attack by affecting the efficiency 
or efficacy of the interaction between the tumor  cell 
surface and the attacker principle. In the present 
report, we shall present our evidence that tumor 
cell lipid metabolism, lipid content and composi- 
tion, and physical properties that are affected by 
lipid composition, play a significant role in the 
mechanism by which the cells influence the out- 
come of humoral and lymphocyte-mediated im- 
mune attack. 

MATERIALS A N D  METHODS 

Tumor Cells 

P815 murine mastocytoma cells were maintained 
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in vitro in Dulbecco's modified Eagle's medium 
supplemented with 10% heat-inactivated fetal bo- 
vine serum and 2% of a penicillin/Streptomycin/ 
fungizone solution (Grand Island Biological Co.). 

Drug or Hormone Treatment and Cytotoxicity Testing 

P815 tumor cells were incubated for 1, 5, and 24 
hr at 37 C in medium alone or in medium 
containing 20 #g adriamycin/ml, 50 #g mitomycin 
C/ml, 5• 10 4 L-epinephrine methyl ether HCI, or 
10 ~M hydrocortisone sodium succinate as de- 
scribed in refs. 7 and 8. The cells were then tested 
for their susceptibility to Ab-C killing by rabbit 
anti-P815 antibody plus guinea pig C in a trypan 
blue exclusion assay and to CTL killing by allo- 
geneic (C57B 1 / 6), P815-sensitized splenic T-lymph- 
ocytes in a 4 hr 5tCr release assay. Details of these 
assays are described fully in refs. 7 and 8. In 
addition, after 24 hr of incubation with drug or 
hormone, the cells were washed thoroughly and 
reincubated for 1, 5 and 24 hr at 37 C in tissue 
culture medium alone. These reverted cells were 
then similarly tested for their susceptibility to Ab-C 
and CTL killing. 

Measurement of Macromolecular Synthesis 

Drug-treated, hormone-treated, or untreated 
P815 tumor cells were also tested for their ability to 
incorporate precursors of DNA, RNA protein, 
complex carbohydrate, and lipid synthesis as pre- 
viously detailed (7). Briefly, 2.5• 105 cells were 
suspended in 0.5 ml Eagle's medium containing 10 
#Ci [3 H]thymidine/ml (Amersham/Searle, Arling- 
ton Heights, IL; 24.6 Ci/mmol), 10 #Ci [3H] 
uridine/ml (Amersham; 46 Ci/mmol), 2.5 #Ci [aH] 
glucosamine HCI/ml (Amersham; 12 Ci/mmol), 5 
#Ci [~4C]palmitic acid/ml (New England Nuclear, 
Boston, MA; 7.06 mCi/mmol), or in 0.5 ml RPMI 
1640 deficient in essential amino acids containing 
10 #Ci ~4C-labeled amino acids/ml (Schwarz/ 
Mann, Orangeburg, NY, ca. 320 mCi/mmol of L- 
arginine, L-leucine, L-lysine, and L-valine). After 
incubation for 1 hr at 37 C, the cells were washed 
twice with 4 ml of ice-cold HBSS and twice with 4 
ml of ice-cold 20% TeA. The TCA precipitates 
were solubilized in 10 ml Aquasol (New England 
Nuclear) and the radioactivity was quantified. 

Measurement of Specific Lipid Synthesis and Lipid 
Composition 

Drug-treated, drug-treated-recultured, hormone- 
treated, or untreated P815 cells were labeled with 
[~4C]palmitate as described above. The lipid frac- 
tions from these cells were extracted by using the 
Folch method outlined in ref. 9. Briefly, a cell pellet 
consisting of 5 • 106 treated or untreated cells was 
extracted in 25 ml of CHCI3/CH3OH(2:I, v/v) and 

reextracted in 8 ml of boiling CHCI3/CH3OH. The 
organic extract was washed with 6.5 ml of H20, the 
upper H20 phase was removed, and CH~OH was 
added until the H2 O/C HCI3 interface disappeared. 
The final lipid extracts were concentrated to dry- 
ness by vacuum rotary evaporation and redissolved 
in 2 ml of CHCI~/CH3OH (2:1). 

The separation of cellular lipids and fatty acids 
was performed utilizing a modification of the 
methods outlined in ref. 10. All analyses were 
performed with a Waters Associates Model ALe/  
GPC 204 Liquid Chromatograph equipped with a 
Model 660 Solvent Programmer, two M6000A 
solvent delivery system pumps, and a Model U6K 
injector (Waters Associates, Milford, MA). The 
detection system utilized a Model 450 variable 
wavelength detector set at 206 nm (Waters). All 
data were quantified with a Waters Data Module. 
For the lipid separation, a #Porasil column (Wa- 
ters), 3.9 ram• 30 cm, was used. 

During the separation and quantitation of the 
cellular lipids, the fractions corresponding to each 
isolated lipid class were collected from the H PLC 
eluant; the fractions (I-2 ml) were placed into 
scintillation vials containing 10 ml Aquasol, and 
the radioactivity in each fraction was quantified. 

Measurement of Physical Properties 

The drug- or hormone-treated cells and the 
reverted cells were also tested for their membrane 
fluidity and cell surface charge properties. Isolated 
plasma membranes were prepared by the method 
of Rethy et al. (1 I) and tested for purity by enzymic 
analysis and distribution of ~251-iodosulfanilic acid 
as described by Schlager and Ohanian (12). Fluo- 
rescence polarization measurements on the isolated 
membranes labeled with 1,6-diphenyl-l,3,5-hexa- 
triene (DPH) were carried out as described by 
Shinitzky and Barenholz (13) and Van Hoeven et 
al. (14). 

Cell surface charge measurements were carried 
out on whole unfractionated P815 cells using the 
method of cell partition into immiscible phases of 
critical mixtures of aqueous polymer solutions 
developed by Ballard et al. (15). This method 
correlates very well with whole cell electrophoresis 
in measuring net negative cell surface charge (16). 

RESULTS 

Effect of Drug Treatment on P815 Susceptibility to 
Immune Killing 

P815 cells were increased in their susceptibility 
to cell-mediated killing, compared to controls, 
after 24 hr, but not after ! or 5 hr, of incubation 
with mitomycin C (Fig. IA). Cells washed free of 
drug reverted to control levels of susceptibility 
within 5 hr, but not within 1 hr, of reculture in 
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FIG. 1. Kinetics of drug effects on the susceptibility of 
P815 cells to killing by allogeneic P815-sensitized spleen 
cells (100: 1, effector: target) (A) or by antibody (diluted 
1: 500) plus C (1:4) (B). Values represent mean + S E o14 
experiments. Target cells were incubated with (0 )  
mitomycin C; (A) adriamycin; ( 0 ) tissue culture medium 
alone. 

drug-free medium (Fig. IA). Adriamycin-treated 
cells remained as susceptible to cell-mediated killing 
as untreated controls at all time intervals tested 
(Fig. IA). 

As shown in Fig. IB, P815 cells incubated with 
adriamycin were increased in their susceptibility to 
antibody-C killing after 24 hr, but not after 1 or 5 
hr, of incubation with the drug. Cells washed free 
of the drug reverted to control levels of suscepti- 
bility within 24 hr, but not within 1 or 5 hr, of 
reculture in drug-free medium (Fig. IB). Mito- 
mycin C-treated cells were not increased in their 
susceptibility to C killing at any of the time 
intervals tested. 

Macromolecular Synthesis of Drug-Treated P 8 1 5  Cells 

Adriamycin-treated and mitomycin C-treated 
P815 cells were maximally inhibited (80-99%), 
compared to untreated controls, in their DNA,  
RNA, protein, and carbohydrate synthesis within 5 
hr of incubation with the drugs (Fig. 2). This was 
long before the cells showed an increase in suscepti- 
bility to antibody-C or cell-mediated killing (Fig. 
I). In addition, mitomycin C-pretreated cells 
washed free of drug and reincubated in drug-free 
medium remained maximally inhibited in their 
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FIG. 2. Effect of treatment with adriamycin (closed 
symbols) or mitomycin C (open symbols) on the in- 
corporation by P815 cells of thymidine ( 0 . 0  , control 
cells incorporated ca. 4100 cpm); uridine (rl,  � 9  controls 
incorporated ca. 21,000 cpm); amino acids (Z~, & ,  
controls incorporated ca. 52,000 cpm); glucosamine (V, 
V, controls incorporated ca. 2600 cpm); or palmitic acid 
(O ,O , controls incorporated ca. 95,000 cpm). Values 
represent means of 4 experiments; S E omitted for clarity, 
remained < 10% throughout. 

DNA, RNA,  protein, and carbohydrate synthesis 
1, 5, and 24 hr after reculture (Fig. 2). Adriamycin- 
pretreated, -washed, and -recultured ceils regained 
40-50% of their RNA and protein synthesis, com- 
pared to controls, within 24 hr of  reculture, but 
remained maximally inhibited in D N A  and carbo- 
hydrate synthesis at this time (Fig. 2). In contrast, 
P815 cells were maximally inhibited (40%), com- 
pared to controls, in lipid synthesis after 24 hr, but 
not after 1 or 5 hr, of incubation with adriamycin; 
these cells returned to control levels of lipid 
synthesis after 24 hr, but not after 1 or 5 hr, of 
reculture in drug-free medium (Fig. 2). Cells treated 
with mitomycin C were not inhibited in lipid 
synthesis, compared to controls, at any time inter- 
val tested (Fig. 2). Total uptake by drug-treated 
and control cells of all radioisotopically labeled 
precursors used was similar (data not shown). 

Effect of Hormone Treatment o n  P 8 1 5  Susceptibility 
t o  I m m u n e  K i l l i n g  

P815 cells were decreased in their sensitivity to 
cell-mediated killing, compared to controls, after 5 
and 24 hr, but not after i hr, of incubation with 
hydrocortisone (Fig. 3A). Cells washed free of 
hormone reverted to control levels of sensitivity 
within 5 hr, but not within 1 hr, of reculture in 
hormone-free medium (Fig. 3A). Epinephrine- 
treated cells remained as susceptible to cell- 
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spleen cells (200:1, effector:target) CA) or by antibody 
(diluted 1:200) plus C (1:4) (B). Values represent mean_ + 
SE of 4 experiments. Target cells were incubated with ( 0 ) 
hydrocortisone; (&) epinephrine; (0 )  tissue culture 
medium alone. 

mediated killing as untreated controls at all time 
intervals tested (Fig. 3A). 

As shown in Fig. 3B, cells pretreated with 
hydrocortisone were increased in their resistance to 
antibody-C killing, compared to controls, within I 
hr of incubation with the hormones and remained 
more resistant after 5 and 24 hr in the continued 
presence of hormone. These cells washed free of 
hormone reverted within 5 hr, but not within I hr, 
to control levels of sensitivity to antibody-C killing 
(Fig. 3B). Epinephrine-treated cells remained as 
susceptible to antibody-C killing as untreated 
controls at all time intervals tested (Fig. 3B). 

M a c r o m o l e c u l a r  S y n t h e s i s  o f  H o r m o n e - T r e a t e d  
P 8 1 6  Cel ls  

Epinephrine-treated cells were enhanced between 
! and 36%, compared to untreated controls, in their 
DNA, RNA, protein, and complex carbohydrate 
synthesis at all time intervals tested (Fig. 4). In 
contrast, hydrocortisone-treated cells were de- 
pressed by 19 to 80%, compared to controls, in 
their synthesis of these macromolecules at all time 
intervals tested (Fig. 4). In addition, epinephrine 
treatment had no significant effect on lipid syn- 
thesis; palmitic acid incorporation into these cells 
was enhanced or depressed <20%, compared to 
controls, at any time interval tested (Fig. 4). In 
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FIG. 4. Effect of treatment with epinephrine (closed 
symbols) or hydrocortisone (open symbols) on the in- 
corporation by P815 cells of thymidine ( 0, e ,  control 
cells incorporated ca. 3600 cpm); uridine (rl,  I ,  controls 
incorporated ca. 18,500 cpm); amino acids (A, &, 
controls incorporated ca. 2450 cpm); or palmitic acid (O, 
O, controls incorporated ca. 89,700 cpm). Values repre- 
sent means of 4 experiments; SE omitted for clarity, 
remained <10% throughout. 

contrast, hydrocortisone-treated cells were en- 
hanced 23, 194, and 222%, compared to controls, in 
their lipid synthesis after incubation for 1, 5, and 
24-hr, respectively, with the hormone;  these cells 
returned to control levels of lipid synthesis 5 hr 
after washing and reculture in hormone-free 
medium (Fig. 4). Neither of the hormones affected 
total uptake of any of the precursors of  macro- 
molecular synthesis used in these studies, compared 
to untreated controls. 

Taken together, these data  suggested that the 
ability of P815 tumor cells to resist antibody-C 
killing, but not CTL-mediated attack, depended 
upon the cells" ability to synthesize complex cellular 
lipids. In an effort to analyze further the possible 
role of lipids in influencing the susceptibility of 
tumor cells to antibody-C vs CTL attack, the 
specific lipid classes being synthesized by drug and 
hormone-treated cells, as well as the lipid composi-  
tion of these cells, were examined. 
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TUMOR LIPIDS AND 

HPLC Analysis of Upid Synthesis and Composition of 
Drug- or Hormone-Treated P815 Cells 

P815 cellular lipids were separable into neutral 
lipids (CHOL, CHL-E, TG), FFA,  and phospho- 
lipids (PA, CL, PE, PS, PC, SPH, and LYPL) 
(Fig. 5). Cells that had been incubated for 24 hr 
with adriamycin (and were now more susceptible to 
antibody-C killing as shown in Fig. I B) showed a 
marked decrease compared to control cells in their 
ability to synthesize CHL-E, PA, CL, PE, PS, and 
PC, with a concomitant increase in FFA accumula- 
tion (Fig. 5A). These changes were manifested in 
the lipid composition of the cells; adriamycin- 
treated cells showed a depressed content, compared 
to controls, of CHOL, CHL-E, PA, CL, PE, PS, 
and PC, with a concomitant increase in FFA 
content (Fig. 5B). When these cells were washed 
free of drug and reincubated for 24 hr in drug-free 
medium, they recovered control levels of suscepti- 
bility to C killing (Fig. 1 B) and were indistinguish- 
able from controls in their lipid synthesis (Fig. 5C) 
and composition (Fig. 5D). 

In contrast, mitomycin C-treated cells (rendered 
susceptible to CTL killing as shown in Fig. IA) 
showed a decrease, compared to controls, in their 
synthesis of PA, CL, PE, and PS, but a marked 
increase in synthesis of PC and SPH (Fig. 5A). 
These cells were decreased in their PA, CL, PE, and 
PS content, but markedly increased in their content 
of PC and SPH, compared to controls (Fig. 5B). 

IMMUNE KILLING 479 

When the cells were washed and reincubated for 24 
hr in drug-free medium, they recovered control 
levels of susceptibility to CTL killing (Fig. IA)and 
control levels of lipid synthesis (Fig. 5C) and 
composition (Fig. 5D). 

As shown in Fig. 6A, cells treated with hydro- 
cortisone for 24 hr were markedly inhibited in their 
synthesis of PC and SPH, whereas epinephrine- 
treated cells were indistinguishable in their lipid 
synthesis from control untreated cells. In addition, 
hydrocortison-treated cells showed a marked in- 
crease in their content of cellular CHOL, CHL-E, 
TG, and PS, and a marked decrease in PC and 
SPH compared to controls (Fig. 6B). Epinephrine- 
treated cells showed a similar cellular lipid compo- 
sition to control untreated cells (Fig. 6B). Hydro- 
cortisone-treated cells that were washed and 
recultured for 24 hr without hormone regained 
control levels of lipid synthesis (Fig. 6C) and a 
cellular lipid composition similar to control cells 
(Fig. 6D). 

Effect of Drug or Hormone Treatment on P815 Cell 
Physical Properties 

Drug- or hormone-treated P815 ceils were also 
assessed for their plasma membrane fluidity and 
their cell surface charge density. Plasma mem- 
branes isolated from adriamycin-treated P815 
tumor cells were nearly doubled in their fluidity 
compared to untreated controls; mitomycin C 
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treatment had no such effect (Table 1A). In 
contrast, membranes isolated from hydrocortisone- 
treated cells were reduced by 55% in their fluidity 
compared to untreated cells; membranes from 
epinephrine-treated cells were the same as controls 
(Table IA). Membranes isolated from drug- or 
hormone-treated reverted cells were indistinguish- 
able from controls in their fluidity (Table IA). 
Partition cell surface charge density measurements 
of normal P815 cells in culture alone for 24 hr at 37 
C showed a. cr value of 1.22; cells treated with 
mitomycin C were reduced by 30% in this value, 
whereas hydrocortisone-treated cells were increased 
by 20% in their cr value compared to the controls 
(Table 1B).. Treatment of the P815 cells with 
adriamycin or epinephrine had no effect on the 
cells' surface charge density (Table 1B). Drug- or 
hormone-treated reverted cells showed surface 
charge density values indistinguishable from those 
of control, untreated cells (Table IB). 

D I S C U S S I O N  

The data presented in this report suggest that the 
ability of tumor cells to synthesize lipid, their 
cellular lipid content and composition, and their 
cellular physical properties controlled by lipid 
composition are of fundamental importance for 
the mechanism whereby the cells resist humoral 
and lymphocyte-mediated immune attack. In addi- 
tion, the data show that the ability of tumor cells to 
resist C- or CTL-mediated killing does not depend 

on the cells' ability to synthesize DNA, RNA, 
protein, or complex carbohydrate; the drug- or 
hormone-induced modifications in the synthesis of 
these macromolecules were kinetically quite inde- 
pendent of their effects on the susceptibility of the 
cells to C or CTL killing. In contrast, the ability of 
the P815 cells to resist C-mediated killing correlated 
with their ability to synthesize lipids; the adria- 
mycin-induced increase and the hydrocortisone- 
induced decrease in, P815 susceptibility to antibody- 
C killing coincided with an inhibition and 
enhancement, respectively, of total cellular lipid 
synthesis. However, neither the mitomycin C- nor 
hydrocortisone-induced changes in P815 suscepti- 
bility to CTL correlated with the effects of these 
agents on total lipid synthesis; mitomycin C- 
treated cells were not inhibited in their lipid 
synthesis at any time interval, although the drug 
did render the cells more susceptible to cell- 
mediated killing after 24 hr in culture. Similarly, 
the effect on total lipid synthesis by hydrocortisone 
coincided with the hormone's effect on P815 
susceptibility to C-mediated but not CTL-mediated 
killing. This suggests that the mechanism(s) 
whereby tumor cells can resist antibody-C and cell- 
mediated attack may be different. To gain insight 
into what these mechanistic differences might be, 
the metabolic activity, chemical composition, and 
physical properties of the cells were investigated 
further. 

P815 tumor cells rendered sensitive to antibody- 
C attack are inhibited in their cholesterol synthesis 
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TABLE 1 

Effect of Drug and Hormone Treatment on P815 Cell Membrane Physical Characteristics 

481 

A. Fluidity (~b) B. Surface charge (a) 

Treatment +24 hr ~ +24 hr/-24 hr b +24 hr +24 hr/-24 hr 

Adriamycin 0.50 --,.04 0. 24 + .05 1.16 --, 0.29 1,34 +- 0, 29 
Mitomycin C 0.25 • .03 0.23 + .04 0.86 -+ 0.19 1.42 • 0.22 
Epinephrine 0.30 • .05 0.26 ~ .06 1.24 -+ 0.02 1.20 + 0.10 
Hydrocortisone 0.12 + .06 0.20 + .04 1.47 • 0.19 1.21 + 0.13 
Untreated 0.27 + .06 0.21 + .03 1.22 • 0.22 1.36 + 0.12 

~P815 ceils cultured with drug or hormone for 24 hr at 37 C. 
bp815 cells cultured with drug "or hormone for 24 hr at 37 C, washed, and recultured for 24 hr at 37 C in 

drug- and hormone-free media. 

and  reduced in their  cholesterol  content  and  show 
marginal ly  reduced phosphol ip id  synthesis and  
content  ( including phosphol ip ids  such as PA, CL, 
and  PC), and a significant accumula t ion  of FFA.  
P815 cells rendered more  resistant to C-mediated 
at tack show an  increased synthesis and  accumula-  
t ion of  cholesterol  with  little or no  change in 
phosphol ip id  metabol ism or content .  The end 
result of these changes is tha t  tumor  cells susceptible 
to C-mediated killing show a marked  decrease in 
their  choles te ro l /phosphol ip id  mole ratio, whereas 
resistant cells show a marked  increase in this 
molecular  relationship.  

These results are also consistent  with  the concept  
tha t  the fluidity of the t umor  cell m e m b r a n e  may 
control  the cell's susceptibility to C attack.  The 
choles te ro l /phosphol ip id  mole rat io  has been 
shown to be inversely related to cell m e m b r a n e  
fluidity in a variety of cell systems (17,18); in 
addit ion,  the efficiency of C in lysing erythrocytes,  
bacteria,  l iposomes, artificial lipid membranes ,  
and  nucleated cells has been shown to be directly 
related to the fluidity of the target  m e m b r a n e  (1,4). 
Thus,  when  measured directly in these studies, the 
ability to modify the susceptibility of  the P815 
t u m o r  cells to ant ibody-C killing appeared  to be 
due to the drug- and  hormone- induced  modif ica-  
t ions in cellular lipid synthesis and  content  with  its 
concomi tan t  effects on  cell m e m b r a n e  fluidity. 

In contrast ,  P815 cells tha t  were modula ted  in 
their  susceptibility to CTL killing were unchanged  
in their  choles te ro l /phosphol ip id  mole ratios, but  
were instead markedly  affected in their  synthesis 
and  content  of phosphol ipids ,  especially PC and  
SPH.  P815 cells sensitive to CTL killing showed 
elevated PC and  S P H  synthesis and  content ,  
whereas resistant cells were depressed below con- 
trol  levels in PC and  S P H  synthesis  and  content .  
Since these phosphol ipid  molecules reside primarily 
in the cell surface membrane ,  the corre la t ion 
between cell surface charge density and  suscepti- 
bility to CTL killing was investigated. Using the  

cell par t i t ion  method  of Ballard et al. (15,16) to 
measure cell surface charge density directly, the 
cells rendered more susceptible to CTL killing than  
control  cells were shown to have a lower o value 
(surface charge density) than  control  cells, and  cells 
resistant to CTL killing were shown to be increased 
in their  surface charge density compared  to con- 
trols. 

Evidence has been presented in other  systems to 
show that  an  int imate  contac t  between a CTL and  
its target  occurs and  may or may not  be ant igen 
specific for target  cell killing to occur  (19,20). 
Despite this controversy,  the present  da ta  indicate 
tha t  the ability of the CTL to approach  and  interact  
with  its target  is as impor t an t  in de te rmining  the 
outcome of CTL at tack as ant igen recognit ion.  
Lymphocytes  have a relatively high o value (15,16); 
thus,  their  ability to enter  into the in t imate  contact  
wi th  the target  should  depend on the o of the target.  
A high-o target  cell (e.g. hydrocor t isone- t reated)  
will be more  repulsive to the CTL than  a low-o (e.g. 
mi tomycin  C-treated) target; this correlates directly 
with  the relative susceptibilities of  these targets to 
CTL killing. 

The overall  significance of these results may be 
dramatic.  Al though  all modif icat ions reported 
here in t u m o r  cell susceptibility to immune  at tack,  
lipid metabol ism,  lipid composi t ion,  and  physical 
properties were accomplished with drug or hormone  
t rea tment ,  evidence has been accumulated  to show 
tha t  the t u m o r  cells can accomplish such modif ica-  
t ions themselves. In this regard, unt rea ted  P815 
cells t aken  at different stages of their  growth  cycle 
have shown innate  differences in susceptibility to 
C- and  CTL-media ted  attack; these differences 
occur at  different t imes dur ing the cells' growth 
cycle and  appear  to be correlated with the cells' 
intrinsic modif icat ion in lipid metabol i sm and  
physical propert ies (manuscr ip t  in preparat ion) .  
This suggests tha t  t u m o r  cells have the innate  
capabili ty to resist immunologica l  a t tack by modi-  
fying their  own lipid metabol ism and  physical 
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properties in much the same manner as has been 
done here ~vith drugs and hormones. Thus, by 
understanding the mechanisms by which tumor 
cells may seek to subvert immunologic attack, we 
may be able to design regimens to overcome this 
subversion, and allow the immune system to play a 
more effective and potent role in tumor defense. 
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Role of Membrane Lipids in the Immunological Killing 
of Tumor Cells: I1. Effector Cell Lipids 1 
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a Department of Microbiology, University of Notre Dame, Notre Dame, IN 46556, and b Laboratory of 
Immunobiology, National Cancer Institute, N/H, Bethesda, MD 20205 

ABSTRACT 

Peritoneal macrophages (M~)) from mice become cytotoxic after incubation in lymphokine (LK)-rich 
supernatants of antigen-stimulated spleen cell cultures. Tumoricidal activity is evident with M 0 treated with 
LK for 4 hr, becomes maximal after 8-12 hr incubation and decreases to control levels by 24-36 hr. To gain 
insight into LK-induced functional changes, the lipid composition of M~) cultured with LK for 0-36 hr was 
analyzed by high pressure liquid chromatography. LK induced marked changes in Mt~ lipid composition: 
cellular content of cholesterol (CHOL) and polyunsaturated fatty acids increased 2- to 3-fold after 8 hr when 
the cells showed maximal tumoricidal activity. Cellular lipid and fatty acid content returned to control levels 
by 24 hr when the M 0 had lost tumoricidal activity. These changes were not observed with equal numbers of 
MOO cultured in control supernatants. To analyze further the role of CHOL and unsaturated fatty acids in 

tumor cytotoxicity, M 0 were enriched in CH OL or linolenic acid ( 18: 3) and tested for their ability to kill 
1023 tumor cells. Within 1 hr of culture, M 0 showed a 3- to 4-fold increase in CHOL or 18:3 content. 18:3- 
enriched cells were markedly tumoricidal, whereas controls cultured in delipidized medium alone or 
enriched with saturated fatty acid were not cytotoxic. CHOL-enriched M 0 were not tumoricidal; indeed, 
these cells were inhibited in their killing after treatment with LK compared to M(~ cultured in delipidized 
medium with LK alone. These results suggest that UFA aids, whereas CHOL negates, expression of MO 
tumor cytotoxicity. 
Lipids 18:483-488, 1983. 
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INTRODUCTION 

Mouse peritoneal M 0 can be activated for 
nonspecific tumor cytotoxicity by any of several in 
vivo or in vitro treatments. M 0 treated with 
activation stimuli develop a spectrum of morpho-  
logic, functional and biochemical changes (1-4). 
However, only one of these changes has been 
shown to be a specific characteristic of the activated 
tumoricidal M 0 .  For  example, noncytotoxic cells 
from peritoneal exudates induced by sterile ir- 
ritants (oil, starch, thioglycollate) share many 
properties with the activated M 0 .  However, a clear 
functional link between metabolic modifications in 
M 0 and their tumoricidal activity has recently been 
demonstrated (4). In this regard, it was shown that 
there are several major modifications in M 0  lipid 
composition that correlate specifically with devel- 
opment of lymphokine-induced tumoricidal ac- 
tivity. Total lipid content of lymphokine-activated 
tumoricidal M 0 was markedly increased over that 
of noncytotoxic control cells; this increase was 
primarily due to an increase in free and esterified 
cholesterol. The subsequent loss of tumoricidal 
activity by M 0 with time coincided with a return to 
control levels of each of these lipid constituents (4). 
In addition, the U F A  content of  tumoricidal M 0 

'Presented at the 73rd Annual Meeting of the American Oil 
Chemists' Society in Toronto, Canada, May 1982. 

*To whom correspondence should be addressed. 
Abbreviations: MO, macrophage(s); LK, lymphokine; CHOL, 

cholesterol; UFA, unsaturated fatty acid; 18:3, linolenic acid; 
18.0, stearic acid. 

was markedly increased over inflammatory or 
unstimulated controls. The  kinetics of percent 
UFA increase in M 0 coincided with their acquisi- 
tion of tumoricidal activity; U F A  content of M 0 
returned to control levels as the cells lost their 
tumoricidal potency (4). 

There have been recent reports suggesting a role 
for lipids, lipid-containing macromolecules, or 
lipid constituents, i.e. fatty acids, in the process of 
M 0  activation (5,6). In this regard, it has been 
suggested that the effect on M 0  cholesterol content 
by a high molecular weight serum lipoprotein is 
responsible for modulat ion of M 0  tumoricidal 
capacity (5). In addition, it has been suggested that 
alterations in the fatty acid composit ion of M 0  
phospholipids affect the capacity of the cell for 
endocytosis (6,7). However,  the effect of endoge- 
nous lipid and /o r  fatty acid composit ion on M 0  
tumoricidal potential has not been explained fully. 
In this report, we have probed the roles that 
intracellular C H O L  and U F A  content play in 
regulating M 0  tumor cytotoxicity. 

MATERIALS AND METHODS 

C 3 H / H e N  mice were injected intraperitoneally 
(IP) with 3 ml of 1.2% sodium caseinate. Four  days 
later, peritoneal cells were collected from the mice 
as described in ref. 4 and differential cell counts 
were made on Wright-stained cell smears prepared 
by cytocentrifugation. Cell suspensions were pre- 
pared to contain 8X 10 5 M 0 / m l  of Dulbecco's 
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modified Eagle's medium containing 10% fetal 
bovine serum delipidized by the method of Rothblat 
et al. (8) plus 2% antibiotics. One ml of the cell 
suspensions was added to 16 mm Cluster "4 culture 
wells (Costar) and incubated for 2 hr at 37 C in 5% 
CO.,-air. Nonadherent cells were removed by re- 
peated washing. M 0 that were to be used for 
subsequent lipid extraction were plated onto sterile 
15 mm diameter glass cover slips (Bellco Glass) that 
had been placed in the 16 mm Cluster ~4 culture 
wells. 

Adherent M 0 monolayers were incubated for 1 
to 48 hr with I,K prepared as described in refs. 4 
and 9 or with varying concentrations of CHOL 
(from 20 to 600 nmoles/well),  18:3, or 18:0 (both at 
concentrations ranging from 40 nmoles to 1.0 
~.mole/well). The lipids used in these studies were 
H PLC-Standard grade (P-L Biochemicals). Lipids 
were dried under N2 gas to free them of organic 
solvent; the lipids were then sonicated at the 
appropriate concentrations into medium supple- 
mented with delipidized serum. 

M 0 incubated with LK and /o r  CHOL,  18:3, or 
18:0 were washed thoroughly and tested for their 
tumoricidal activity against 1023 methylcholan- 
threne-induced fibrosarcoma cells in a 48 hr CH~- 
aH-thymidine release assay described in detail in 
ref. 4. In addition, the cells were assessed for their 
lipid and fatty acid composition; M 0 lipids were 
extracted by subjecting the washed M 0 monolayer- 
containing glass cover slips to a chloroform- 
methanol Folch extraction (10). The lipid extracts 

were analyzed lor lipid content and composit ion by 
HPLC as previously detailed (I 1). In addition, an 
aliquot of each lipid extract was saponified by the 
boiling ethanolic KOH method described in ref. 12. 
The resulting free fatty acids were derivatized to 
their p-bromophenacyl esters as described by J ordi 
( 13); the derivatized fatty acids were separated and 
quantified by reverse-phase HPLC as previously 
described (13). 

All HPLC equipment used for lipid and fatty 
acid analysis was from Waters Associates (Model 
A L C / G P C  204). Lipids were separated on a 3.9 
mm • 30 cm p.Porasil Column and detected at 206 
nm. Derivatized fatty acids were separated on two 
3.9 m m X 3 0  cm tzBondapak CI8  columns and 
detected at 254 nm. Quantitation was performed 
with a Waters Data Module/ Integrator .  

RESULTS 

Mouse M(~ from peritoneal exudates induced by 
casein were activated for tumor cytotoxicity in 
vitro by treatment with lymphokine-rich super- 
natants. A typical lymphokine dose-response for 
induction of M 0 tumoricidal activity is shown in 
Figure IA. M 0  treated with 1/3 or 1/12 dilutions 
of lymphokine, but not with the 1/48 dilution, 
showed significant cytotoxicity. In M 0 cultures 
treated with a 1 / 4 lymphokine dilution, tumoricidal 
activity was detected 4 hr alter treatment, became 
maximal by 8 to 12 hr, and progressively decreased 
to control levels by 24 to 36 hr (Fig. IB). Loss of 
M 0 cytotoxic activity with time was not due to cell 
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FIG. 1. Tumor cytotoxicity by lymphokine-activated macrophages. A. Effect of lymphokine 
dilution on induction of macrophage tumoricidal activity. Macrophages were treated with 
lymphokine for 9 hr. B. Kinetics of appearance and loss of macrophage tumoricidal activity in 
cells treated with a I/4 lymphokine dilution. 
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death; no changes in vital dye uptake or in M 0 
phagocytic capacity were detected. Loss oftumori- 
cidal activity was also not due to depletion of 
lymphokine activity; replacement of lymphokines 
at 16 hr did not prolong M 0 cytotoxic activity, and 
supernatants from 16-hr lymphokine-treated M 0  
cultures added to fresh M 0  induced strong cyto- 
toxic activity. These results suggest that despite 
normal cell viability and otherwise effective 
lymphokine activity, tumoricidal response of 
lymphokine-activated M0 in culture was gradually 
lost with time. 

The effects of LK treatment on M 0  CHOL and 
fatty acid content are shown in Figure 2. As the M(~ 
acquired tumoricidal activity (at 8 hr incubation 
with LK), their CHOL content was increased 2- to 
3-fold over control cells; as tumoricidal activity 
was lost (at 24 and 48 hr incubation in the LK), 
cellular CHOL content returned to control levels 
(Fig. 2A). With regard to UFA content, LK- 
activated M0 exhibited a 2- to 3-fold increase in 
1 8 : 3  with a concomitant decrease in 18: 0 content as 
they acquired tumoricidal activity (at 8-12 hr with 
LK), and lost their 18:3 enrichment and 18:0 
depletion as they returned to control level of tumor 
cytotoxicity (at 24-48 hr with LK) (Fig. 2B and C). 
The cells showed no major enrichment or depletion 
of any other identifiable fatty acid (including 16:0, 
18:1, 18:2, and 20:4) during their acquisition and 
loss of tumor cytotoxicity (data not presented). 

Taken together, these data suggest that the 
CHOL and 18:3 content ofM 0 are of fundamental 
importance in their expression of tumor cyto- 
toxicity. To gain insight into what roles these lipid 
molecules play in M 0 activation, experiments were 
undertaken to enrich the cells in these lipids 
artificially. As shown in Figure 3A, M 0  incubated 
with delipidized media enriched with 1/~mble/well 
of 18:3 showed a 2- to 3-fold increase in 18:3 
content over controls after 8 to 24 hr incubation; 
after 48 hr incubation with this amount of 18:3, the 
intracellular 18:3 content.had dropped but was still 
2 times higher than the levels in control cells. 
Incubation of M0  with 40 or 200 nmoles of 18:3 
did not result in a significant enrichment of 18:3 
(Fig. 3A). 

In addition, incubation of M0  with LK plus 18:3 
caused an even greater increase in intracellular 18:3 
accumulation between 8 and 48 hr compared to 
M0 treated with 18:3 alone or LK alone (Fig. 3B). 
Interestingly, LK-treated M(~ incubated with the 
lower quantities of 18:3 showed an enhanced 
intracellular 18:3 accumulation only after 24 or 48 
hr incubation (Fig. 3B). 

M 0 enriched in 18:3 were markedly cytotoxic 
for 1023 tumor cells; M 0 cultured with 1 #mole of 
18:3/well displayed marked tumoricidal activity 
after 8 to 24 hr of incubation with the fatty acid 
(Fig. 4A). Indeed, the 18i3-enriched cells exhibited 
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FIG. 2. CHOL, 18: 3, and 18:0 content of macrophages 
incubated with lymphokine for 1 to 48 hr. Values 
represent means + S.E. of 3 experiments. In each panel, 
open symbols represent lipid content of macrophages 
incubated in delipidized media alone. 
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FIG. 3. 18:3 content of macrophages incubated with 
18:3 (Panel A) or 18:3 plus lymphokine (Panel B) for 1 to 
48 hr. ( I )  1 ~tmole 18;3/well; (A) 0.2 #mole 18:3/well; 
(B) 0.04 #mole 18:3/well; (0) lymphokine but no 18:3; 
(X) delipidized media alone. Values represent means + 
S.E. of 3 experiments. 
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FIG. 4. Tumor cytotoxicity by macrophages incubated 
with 18:3 (Panel A) or 18:3 plus lymphokine (Panel B) for 
1 to 48 hr. (@) lymphokine but no 18:3; (A) 1 #mole 
18:3/well; (11) 0.2 ~mole 18:3/well; (V) 0.04 #mole 
1 8 : 3  / well; (0)  delipidized media alone. Values represent 
means + S.E. of 3 experiments. 

a higher percent cytotoxicity for 1023 tumor  cells 
than M 0 treated with LK alone (70% vs. 50% peak 
cytotoxicity values), and were tumoricidal for 
longer periods of time than the LK-treated M 0 (24 
hr vs. 12 hr) (Fig. 4A). M(~ that were enriched in 
18:3 and treated with LK displayed the highest 
cytotoxic potential of all; these cells exhibited 
higher tumor cytotoxicity for a longer time period 
than M ~  treated with 18:3 alone or LK alone (Fig. 
4B). 

To test whether unsaturation is needed in a fatty 
acid for its activation of M 0 for tumoricidal 
activity, the experiments above were repeated with 
M 0 enriched in 18:0 by culturing the cells in 
delipidized medium supplemented with 1 #mole 
18:0/well. As shown in Fig. 5, 18:0-enriched cells 
showed no innate tumoricidal activity compared to 
controls; these cells were also indistinguishable 
from controls in their ability to be activated to 
tumoricidal activity by LK (Fig. 5). 

The role of C H O L  in modulat ing M 0 tumori-  
cidal activity was tested next. M 0 cultured in 
delipidized media containing from 20 to 600 nmoles 
CHOL/we l l  were enriched in their C H O L  content 
2-fold over control cells within 1 hr of  culture and 
remained elevated in their C H O L  content through 
12 hr of incubation (Fig. 6A). M 0 cultured with 
these quantities of C H O L  and treated with LK 
were enhanced 3-fold in C H O L  content  over 

normal controls and even showed an increased 
C H O L  content over M 0 treated with LK alone 
(Fig. 6B). 

The enrichment of the M 0 with C H O L  had no 
effect on the innate tumoricidal activity of the cells 
(Fig. 7A). However,  M 0 enriched in C H O L  were 
rendered refractory to activation by LK to tumori-  
cidal activity at all time intervals tested (Fig. 7B). 

DISCUSSION 

Development of tumoricidal activity by mouse 
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FIG. 5. Tumor cytotoxicity by macrophages incubated 
with 18:0 or 18:0 plus lymphokine for 1 to 48 hr. (@) 
lymphokine but no 18:0; (&) I #mole 18:0/well; (11) 1 
/~mole 18: 0/well plus lymphokine; ( 0 ) delipidized media 
alone. Values represent means +_ S.E. of 3 experiments. 
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FIG. 6, CHOL content of macrophages incubated 
with CHOL (Panel A) or CHOL plus lymphokine (Panel 
B) for 1 to 48 hr. (0)  600 nmoles CHOL/welI; (&) 100 
nmoles CHOL/welI; (11) 20 nmoles CHOL/welI; (0) 
lymphokine but no CHOL; (X) delipidized media alone. 
Values represent means + S.E. of 3 experiments. 
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FIG. 7. Tumor cytotoxicity by macrophages incubated 
with CHOL (Panel A) or CHOL plus lymphokine (Panel 
B) for l to 48 hr. ( e )  lymphokine but no CHOL; ( 0 ,  • ) 
600 nmoles CHOL/well (with and without lymphokine, 
respectively); ( . )  100 nmoles CHOL/well; (V) 20 nmoles 
CHOL/well; ( 0 )  delipidized media alone. Values repre- 
sent means + _ S.E. of 3 experiments. 

M 0 treated in vitro with lymphokine- r ich  super- 
na tants  follows a reproducible t ime course: cyto- 
toxic activity is maximal  6 to 12 hr  after culture 
with lymphokines,  it progressively decreases to 
control ,  and  it reaches noncyto toxic  levels by 24 to 
36 hr. Such an  exper imental  system lends itself well 
to a survey of metabol ic  propert ies of  M 0 tha t  may 
be characterist ic to acquisi t ion and loss of tumori -  
cidal activity. In this regard, we have shown 
previously (4) and  have conf i rmed in this report  
tha t  acquisi t ion of t umor  cytotoxic potent ia l  by 
M 0 is accomp'anied by an accumula t ion  in the cell 
of C H O L  and U F A  (primarily 18: 3, at the expense 
primari ly of 18:0). 

We have now clarified these findings to provide 
insight into the roles tha t  intracellular  C H O L  and 
18:3 content  of M 0 play in their  expression of 
tumoricidal  activity. The data  presented in this 
report  show tha t  increased M 0 18:3 conten t  
induces, whereas C H O L  negates, expression of 
macrophage  tumor  cytotoxicity. This suggests tha t  
the LK-induced increase in these lipids in M 0 
during their  acquisi t ion of tumoric idal  activity 
plays an  opposite role. The increased intracel lular  
18:3 content  may be providing a subst ra te  for 
oxidizing intermediates  in the fo rmat ion  by the 
M 0 of toxic lipid hydroperoxides  tha t  could be 
exported and used as the cytotoxic principle against 
the t u m o r  target  cells (14-18). In contrast ,  the 

accumula t ion  of C H O L  appears  to serve as a 
negative feedback inhibi tor  of M 0 tumoric idal  
activity and  may explain the loss of M 0 t u m o r  
cytotoxicity with  t ime in the cont inued  presence of 
active LK molecules (see Fig. 1B). Indeed,  the 
act ion of C H O L  as a potent ia l  immunosuppress ive  
agent (19) and  as a modu la to r  of  m e m b r a n e  
funct ional  activity (20) has been described. These 
possibilities are presently under  fur ther  investiga- 
tion. 

A fur ther  point  of interest  in these studies 
involves the relative amount s  of 18:3 and  C H O L  
needed to enrich M 0 in these lipids. Compared  to 
the baseline intracellular  content  of 18:3 in M 0 (ca. 
20 nmoles /8  × 105 M 0 ) ,  a 50-fold excess of exoge- 
nous 18:3 (but  not  a 2- to 10-fold excess) was 
required to enhance the M 0 18:3 content .  In 
contrast ,  as little as a 3-fold excess of C H O L  over 
normal  M 0 C H O L  content  (ca. 5 to 6 nmoles /8  × 
105 M 0 )  was sufficient to enhance  M(~ intracellular 

C H O L  (see Figs. 2A vs. 6A). This disparity may be 
due to differences in the rate of 18:3 and  C H O L  
uptake and  excret ion by the cells (21,22). 

Taken together,  these studies firmly establish the 
role of C H O L  and 18:3 in media t ing and  regulat ing 
M 0 tumoric idal  activity in vitro. Fur the r  studies 
are needed to dist inguish whether  these lipids are 
acting during M(~ act ivat ion or play a role in the 
expression o f M  0 tumoric idal  activity. In addit ion,  
the role of these lipids in M 0 act ion in vivo are also 
being considered. 
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The Role of Neutral Glycolipids and Phospholipids 
in Myxovirus-lnduced Membrane Fusion 1 
RICHARD T. C. HUANG*, Institut fffr Molekularbiologie und Biochemie, 
Freie Universit~t Berlin, 1000-Berfin-33, Germany 

ABSTRACT 

Myxoviruses (influenza virus and paramyxovirus) enter host cells by two successive steps consisting of 
attachment and fusion between viral and cellular membranes. The initial attachment is known to occur 
through specific binding of the viruses with the neuraminic acid-containing receptors of cellular membranes. 
Evidence is presented here that, in the following step of membrane fusion, neutral glycolipids terminating in 
galactose and certain phospholipids (primarily lecithin and sphingomyelin) interact with the viral envelopes 
and that this interaction may be fundamental to the fusion process. 
Ltpids 18:489-492, 1983. 

Myxoviruses contain an envelope which enwraps 
the ribonucleoproteins. Two types of glycoproteins 
are present as surface projections of the envelope 
(1,2); influenza viruses possess the hemagglutinin 
and the neuraminidase, whereas paramyxoviruses 
contain the hemagglutinin-neuraminidase com- 
plex and the fusion protein. During the initial 
phase of infection, the interactions of these glyco- 
proteins with the host cells lead to attachment and 
fusion between viral and cellular membranes. The 
attachment occurs through a specific binding of 
neuraminic acid containing receptors of cellular 
membrane with the hemagglutinin of influenza 
virus or the hemagglutinin-neuraminidase com- 
plex of paramyxovirus (I,2). The fusion process 
seems to be mediated by lipophilic peptide seg- 
ments of the hemagglutinin or the fusion proteins. 
But the cellular counterparts involved in this fusion 
step have not as yet been characterized. Evidence is 
given here that there is a specific interaction of the 
viral envelope with certain glycolipids and phos- 
pholipids preceding fusion. This protein-lipid inter- 
action may be important for the initiation of 
membrane fusion and virus infection. 

MATERIALS AND METHODS 

Viruses 

The viruses used were fowl plague virus (influ- 
enza virus) and Sendai virus (paramyxovirus). 
They were propagated in embryonated chicken 
eggs and purified according to Chuchulowius and 
Rott (3). 

Lipids 

All glycerophospholipids, cholesterol and oleic 
acid were pure compounds purchased from Sigma. 
Sphingomyelin was isolated from human brain 
according to Klenk and Huang (4). Ganglioside 

~Presented at the 73rd Annual Meeting of the American Oil 
Chemists' Society in Toronto. Canada, May 1982. 

Gu~ was obtained as described by Klenk and Gielen 
(5) from human brain. Gangliotetraose (Table l, 
K) was prepared from ganglioside GMI by repeated 
hydrolysis with dilute HCI (6). Ceramide lactoside 
(Table I, J) was obtained from hematoside of 
butter milk (7) by treatment with the neuraminidase 
of Vibrio cholerae. Ceramide-triose (Table l, L) 
was isolated from bovine spleen according to 
Tsch/3pe (8). Globoside (Table l, M) was isolated 
from MDBK cells, where this glycolipid is a main 
component. Oleyl-lactose, phytyl-lactose and phy- 
tyl-melibiose (Table l, N,O,P) were chemically 
synthesized by coupling lactose and melibiose to 
oleyl alcohol or phytol via the acetobromo deriva- 
tives (9). All natural and synthetic glycolipids listed 
above were purified to homogeniety by silicic acid 
column chromatography using chloroform/meth- 
anol in the ratios of 9:1, 8:2 and l :!  as elution 
mixtures or by preparative silicic acid thin layer 
chromatography, using chloroform/methanol/ 
water (65:25:4) as developing solvent. 

Glycopeptide and OleyI-Glycopeptide 
from Fetuin 

Fetuin was isolated from bovine fetal serum by 
repeated precipitation with half-saturated ammo- 
nium sulfate. The procedure for the isolation of 
glycopeptide from fetuin and its derivatization into 
oleic acid conjugate are described elsewhere (10). 
Briefly, fetuin was exhaustively digested with pro- 
nase and the resulting glycopeptide (containing 
only a few amino acid residues) was purified by 
filtration through a Bio-gel P-2 column. The 
glycopeptide was derivatized to oleyl-glycopeptide 
by reacting with oleic acid anhydride in aqueous 
dimethylsulfoxide at 70 C for l hr. After this 
period, the excess oleic acid anhydride was hydro- 
lyzed with 0. I N sodium hydroxide and removed by 
extraction with diethyl ether after acidification 
with dilute HCI. The oleyl-glycopeptide was re- 
covered from the aqueous dimethylsulfoxide phase 
after removal of dimethylsulfoxide by dialysis. 

LIPIDS, VOL. 18, NO. 7 (1983) 
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Virus-Induced Hemolysis 

Hemolysis of chick erythrocytes with fowl plague 
virus and Sendal  virus was carried out at pH 5.5 
and pH 7, respectively, as described previously 
(11). 

Inhibition of Hemolysis 
by Lipids 

To a series of l0 ml conical centrifuge tubes were 
given 400 tal of a sodium acetate buffer (0.5 M, pH 
5.5) or a sodium phospha te  buffer (0.5 M, pH 7) 
conta ining increasing amount s  (25 tag gradient)  of 
various glycolipids or phospholipids.  Lipids were 
added from stock suspensions in the form of 
micelles or vesicles after sonication in the respective 
buffer (2.5 mg/ml) .  In some cases (Table I, C, H, 
N, O, P), to aid dispersion, some Tween 20 (about  
half the amoun t  of lipid) was included dur ing 
sonication.  Then,  0.1 ml of fowl plague virus or 
Sendai virus containing ca. 100 tag of protein was 
added to each tube and mixed. Hemolysis  was 
allowed to proceed for 15 min at 37 C after addi t ion 
of 2 ml of a !% suspension of chick erythrocytes.  
The tubes were centrifuged briefly and  the super- 
na tan t  was measured for hemoglobin  using a Zeiss 
photometer  (at 540 nm). The values in Table 1 
indicate the concent ra t ion  of lipids in the mixture  
which caused half- inhibi t ion of hemolysis as com- 
pared to control  tubes which conta ined  no in- 
hibitors. Hemolysis in control  tubes gave an extinc- 
tion of ca. 1. 

Incorporation of Glycolipids 
into Erythrocyte Membrane 

Glycolipids were incorporated into the mem- 
brane of erythrocytes by incubat ion  at 37 C, in a 
similar manner  to that  described before by us and 
others (12,13). Incubat ion was carried out in a I% 
erythrocyte suspension conta in ing  the indicated 
amounts  of glycolipids or Tween 20 for 10 rain at 37 
C. Treated erythrocytes were washed twice with 
physiological saline, resuspended as 1% suspension 
in saline and used for hemolysis. 

RESULTS AND DISCUSSION 

Early studies showed that  myxoviruses could 
specifically a t tach to receptors of cellular mem- 
branes conta ining neuraminic  acid, and that  such 
receptors could be identified in membrane  com- 
ponents  or biological fluids by their ability to 
inhibit  hemagglut inat ion competitively. In the 
present study, we used a similar approach  to obta in  
evidence that  neuraminic  acid free lipids are in- 
volved in membrane  fusion, a step needed for the 
penetrat ion of myxoviruses into their host cells. As 
fusion between viral and erythrocyte membrane  is 
linked to hemolysis (11), the lipids involved in 
fusion were conveniently identified from lipids of 
cellular membrane  (erythrocyte ghost) by their  
ability to competit ively inhibit  hemolysis. 

The results of such exper iments  are summarized 
in Table 1. Total  lipid extract  of erythrocyte ghost  
as such or after neuraminidase  t rea tment  showed 

TABLE I 

Inhibition of Myxovirus-lnduced Hemolysis by Phospholipids and Glycolipids 

Lipids 

Concentration (p.g/ml) for 50% inhibition 

Sendai virus Fowl plague virus 

A. Total erythrocyte lipid 160 120 
B. Phosphatidylcholine 35 10 
C. Phosphatidylet ha nolamine >5000 >5000 
D. Phosphatidylinositol 65 45 
E. Phosphatidylserine 100 55 
F. Cardiolipin >5000 >5000 
G. Sphingomyelin 20 10 
H. Cholesterol >5000 >5000 
I. Oleic acid >5000 >5000 
J. Ceramide-glc fl-gal 40 15 
K. Ceramide-glc-gal-galNAc B-gal 55 25 
L. Ceramide-glc-gal/3-gal 30 20 

M. Ceramide-glc-gal-gal/3-galNAc 250 200 
N. Oleyl-glc/3-gal 3 6 
O. Phytyl-glc-,8-gal 1 5 
P. Phytyl-glc a-gal 35 15 
Q. Glycoprotein of erythrocyte >5000 >5000 
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distinct inhibition of hemolysis. When the major 
lipids of erythrocyte membrane were examined 
separately, it was found that several pure phos- 
pholipids (phosphatidylcholine, sphingomyelin, 
phosphatidylinositol and phosphatidylserine) were 
more active than the total lipid. Conversely, other 
phospholipids (phosphatidylethanolamine and car- 
diolipin) were completely inactive. Cholesterol and 
oleic acid also failed completely to inhibit hemol- 
ysis. The varying hemolysis-inhibiting activity 
among these lipids might have arisen from the 
different physical states these lipids assumed after 
sonication. In general, it seems that liposome- 
forming phospholipids were active, and this is in 
accord with the observations of Haywood (14) and 
Maeda et al. (15) that liposomes containing phos- 
pholipids only could fuse directly with myxoviruses. 

Glycolipids are minor components of cellular 
membranes. Interestingly, several glycolipids pos- 
sess very potent hemolysis inhibiting activity. Brain 
gangliosides and hematoside had strong inhibiting 
activity (ca. 50 ttg/ml for 50% inhibition) as 
expected since they contain neuraminic acid which 
can be involved in competition with the attachment 
site of myxoviruses. But several neuraminic acid 
free glycolipids also greatly inhibited hemolysis. 
These active neutral glycolipids shown in Table 1 
contain galactose at terminal positions. In com- 
parison, globoside (Table 1, M) terminating in N- 
acetylgalactosamine inhibited hemolysis only at 
much higher concentrations. Three synthetic ana- 
logues of glycolipids (Table 1, N, O, P) containing 
fl- or a-terminal galactosides possessed high he- 
molysis inhibiting activity, indicating that both 
anomers can react with the viral envelopes. 

Carbohydrate specificity was also observed with 
simple saccharides. Lactose was found to be active 
at high concentrations (3-4 mg/ml for 50% inhibi- 
tion), but sugars like maltose and N,N'-diacetyl 
chitobiose were entirely inactive. In a further study, 
a long chain glycopeptide obtained from fetuin by 
exhaustive pronase digestion was isolated (10). 
This glycopeptide, which contained a long sugar 
chain and terminal galactose molecules, inhibited 
hemolysis at a high concentration (2 mg/ml for 
50% inhibition). If this glycopeptide was converted 
to a "glycolipid" by covalently linking oleic acid to 
the terminal amino group, the hemolysis inhibiting 
activity was increased a thousandfold (2 ,~g/ml). 
This shows that, although carbohydrate may be 
determinant of specificity, glycolipid nature is 
important for effective interaction with myxo- 
viruses. Neuraminic acid free glycoproteins did not 
seem to play a direct role in hemolysis as they failed 
to inhibit hemolysis (Table 1, Q). 

None of the lipids tested impaired the adsorption 
process of myxoviruses, since the viruses retain 
their ability to agglutinate erythrocytes after inter- 
action with these substances. The above hemolysis- 

inhibition results were interpreted to mean that 
phospholipids and glycolipids interfered with the 
fusion process by directly reacting with the viral 
glycoproteins responsible for fusion. If this is the 
case, then cellular membranes containing these 
lipids in elevated concentrations should be more 
readily fused by the viruses. We, therefore, per- 
formed experiments to enrich the erythrocyte 
membrane with several active lipids to see whether 
fusion by myxoviruses would now occur more 
extensively. All such experiments consistently re- 
sulted in great enhancement of hemolysis by myxo- 
viruses after preincubation of erythrocytes with 
glycolipids terminating in galactose. Figure 1 illus- 
trates the results obtained with oleyl lactoside. It 
can be seen that hemolysis steeply increased when 
elevating amounts of this glycolipid was used to 
pretreat erythrocytes (line 4). Preincubation of 
erythrocytes with the glycolipid alone did not lead 
to the same effect (line 1), nor did a detergent 
(Tween 20) cause hemolysis by itself in the presence 
of the virus (line 3). Another detergent (Triton X- 
100) was equally inactive under the same conditions 
(not shown). When globoside, an N-acetylgalac- 
tosamine-terminating glycolipid (Table 1, M), was 
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FIG. 1. Enhancement of influenza virus (fowl plague 
virus)-induced hemolysis by preineubation of erythro- 
cytes with oleyl lactoside (line 4). (1) Control experiment. 
Erythrocytes were pretreated with oleyl lactoside and 
incubated in the absence of the virus. (2) Control 
experiment. Erythrocytes were pretreated with globoside 
(Table 1, M) and incubated in the presence of the virus. (3) 
Control experiment. Erythrocytes were pretreated with a 
detergent Tween 20 in the concentrations indicated and 
incubated in the presence of the virus. (4) Erythrocytes 
were pretreated with oleyl lactoside and incubated in the 
presence of the virus. 
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used to pretreat erythrocytes, there was even a 
slight supression of hemolysis with increasing 
doses of this glycolipid (line 2). This shows that the 
virus interacted with the glycolipids in a highly 
specific manner and that the effect of  glycolipis 
observed was not due to an unspecific detergent 
action. These results are in accordance with the 
interpretation that glycolipids are reaction partners 
of the viral envelope which play a role in fusion. 
The same experiment was not performed with 
phospholipids, as phospholipids are the main 
components of cellular membrane and therefore 
could not be expected to be significantly enriched 
by incubation with exogenous phospholipids. 

The relative significance of phospholipids and 
glycolipids for fusion remains to be established, but 
it is probably influenced by the accessibility of 
these lipids in the cellular membrane. It is possible 
that in natural membranes glycolipids may be more 
readily accessible to the virus than phospholipids 
because of their long extending carbohydrate 
chains. The dramatic enhancement of  hemolysis 
which results when erythrocytes are preincubated 
with glycolipids suggests that exogenously supplied 
glycolipids are readily accessible to the virus and 
that they may have an important  role in fusion. 
However, it remains to be determined in which way 
the exogenously applied glycolipids are incor- 
porated so as to sensitize the red cells for hemolysis. 

The reactivity of lipids may be determined by 
several factors. In the case of phospholipids, 
various head groups are differently charged de- 
pending on the pH. Glycolipids contain many types 
of carbohydrate chains subject to specific recogni- 
tion in biological systems. This kind of recognition 
has already been described to be responsible for 
membrane interactions such as that occurring 
during intercellular adhesion (6). 

F rom past investigations, it seems clear that 
neuraminic acid is the most probable attachment 
site of the myxovirus. The present study demon- 
strates that phospholipids and glycolipids, which 
are probably shielded from direct contact with the 
invading virus by masking proteins, can interact 
directly with the virus prior to membrane fusion. 
Based on a recent observation that neuraminidase 
is needed during myxovirus-induced membrane 
fusion, we postulated the existence of a second 
receptor in the cellular membrane, which is essen- 
tial for membrane fusion but is exposed only after 
the action of neuraminidase (16). In this sense, the 
phospholipids or glycolipids described here may be 

such "receptors" which can be unmasked by the 
action of neuraminidase before they mediate fusion 
of membranes. It is possible that these lipids are the 
natural reaction partners of the F~-fragment of  
paramyxovirus and the HAs-fragment of influenza 
virus which contain amazingly similar hydrophobic 
N-terminal structures (17). The exposure of these 
hydrophobic peptides by a proteolytic cleavage 
during replication of  myxoviruses is known to be 
essential for the fusion property and infectivity of 
these viruses (1,2). Lately, evidence is accumulating 
that not only myxoviruses but also several other 
enveloped viruses infect their host cells by mem- 
brane fusion. It remains to be established whether a 
similar mechanism of membrane fusion operates in 
all these cases. 
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Intralipid Alters Macrophage Membrane Fatty 
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ABSTRACT 

Intralipid (IL) is a soybean oil emulsion commonly used as a parenteral nutrient. IL is taken up by 
macrophages. These cells are a site of synthesis of several of the proteins in the complement system, a major 
mediator of the humoral system. These studies were undertaken to determine whether 1L has an effect on the 
production of the second (C2) and the fourth (C4) components of complement by guinea pig and human 
macrophages in vitro. Guinea pig macrophages incubated with IL, in concentrations from 5 to 40 mg/dl, 
produced significantly decreased amounts of C2 and C4 when compared with controls (decreases from 40% 
at 5 mg/dl to 60% at 40 mg/dl). Human macrophages incubated in IL, 19 or 38 mg/dl, also produced 
significantly decreased amounts of C2 when compared to controls (decreases were 45 and 50% at 19 and 38 
mg/dl, respectively). The maximum concentration of IL used in these studies did not significantly affect cell 
viability, or the production oflysozyme or/3-glucosaminidase. For human macrophages, which were studied 
more thoroughly, the inhibition of C2 production was reversible. C2 levels returned to normal after removal 
of IL. Cells stimulated with opsonized zymosan produced levels of C2 comparable to stimulated control 
cells, despite the continued presence of I L within the cells. Human macrophages incubated with arachidonic 
acid, in addition to IL, produced C2 as well as control cells did. Thus, IL appears to have a selective, 
reversible effect on C2 production. It is possible that a general increase in fat metabolism, in response to the 
ingestion of IL, nonspecifically consumed arachidonic acid, decreasing its availability as a substrate for a cell 
product important in production of C2. Since the effects on C2 production were seen with concentrations of 
IL commonly seen in plasma of infants receiving IL intravenously, these studies have implications for the 
clinical use of oil emulsions in parenteral nutrition. 
l.ipids 18:493-500, 1983. 

INTRODUCTION 

Parenteral  hypera l imenta t ion  has been used in 
the t rea tment  of adults  and children suffering from 
gastrointest inal  abnormal i t ies  and malnutr i t ion.  
Ten percent emulsions of oil stabilized with phos- 
pholipid are now being used as a major  const i tuent  
of hypera l imenta t ion  fluids (1). At  the present 
time, there are two oil emulsions commercial ly  
available for use in patients; IL (10% soybean oil, 
1.2% egg yolk phosphol ipid,  2.25% glycerine in 
pyrogen-free water; also available as a 20% soy- 
bean oil emulsion) and  Liposyn (same formula t ion  
as IL, except that  the source of oil is safflower). 
These emulsions are commonly  used in newborn  
infants, especially premature  or small-for-gesta- 
t ional-age infants who frequently have feeding 
problems and require parenteral  nutr i t ion until  
adequate  calories can be taken orally (2). Use of IV 
fat emulsions makes it possible to deliver adequate  

'Presented at the 73rd Annual Meeting o| the American Oil 
Chemist's Society in Toronto, Canada, May 1982. 

:Present address: Children's Hospital of Philadelphia, 34th and 
Civic Center Boulevard, Philadelphia, PA 19104. 

Abbreviations used: IL, Intralipid; C2 and C4, the second and 
fourth components of complement; LDH, lactate dchydrogcnase; 
OpZ, opsonized zymosan; AA, arachidonic acid; PGE:, Prosta- 
glandin E:. 

calories solely by peripheral  vein, thus avoiding the 
use of centr',d vein catheters  and their  associated 
complications.  

Since the in t roduct ion  of IL in the early 1960s, 
numerous  animal  studies have demons t ra ted  depo- 
sit ion of a pigmented material  conta in ing unsatu-  
rated fatty acids and iron in macrophages ,  espe- 
cially of the liver and the spleen (3). More  recently, 
studies in humans  have also demons t ra ted  the 
presence of this fat pigment  and also fat droplets  in 
macrophages  in the liver, spleen and lung (4). The 
fat pigment  was seen in liver specimens obta ined as 
long as 5 years after the last infusion of IL. Van 
Haelst  and Sengers (5) noted large, solitary, or 
conglomerated fat droplets within l ipophagosomes  
of macrophages  on  t ransmiss ion electron micro-  
scopy of a liver biopsy specimen from a 5-week old 
child who had received IL for 12 days. They 
speculated that  the accumula t ion  of the fat might  
inhibit  clearance of part iculate elements by these 
cells. 

More  recently, Black et al. (6) have described a 
case of accidental intracranial  IL infusion. Two 
months  after the infusion, the inf lammatory  reac- 
t ion in the brain was limited to fibrosis and an 
abundance  of macrophages  in associat ion with the 
penetrat ing path  of the needle, and macrophages  in 
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the walls of  the cavity. All the macrophages were 
lipid-laden. There was no inflammatory response to 
the extradural or subarachnoid deposits of the 
fatty material. It seems possible that the ingestion 
of fat by the macrophages interfered with the 
subsequent participation of the cells in the inflam- 
matory process, thus reducing the usual influx of 
neutrophils. 

Macrophages play a central role in the host 
defense system (7). These cells phagocytize and kill 
invading microorganisms, participate in surveil- 
lance against tumor cells, and synthesize and 
secrete numerous proteins that participate in the 
inflammatory process. Included in the proteins 
synthesized and secreted by macrophages are sev- 
eral proteins in the complement system (8), which is 
a major mediator of the inflammatory process (9). 
The effect of lipid emulsions on the capacity of 
macrophages to synthesize and secrete comple- 
ment proteins had not been studied. These studies 
were designed to determine if macrophages that 
had ingested IL in vitro could synthesize normal 
amounts of the second component  of complement,  
C2. C2 was chosen because it is one of the limiting 
components in the complement activation sequence. 

METHODS 

The methods of culture of guinea pig peritoneal 
macrophages (10), human peripheral blood mono- 
cytes (I I), the functional assays of C2 (12), LDH,  
fl-glucosaminidase and lysozyme (13), and the 
assays for cellular protein (14) and D N A  (15) have 
been published, lntralipid was obtained commer-  
cially. 

Cel l  Fa t ty  Acid Analysis 

Total lipids were extracted using the chloroform 
methanol (2: 1) system of Bligh and Dyer (16). The 
crude lipid extract was then fractionated by silicic 
acid chromatography (I 7), separating neutral lipids 
from phospholipids. Recovery of lipids from the 
silicic acid chromatography was greater than 95%. 
The identity of these lipid fractions was confirmed 
by thin layer chromatography, as described by 
Skipski et al. (18). The lipids in the two fractions 
were hydrolyzed and the resulting fatty acids 
methylated, using the method of MacGee and 
Allen (19). The fatty acid esters were separated with 
gas-liquid chromatography containing a glass col- 
umn, 4 mm i.d. x 6 ft., packed with 10% EGSS-X 
on gas-chrom P, 100-120 mesh. This column 
permitted good separation of the i 6:0 through 20:4 
fatty acid methyl esters. 

RESULTS 

The Effect of IL on C2 Production by Guinea Pig Peritoneal 
Macrophages 

Initial studies of the effect of IL on macrophage 

function were done using guinea pig peritoneal 
macrophages because the morphology and func- 
tion of these cells are well characterized and easily 
obtained for study in vitro (10,20). Ingestion of the 
1L by the macrophages after periods as short as 4 hr 
was confirmed by staining for neutral fat in the cells 
with oil red O and by transmission electron micro- 
scopy. Throughout  the 48-hr culture period used 
for these studies, there was no evidence of  lipid 
digestion within the lipophagosomes. However, 
there was evidence that the macrophages could 
partially digest and process the IL. Transmission 
electron microscopy demonstrated that 45% of the 
cells contained IL after a 4-hr culture period in the 
presence of IL. Parallel cultures of macrophages 
were incubated with IL for 4 hr and then washed 
and incubated for an additional 20 hr to allow the 
cells to digest the IL. When these cells were 
examined by transmission electron microscopy, 
only 10% of the cells contained 1L, indicating that 
the macrophages had been able to digest some of 
the IL that had been ingested during the first 4 hr 
of culture. 

Initial experiments indicated that cells incubated 
with IL, 40 mg/dl ,  produced decreased amounts  of 
C2 and C4 when compared to control cells. In 
subsequent experiments, a concentration-response 
relationship for the effect of IL on C2 and C4 
production was established. As shown in Figure 1, 
cells incubated in concentrations of IL as low as 2.3 
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FIG. I. Effect of IL on the capacity of guinea pig 

peritoneal macrophages to produce C2 and C4. Peritoneal 
exudate cells (80% large mononuclear cells) were har- 
vested 4 days after intraperitoneal injection of sterile 3% 
acqueous solution of hydrolyzed starch in Hartley guinea 
pigs. After washing, the cells were incu hated for 2 hr at 37 
C to allow adherence of macrophages. The nonadherent 
cells were removed and the macrophages cultured in 
medium 199 containing 10% heat-inactivated fetal calf 
serum (56 C, 2 hr) alone or in medium 199 containing fetal 
calf serum and IL, in concentrations ranging from 2.3 to 
37.5 mg/dl. After 48 hr in culture, the media were 
removed and titrated for C2 and C4 by using the 
appropriate hemolytic assay. The data are expressed as 
the mean + SE for duplicate plates in 4 separate 
experiments. Production of both C2 and C4 by cells 
incubated in all concentrations of I1. was significantly 
reduced when compared to the control, as determined by 
analysis of covarience (p < 0.01 ) (modified from Strunk et 
al. (10)). 
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mg/dl ,  produced decreased amount s  of bo th  C2 
and C4 (10). Several lines of evidence indicated that  
the effect of IL on the C2 and C4 was due to 
decreased synthesis of the proteins (10). First, the 
IL did not interfere with detect ion of C2 or C4 in 
the medium. Second, the a m o u n t  of C2 and C4 was 
decreased within the cells incubated with IL, 
indicating that  the effect of IL on the product ion  of 
C2 and C4 was not  simply due to decreased 
secretion. Third,  the IL did not affect secretion of 
other  proteins by the cells. Four th ,  the cells 
incubated with IL did not secrete proteases that  
cleaved the complement  proteins.  In addi t ion,  the 
effect of C2 and  C4 synthesis was not  the result of a 
generalized dysfunct ion of the cells, for cells re- 
mained viable. 

The effect of the IL was due to the oil componen t  
of the emulsion because the phosphol ip id  and  
glycerol had no effect on complement  synthesis 
(10). Incubat ion  of the cells with an  emuls ion made 
with castor oil also reduced C2 and  C4 synthesis, 
suggesting that  the par t icular  fatty acid composi-  
t ion of the soybean oil was not  responsible for the 
effect on C2 and  C4 synthesis (10). 

In the guinea pig macrophages ,  the effect on 
complement  synthesis was seen with concent ra-  
t ions of IL commonly  observed in blood of new- 
borns  receiving IL for hypera l imenta t ion  (21). 
Because of the possible clinical implicat ions of 
these results, we have studied the effect of IL on 
h u m a n  monocyte-derived macrophages ,  peripheral  
blood monocytes  tha t  have been allowed to mature  
into macrophages  during extended periods in 
culture (13). Studies with h u m a n  cells have the 
obvious advantage  of being more  relevant to the 
pat ient  receiving IL, and these cells also remain in 
culture for longer periods of  time, dur ing which 
they can be manipulated.  

The Effect of IL on C2 Production by Human Peripheral 
Blood Monocyte-derived Macrophages 

Early in culture, peripheral blood monocytes are 
small, rounded, dense cells. After several days in 
culture, the cells spread and acquire morphologic 
characteristics ofmacrophages. The morphological 
changes are associated with changes in the func- 
t ional  capabili ty of the cells, including the capacity 
to synthesize and  secrete C2 (22). The effect of IL 
on C2 product ion  was determined using cells tha t  
were producing C2 at a cons tan t  rate. Mono-  
nuclear phagocytes tha t  had been in culture for 7 
days were washed and then cultured in medium 
alone or in medium conta in ing IL, in a final 
concent ra t ion  of 9.5, 19, or 38 mg/d l ,  for 48 hr (23). 
The effect of I L on t he product ion  of C2 dur ing this 
48 hr interval is shown in Figure 2. The level of C2 
produced by cells incubated in 19 or 38 mg IL /d l  
was significantly reduced when compared  to C2 
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FIG 2. Effect of IL on capacity of human mononuclear 
phagocytes to produce C2. Mononuclear cells were 
separated from normal human peripheral blood by 
Ficoll-Hypaque; the monocytes were then adhered to 
plastic and cultured in medium containing heat-inactivated 
(56 C, 30 min) autologous serum (M 199-HAS). After 7 
days in culture, the conditioned medium was removed, 
the cells were washed and then cultured in fresh medium 
alone or in medium containing IL, 9.5, 19 or 38 mg/dl. 
After an additional 48 hr in culture, the media were 
removed and titrated for C2 by using the hemolytic assay. 
The data are expressed as the mean + SE of the activity of 
C2 in the culture medium, corrected for amount of 
protein present in the cells adhered to the dishes at the end 
of the 48 hr incubation period. The number of plates for 
each condition is shown in parentheses. The amount of 
C2 produced by cells incubated in IL, 19 mg/dl or 38 
mg/dl, was significantly reduced when compared to the 
control, as determined by analysis of covarience (p<  0.05 
& p < 0.01, respectively) (Reproduced with permission 
from .l.lmmunol. 126; 2267-2271, 1981). 

produced by the control  cells. The decrease in the 
amoun t  of C2 present in the medium was not  
secondary to an effect of IL on the hemolytic  assay, 
since addi t ion of IL to serum or  "condi t ioned 
medium" from control  cells did not affect C2 
activity. In addi t ion,  the reduct ion in C2 produc-  
t ion could not be explained by decreased secretion 
of C2 after normal  synthesis, since intracel lular  C2 
for bo th  control  and 1L-treated cells was 1% or less 
of total  secreted C2 (23). Ingest ion of IL dur ing the 
48-hr incubat ion period was confirmed by t rans-  
mission electron microscopy which showed an 
accumula t ion  of lipid droplets  in the cytoplasm. 

Is the Effect of IL on C2 Production by Human 
Monocyte-derived Macrophages Reversible? 

Two independent  methods  were used to deter- 
mine whether  the effect of IL on C2 produc t ion  was 
reversible. First, the response of IL-treated h u m a n  
macrophages  to a part iculate stimulus, opsonized 
zymosan, was determined.  Cells that  were being 
incubated either in control or IL-containing medium 
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were allowed to phagocytize opsonized zymosan 
and the effect on C2 product ion was determined. 
Ceils incubated in medium without IL produced 
significantly more C2 when exposed to opsonized 
zymosan ( p <  0.01) (Fig. 3) (23). The amount  of C2 
produced by cells which were cultured with IL and 
opsonized zymosan was significantly increased (p 
< 0.001) when compared to the amount  produced 
by cells in IL alone. The amount  of C2 produced by 
the stimulated IL-treated cells was comparable  to 
the amount  produced by stimulated control  cells, 
indicating that IL-treated cells could respond to a 
stimulus as well as control  cells. 

Second, reversibility of the effect of IL on the 
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FIG. 3. Reversal of the effect of IL on the capacity of 
mononuclear phagocytes to produce C2 by incubation of 
the cells with opsonized zymosan (Op Z). Mononuclear 
phagocytes were cultured for 7 days before they were 
washed and incubated in MI99-HAS alone or in medium 
containing IL, 38 mg/dl, as described in legend for Figure 
1. During the second 24 hr of the incubation period with 
IL, opsonized zymosan, 10 particles/cell, was added to 
one-half of the control and IL plates. After a total of 48 hr 
incubation, the media were removed, centrifuged at 0C to 
remove particles that had not been ingested, and then 
titered for C2. Opsonized zymosan did not contribute 
directly to the amount of C2 in the medium, since fresh 
medium containing the particles had no C2 hemolytic 
activity and addition of the particles to "conditioned 
medium" from control cells did not affect the C2 titer. The 
data are expressed as the mean __+ SE of the C2 in the 
culture medium, corrected for the amount of DNA 
present in the cell adherent to the dishes at the end of the 
48 hr incubation period. The number of plates for each 
condition is shown in parentheses. The total amount of 
DNA was not significantly affected by any of the culture 
conditions; DNA were used to standardize the C2 instead 
of cellular protein because the zymosan interfered with 
the protein assay. *Significantly different from control (p 
< 0.01 for Student's 2-tailed t-test); **significantly differ- 
ent from 1L (p< 0.001) (modified from Kolski and Strunk 
(23)). 

human macrophages was assessed by washing ceils 
to remove IL and other components  of the condi- 
tioned medium. The cells were then cultured in 
fresh medium without IL for an additional period 
before the medium was removed and titrated for 
C2. Cells were incubated with IL for either 12 or 48 
hr before washing to remove IL. As shown in 
Figure 4, IL, 40 mg/dl ,  inhibited C2 production by 
46% during the first 12 hr of culture (Fig. 4A, IL). 
When the cells were incubated with IL for 48 hr, the 
inhibition increased to 63% (Fig.4B, IL). Cells were 
able to recover the capacity to produce C2 after 
being in culture with IL for either 12 or 48 hr. After 
incubation with IL for 12 hr, the cells were able to 
produce 90% as much C2 as the controls in the 36 
hr after the Ik had been washed away (Fig. 4A- 
Recovery). Cells that had been incubated with IL 
for 48 hr were able to recover most of the capacity 
to produce C2 in the 72 hr after IL had been 
removed (C2 production was inhibited by only 18% 
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FIG. 4. Reversal of effect of tL on the capacity of 
human macrophages to produce C2 by removing the IL 
from the medium. Peripheral blood monocytes were 
cultured for 7 days to promote maturat ion of the cells into 
macrophages. The cells were washed and cultured in 
medium alone (O), or in medium containing I1., 38 mg, dl 
(D). After 12 hr (A-II.) or 48 hr (B-II.), the cells were 
washed 4 times to remove conditioned medium and IL. 
and then cultured loran additional 36 hr (A-Recovery) or 
72 hr (B-Recovery) in medium x~ithout 11.. The media 
were titered for C2 by using the hemolytic assay. 

in this period - see Fig. 4B - Recovery). The human 
monocyte-derived macrophages were able to clear 
the IL as determined by transmission electron 
micrographs of the cells. After 48 hr incubation 
with IL, all cells contained large quantities of fat 
droplets. Cells initially incubated with IL for 48 hr, 
and then incubated for 48 hr in medium without IL 
were similar in appearance to the cells that had 
never been incubated in IL. 

Selectivity of IL Effect 

In order to assess whether the decreased C2 
production by human monocyte-derived macro- 
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phages was associated with a general a l tera t ion of 
cell function,  several addi t ional  funct ions were 
studied dur ing the 48 hr period of incubat ion  with 
IL (23). First, the release of the intracellular  
enzyme, LDH, into the extracellular  medium was 
studied. This method is often used to assess cellular 
viability (24). LDH release was not  affected by 
incubat ion of the cells with I L (percentage of LDH 
released in medium was 15 + 5 for controls  (mean 
+ S.D. for 12 plates) and 14_+ 10 for cells incubated 
with 38 mg/dl )  (23). Second, product ion  of lyso- 
zyme, an enzyme that  is secreted and not stored 
intracellularly, and fl-glucosaminidase, a lysosomal 
enzyme, were not significantly affected by incuba- 
t ion with IL (values for controls  were 23 + 12 #g  
lysozyme and 443 + 65 #mol  of /3-glucosaminidase 
substrate  r educed /#g  cellular protein,  compared  to 
23 + 10 and 436 + 70 for IL-treated cells, respec- 
tively) (23). Third,  the capacity of cells to remain  
adherent  to the plastic subs t ra tum and to produce 
total  cellular protein,  as measured by D N A  and 
total  protein of adherent  cells, also were not altered 
by incubat ion with IL (values for controls  were 2.2 
+ 0.8 #g  D N A / p l a t e  and 61 + 30 #g  total  
pro te in /p la te ,  compared  to 2.2 + 0.7 and 63 +-- 30 
for IL-treated cells, respectively) (23). 

Relationship of IL Effect to A A  Metabolism 

Revsin et al. (25) noted that  the lipid profile of 
human  fibroblasts in culture was altered after  
exposure  to IL. They noted that  cells incubated 
with IL had markedly increased levels of oleic 
(18:1) and linoleic (18:2) acids, the major  con- 
sti tuents of IL, but that  the levels of AA (20:4), 
were significantly reduced. Exper iments  were per- 
formed with guinea pig macrophages  to de termine  

if the effect of I L ingestion on these cells was similar 
to the effects observed on the fibroblasts.  Incuba-  
t ion of the ceils with  IL significantly altered the 
fatty acid composi t ion  (Table I). Similar  to the 
results in the studies with fibroblasts,  there was a 
decrease in the percentage of 20:4 in the phospho-  
lipid fract ion and this change was not  observed in 
the neutral  lipid fraction. In addi t ion to the 
changes in 20:4, percentages of 18:1 and 18:2, the 
major  const i tuents  of IL, increased significantly in 
both lipid fractions. Percentages of 16:0 increased 
significantly in the phosphol ipid  fraction, but did 
not change in the neutral  lipid fraction, whereas the 
percentage of 18:0 did not change significantly in 
the phosphol ip id  fraction, but decreased signifi- 
cantly in the neutral  lipid fraction. In contrast ,  
dur ing the 48 hr in culture with medium conta in ing 
10% heat-inactivated fetal calf serum alorie, the 
only changes noted in the fatty acid composi t ion  of 
the control  cells were a significant decrease in the 
percentage of 18:2 in the phosphol ip id  fract ion 
(from 22.4 + 1.8% after the initial adherence to 14.2 
+ 1.8% after the cells had been in culture for 48 hr) 
and an increase in the percentage of 20:4 in the 
phosphol ip id  fract ion (from 21.4 + 4.4 to 30.6 + 
5.4). 

Arachidonic  acid is present in the membranes  of 
all cells, including macrophages.  Upon s t imulat ion 
of macrophages ,  a rachidonic  acid is released from 
phosphol ipids  and is then converted into metabo-  
lites tha t  have potent  regulatory effects on macro-  
phage funct ion (26-28). Since the ceils incubated 
with IL had decreased levels of AA, specifically in 
the phosphol ipid  fraction, we speculated that  the 
decreased availability of AA might  have been 
related to the effect of IL on C2 product ion.  There-  
fore, we tested the effect on C2 product ion  of 

TABLE I 

Effect of I1. on the Fatty Acid Composition of Guinea Pig Peritoneal Maerophages ~ 

Composit ion 

Phospholipids Neutral lipids 
Individual 
laity acids Control I1. Control I1. 

% 

16:0 13.2 _+ 2.2 22.3 + 3.8 30.6 _+ 5.0 24.0 + 2.2' 
18:0 26.9 _+ 2.3 24.9 _+ 2.2 22.3 + 2.2 I 1.9 _+ 1.2" 
18: I 15.2 +_ 1.7 19.8 + 3.0" 21.4 -4- 2.2 30.5 + 2.7" 
18:2 14.2 _+ 1.8 17.6 _+ 2.4 t' 14.0 _+ 1.2 26.1 _+ 3.9" 
20:4 30.6 + 5.4 15.5 _+ 3.1" 11.8 + 6.0 6.8 + 0.9 

"Guinea pig peritoneal macrophages were prepared as described in legend for Figure 1. After 48 hr in culture 
with medium containing 10% heat-inactivated (56 C, 2 hr) fetal calf serum alone (control) or medium with 
38mg IL/dl (IL). the cells were lysed and the fatty acid composition determined as described in the methods. 
Results are mean + S.D. for duplications in 5 separate experiments. 

bSignificantly greater than control, p<0.01, by the 2-tailed Student's t-test. 
'Significantly less than control, p<0.01. 
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addition of AA to cells being cultured with 1L. As 
shown in Figure 5, human monocyte-derived macro- 
phages incubated with IL produced decreased 
amounts of C2 when compared to control cells. 
When the cells were incubated with both AA and 
IL, the cells were able to produce significantly more 
C2 than when incubated in the IL alone. AA alone 
in concentrations of up to 10 mg/dl  had no effect 
on C2 production. 
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FIG. 5. Effect ofarachidonic acid (AA) on the capacity 
of IL-trcated and control human monocyte-derived 
macrophages to produce C2. Experiment was performed 
as described in the legend for Figure 2. The data are 
expressed as the mean + S.D.; the number of plates for 7 
for control, 8 each for AA and IL alone, and 10 each for 
IL and the 2 concentrations of AA. C2 production by cells 
incubated with IL was significantly decreased (p < 0.01) 
when compared to control. C2 production by cells 
incubated with IL and AA, both 5 mg/dl and 10 mg/dl, 
were significantly (p < 0.01) increased when compared to 
cells incubated in ii. alone (modified from Kolski and 
Strunk (23)). 

D I S C U S S I O N  

Following the observation that pigmented mate- 
rial is deposited in macrophages in the liver, spleen 
and lung during 1L therapy, a number of studies 
have been done to determine if infusion of I L might 
result in impairment of the immune system. Older 
observations suggested that infusion of certain 
fatty acids (29) and dietary-induced chylomicro- 
nemia (30) produced marked inhibition of neutro- 
phil chemotaxis in animals. Therefore, several 
authors have studied the effect of IL on neutrophil 
function. N ordenstrom et al. (3 I) and Fischer et al. 
(32) noted that incubation of normal human 

neutrophils with IL reduced the capacity of these 
cells to migrate both randomly and toward a 
chemotactic stimulus. However, extremely high 
concentrations of IL, 2500 mg/d l  or higher, were 
required. Since concentrations in patients do not 
often exceed 1000 mg/dl ,  even in infants with 
decreased clearance of fat (21), the relevance of 
these observations was questioned. English et al. 
(33) subsequently demonstrated that the effect of 
these extremely high concentrations of IL on the 
neutrophil function was not due to the ingestion of 
IL by the neutrophil, but was related to the 
permeability of the neutrophil membrane to the 
glycerol in the IL. Two groups also studied the 
effect on neutrophil function of infusion of IL into 
normal adults. Even when amounts as high as 80 g 
IL were infused over a 2-hr period (equivalent of 12 
g /kg /24  hr, with the usual maximal amounts being 
4 g /kg /24  hr), there was either no effect on neutro- 
phil chemotaxis (34) or a minimal effect that was 
completely reversed by 24 hr after the infusion was 
stopped (31). These studies suggest that IL infu- 
sions have no significant effect on neutrophil 
migration. 

As mentioned earlier, numerous studies in ani- 
mals and humans have demonstrated the presence 
of fat in macrophages in the liver, spleen and lung 
after infusion of IL. Van Haelst and Sengers (5) 
speculated that the accumulation of fat might 
inhibit clearance of particulate elements by these 
cells. In spite of these findings, several studies have 
demonstrated that the clearance function of the 
macrophage system apparently remains intact even 
after prolonged IL therapy. Rabbits given IL, 4 
g /kg /24  hr for periods up to 6 days, had normal or 
increased capacity to clear radiolabeled endotoxin 
from the plasma, a function of  macrophages of the 
liver, spleen, bone marrow and lung (35). Bradfield 
(36) demonstrated that infusion of a large amount  
of IL into mice, 1.6 gJ kg as a single bolus, did not 
reduce clearance of  'Cr-labeled sheep red blood 
cells by liver macrophages, whereas infusion of 
dextran sulfate, an agent known to block the 
uptake of particles by the macrophage system, 
reduced the clearance to less than 50% of control 
levels. Jarstrand et al. (37) demonstrated that 
patients receiving IL had a normal capacity to clear 
'2Sl-microaggragated human serum albumin, a 
particle known to be cleared by the macrophage 
system. 

In contrast to the studies on neutrophil chemo- 
taxis and the capacity of macrophages in the liver 
and spleen to clear endotoxin or foreign particles, 
our studies with both guinea pig macrophages and 
human monocyte-derived macrophages indicate 
that IL significantly decreased the capacity of these 
cells to synthesize C2. The guinea pig macrophages 
appear to be more sensitive to the effects of IL, in 
that the levels of IL required to produce an effect 
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on the capacity of these cells to produce C2 were 
lower than in the human ceils. In addition, the 
human cells were able to recover the capacity to 
produce C2 within 48 hr after the IL was removed 
from the medium, but the guinea pig cells did not 
recover by 48 hr. It is possible that  the human cells 
can metabolize IL more efficiently than the guinea 
pig cells. Human  monocyte-derived macrophages 
are known to contain lipoprotein lipase (38), an 
enzyme that  is capable of metabolizing IL. 

The ingestion of IL by these cells was also 
associated with an alteration of  the fatty acid 
composit ion of the cells, with increased levels of 
palmitic, oleic, and linoleic acids and decreased 
levels of stearic and arachidonic acids. Because AA 
metabolites are known to be modulators  of macro- 
phage function, we speculated that  the alteration of 
AA metabolism might be related to the reduction 
in C2 synthesis. Enrichment  of the IL-containing 
medium with AA reversed the effect of IL on C2 
production. It is possible that  nonspecific utiliza- 
tion of AA during generalized increased metab- 
olism of fat in response to the abnormally high fat 
content  of cells might decrease the availability of 
AA as a precursor of  a metabolite that  is respon- 
sible for maintaining C2 production,  The com- 
pound is not PGE2, an AA metabolite known to be 
produced by macrophages,  since the ingestion of 
IL by the human monocyte-derived macrophage 
did not alter production of PGE2 (23). The findings 
of Spector et al. (39) support  this hypothesis. They 
cultured human endothelial cells with linoleic acid 
alone, and noted a significantly reduced percentage 
of AA in the cells and a decreased capacity of  the 
cells to produce prostacyclin. Addit ion of AA, 12 
mg/dl ,  to the linoleic acid-containing medium 
reversed the effect of the linoleic acid on pros- 
tacyclin production.  

The effect of IL on C2 synthesis was seen with 
concentrat ions of IL commonly  observed in pa- 
tients receiving IL for parenteral nutrit ion (21,40). 
A group of small-for-gestational-age infants had 
mean plasma levels of 222 mg IL /d l  after 6 hr of 
continuous infusion at a rate of 3.6 g /kg /24  hr (40), 
rates commonly used. Even appropriate-for-ges-  
tational-age infants, who tolerate IL much better 
than small infants, had mean plasma levels of 86 
mg IL/d l  at this infusion rate (40). These levels are 
far above the 20 mg/d l  that  produced significant 
effects on C2 synthesis in human monocyte-derived 
macrophages.  The function of the complement  
system is depressed in newborn infants (41), ap- 
parently because of an immaturity of  the various 
cell types that  synthesize the complement  com- 
ponents. Theoretically, the ingestion of IL in vivo 
by macrophages,  which are sites of  synthesis for 
several of the complement  components ,  could have 
an effect of the level of function of the complement  
system in newborn infants. 

There have been no reports of levels of C2 or 
other complement  components  in infants receiving 
IL for parenteral nutrition. Our data suggest that 
potential effects of IL in C2, and perhaps  other 
complement  components ,  would most  likely be 
avoided if plasma levels of fat were kept at low 
concentrat ions (less than 20 mg/dl) ,  and further- 
more, that an intermittent infusion schedule might 
be considered, allowing the macrophages an op- 
portunity to clear the IL. 
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Kinetic Analysis of Plasma VLDL-TG and VkDk-Remnant-TG 
Turnover in Anesthetized Rats 
R O Y  BICKERSTAFFE 1, IRV ING LYON,  HOJAT R O S T A M I ,  N O M E  BAKER 2 and J O H N  ELOVSON* ,  
Tumor-Lipid Research Laboratory, VA Wadsworth Medical Center, Los Angeles, CA 90073, and Department 
of Medicine, UCLA School of Medicine, and Crump Institute for Medical Engineering University of California 
at Los Angeles, Los Angeles. CA 90024 

ABSTRACT 

We have estimated the turnover and relative pool sizes of nascent-V LDL-TG and VLDL-remnants-TG in 
anesthetized rats. [l-14C]Palmitoyl - and [2-3H]glyceryl-labeled "VLDL"-TG (including nascent VLDL-TG 
and VLDL-rernnants-TG) were prepared by injecting labeled palmitate and glycerol into donor rats. 
Labeled serum from these rats was then injected intravenously into nembutalized male rats and serial blood 
samples taken for 30 min. Special care was taken to define any early components in the labeled "VLDL"-TG 
disappearance curves. In other experiments, the donors were rendered functionally hepatectomized 30 min 
after injection of 3H-glycerol and the endogenous labeled VLDL-TG was allowed to circulate 30-60 min 
before collection of the TG-labeled VLDL-remnants-containing serum. The latter was injected into 4 
recipient nembutalized rats and the remnant-TG-turnover measured by serial sampling as above. In two 
cases, 14C-"VLDL" and 3H-VLDL-remnants were injected as a single bolus into ether-anesthetized rats. 
Despite its complex composition, "VLDL'-TG in most cases disappeared in a single exponential fashion for 
30 min with an average half-life of 5.9 min in nembutalized and 2.8 in ether-anesthetized rats. VLDL- 
remnants-TG showed a more complex behavior, but contained a major rapid component with a mean t~/2 of 
ca. 1.5 min in both groups. The data, analyzed by multicompartmental analysis, were fitted to a simple 
model in which turnover of a larger nascent VLDL-TG pool with formation of a more rapidly turning over 
smaller pool of VLDL-remnant-TG is the rate-limiting step in overall TG removal from the d <  1.006 
fraction of rat serum. The data are consistent with our theoretical prediction that under these conditions the 
kinetics of the VLDL-remnants cannot be resolved from analysis of the total composite "VLDL" (nascent 
plus remnant) pool. 
Lipids 18:501-509, 1983. 

INTRODUCTION 

Recent  evidence presented by Mjos  et al. (1) and  
others (2-4) shows that  the very low density 
l ipoprotein (VLDL,  d <  1.006) f ract ion of rats is a 
complex mixture  of V L D L  particles newly secreted 
by liver and  intestine and the cor responding  rem- 
nants  of these particles (l) .  In  the rat,  p lasma 
V L D L  and their  r emnants  p robab ly  each comprise 
2 distinct types of particles: those conta in ing  apoB- 
PI(II), which are derived f rom the liver, and  those 
conta ining apoB-PI I I  which also derive predomi-  
nantly f rom liver, as well as f rom the intestine (2-5); 
moreover,  bo th  V L D L  and their  remnants  each 
conta in  a wide spectrum of particles of differing 
TG content  and sizes (1,6,7). For  this reason,  it is 
not  surprising tha t  labeled plasma TG or VLDL-  
TG may show a complex kinetic behavior  when  
reinjected into rats (8). However,  such complexi ty  
is not  always seen. Several au thors  using different 
exper imental  condi t ions  have reported that  labeled 
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VLDL-TG,  when reinjected into rats, decays in a 
simple exponent ia l  fashion (9-11). In order  to 
understand how the complex"VLDL ' -TG ("VLDL"- 
is used th roughou t  the paper  to depict the mixture  
of apoC-r ich and  apoC-poor  VLDL-par t ic les  
(VLDL-remnants )  in the complex d <  1.006 frac- 
tion) fract ion could decay in a simple f irst-order 
manner ,  or to predict  condi t ions  under  which a 
complex kinetic pa t te rn  might be expected, we 
sought  publ ished data  regarding the relative pool  
size and tu rnover  rate of V L D L - r e m n a n t s - T G  in 
rats. We have been unable  to find this informat ion.  

The  l i terature does contain  several impor tan t  
references describing methods  for Prepar ing en- 
dogenously labeled V L D L  remnants  (1,6,7), the 
chemical composi t ion  of remnants  (1) and  the rates 
of hepatic  uptake of r emnan t  componen ts  bo th  in 
vivo (12,13) and  in vitro (7). Based upon  these 
reports,  we have designed 2 studies of  "VLDL"-  
TG and of VLDL-remnants -TG turnover  in nembu-  
talized and  in ether-anesthet ized rats. We have 
used mul t i compar tmenta l  analysis of  these data  to 
approach  the kinetic relat ionships between the 
nascent  V L D L - T G  and V L D L - r e m n a n t s - T G  com- 
partments.  This paper  deals with these relationships 
and some of the problems encountered  in t rying to 
resolve the components  of the complex "VLDL"-  
TG compartment  by conventional tracer approaches. 
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EXPERIMENTAL PROCEDURES 

Animals 

Male Sprague-Dawley rats (Hilltop Labs., Los 
Angeles, CA) were housed in colony cages and fed 
Purina lab chow ad libitum until the day before the 
tracer experiment. Water was available at all times. 
The donors were either fasted overnight (experi- 
ment II) or fasted overnight with access to 20% 
glucose in their drinking water (experiment I11). 
The recipients were all fasted overnight. The body 
weights of recipient rats averaged 365 g in experi- 
ments I and 11 and 300 g in experiment 1II. The 
recipient rats were all anesthetized (see Experi- 
mental Protocol). 

Tracers 

Labeled "VLDL" for experiment I was prepared 
as follows: a 374-g donor rat, fasted overnight, was 
anesthetized lightly with ethyl ether, and injected 
with 1.0 mCi [2-3H]glycerol (SPA, 250 mCi/mmol) 
in the exposed jugular vein. The rat was reanesthe- 
tized with ether and exsanguinated from the aortic 
bifurcation at 30 min. The blood was allowed to 
clot at 4 C and centrifuged in a Sorvall RC2-B 
centrifuge (10,000 rpm• 10 min) using an SS34 
rotor. Serum was aspirated and dialyzed at 4 C 
against 2 changes of one liter of saline for 1 hr each 
time. Each recipient rat received an intrajugular 
injection of 0.5-0.6 ml dialyzed serum (2.5• l0 S 
dpm of the d < 1.006 fraction 95% of which was in 
the TG-glyceryl moiety [see below]). 

The same procedure was used to prepare labeled 
"VLDL" for experiment III except for the follow- 
ing: the donor rat (300 g) had access to 20% glucose 
in its drinking water the previous night. No other 
food was available. Instead of labeled glycerol, 410 
~tCi of [I-~4C]palmitate complexed to rat serum 
albumin (14) was injected into the exposed jugular 
vein. About 0.4 ml of the donor's dialyzed serum, 
labeled primarily in the TGFA moiety of the 
d <  1.006 fraction, was mixed with 2.0 ml of 
dialyzed serum that contained [2-~H]glyceryl - 
labeled VLDL-remnants-TG (see below), and 0.55 
ml was injected into the exposed jugular of each 
recipient rat. The injected dose (experiment III) 
contained a total of 6.1X 104 cpm of ~C-TGFA- 
labeled VLDL (and 3.3• 104 cpm of ~H-glyceryl- 
TG-labeled VLDL-remnants; see below). 

Rat serum, containing VLDL-remnants labeled 
with [2)H]glycerol primarily in the TG-glyceryl 
moiety of the d <  1.006 fraction, was prepared as 
follows. In experiment 11 the donor rat (406 g) was 
fasted overnight, anesthetized lightly with ether, 
and injected in an exposed jugular vein with 2.0 
mCi [2-~H]glycerol. After 30 min (the estimated 
time for the VLDL-TG SpA to reach its maximum), 
the rat was lightly etherized and a functional 
hepatectomy performed by tying off the coeliac 

and superior mesenteric arteries and the portal 
vein. After allowing 30 min under anesthesia for 
the formation of labeled VLDL-remnants, the rat 
was bled from the aortic bifurcation. Serum was 
collected and dialyzed as described above. During 
the 30-min period post-hepatectomy, serial samples 
of blood were collected and the TG radioactivity 
analyzed. Based upon these measurements, we 
estimated that 65% of the labeled VLDL-TG had 
been hydrolyzed in the 30-min period. The dose 
contained 1.2 • 105 dpm of 3H, 99% of which could 
still be recovered in the d <  1,006 fraction. We 
injected 0.50 ml iv into each recipient rat. In 
experiment lIl, the donor rat (300 g) was fasted 
overnight but with access to 20% glucose in its 
drinking water. The rat was injected with [2-3H] - 
glycerol and functionally hepatectomized as des- 
cribed above; however, 60 min, instead of 30 min, 
was allowed following hepatectomy for the forma- 
tion of labeled VLDL-remnants. Based upon 
analysis of serum TG-3H in blood samples taken 
serially during the latter period, we estimated that 
85% of the VLDL-TG was hydrolyzed; 84% of the 
remnants 3H-TG could still be recovered in the 
d <  1.006 fraction. Serum, collected, dialyzed, and 
combined with the serum containing ~4C-TGFA- 
labeled VLDL, as described above, contained 3.3 x 
l0 S cpm as 3H in the 0.55 ml serum that was 

injected iv into each recipient rat. 

Experimental Protocol 

In experiments I and I1, all recipient rats were 
deeply anesthetized with nembutal (50-60 mg/kg, 
ip with supplemental injections, ip, as needed). In 
experiment III, the rats were kept lightly anes- 
thetized with ethyl ether. In experiments I and 1I, 2 
groups of rats were set up. In experiment I, 6 rats 
were injected with serum labeled in the "VLDL"- 
TG-glyceryl moiety; in experiment II, 4 rats were 
injected with serum labeled in the VLDL-remnants- 
TG-glyceryl moiety. In experiment III, 2 recipient 
rats were injected with doubly labeled serum 
containing "VLDL"-TG labeled in the FA moiety 
and VLDL-remnants-TG labeled in the glyceryl 
moiety. The doses have been given above. 

Recipient rats were treated in the same way, with 
the above exceptions. Thus, immediately following 
anesthesia both jugular veins were exposed, and 
the labeled serum injected into one of the veins at 
zero time. Serial blood samples (ca. 0.20 ml each) 
were drawn with a i.0-ml tuberculin syringe, first 
from the contralateral vein and later from both 
veins. In some cases, additional blood samples 
were drawn from exposed femoral veins. The blood 
was allowed to clot and centrifuged. Clear serum 
(0.07-0.1 ml) was transferred with a Hamilton 
syringe to a 10 • 75 mm Kimax tube and the exact 
volume noted. To extract serum lipids (15), 0.45 
ml of methanol/chloroform (2: 1, v/v) was added 
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with vortexing, followed by 0.20 ml 0.9% NaC1, 
revortexing and spinning at 10,000 rpm for 5 min in 
the Sorvall RC-2B centrifuge in the HB-4 swing- 
out rotor. The blunted needle of a 100-#1 Hamilton 
syringe was passed through the protein pellicle at 
the interface and the lower HCCh phase quantita- 
tively withdrawn and transferred to the origin of a 
TLC plate (Applied Science Laboratories, Inc., 
State College, PA). The chromatograms were 
developed with petroleum ether (bp 30-60 C)/ethyl 
ether/acetic acid (80:20:1, v/v/v). The TG-con- 
taining areas were scraped directly into counting 
vials, and 10 ml of Insta-Gel (Packard Instrument 
Co., Downers Grove, IL)/toluene (1: 1, v/v) was 
added. Radioactivity was measured with a Beck- 
man scintillation counter (model LS 330, Beckman 
Instruments, Palo Alto, CA). In some cases, after 
chromatography, the TG were eluted with chloro- 
form and separate aliquots taken for both chemical 
analysis (16) and radioactivity measurement. 

Plasma Volumes 

Rat serum albumin (Sigma Chemical Co., St. 
Louis, MO) was iodinated with 1251 by the chlor- 
amine procedure (17); excess iodide was removed 
by dialysis (twice, 1 hr each time vs one liter saline 
at 0-4 C). The l:5I-labeled albumin was screened by 
iv injection into a rat that was exsanguinated 16 hr 
later (overnight). The screened albumin was again 
dialyzed as above and injected iv (1.0 • 105 cpm/rat) 
either into nembutalized or ether-anesthetized rats 
with exposed jugular veins, as in the previous 
procedures. Serial venous blood sample s were 
drawn, and serum samples (50-100 #1) were counted 
in a gamma counter. Average values of cpm/ml 
serum based upon the samples obtained in the first 
20 min were used to calculate the plasma volume 
(PV) in each rat. The mean PV is expressed as 
percent of body weight (mix 100/g body wt). 

Multicompartmental Analysis 

We analyzed the data first by least squares fits 
either to a single exponential or to the sum of 
exponentials using the SAAM program of Berman 
and Weiss (18). Then we used the SAAM program 
to fit various models to the data. From these least 
squares fits, obtained with an IBM 3033 digital 
computer, we were able to estimate fractional rate 
constants and relative pool sizes of nascent VLDL- 
TG and their remnants. The models are shown and 
discussed in the text. 

We made the following assumptions: (a) the 
volumes of distribution (% of body weight) for 
VLDL and VLDL-remnant particles were the same 
in all rats under any given experimental condition; 
(b) since serum from the donor rat was obtained at 
30 min, close to the assumed tma, of its VLDL-TG 
SpA curve (19,20), the SpA of its small (see below) 
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remnant-VLDL-TG pool was approximately equal 
to that of its precursor, i.e., the nascent VLDL-TG 
itself (21,22); (c) any kinetic differences between the 
TG of VLDL particles (and their remnants) con- 
taining apoB-PI/II and those containing apoB- 
P i l l  (2) would be too small to be resolved in this 
type of expeririaent (23); (d) with the possible 
exception of some IDL-like particles (see below), 
all of the radioactivity found in serum TG would 
float, at d <  1.006 and was either part of a nascent 
(modified) VLDL or a VLDL-remnant particle (1). 

We further assume that: (e) both nascent VLDL- 
TG and their remnants in the recipient rats were in 
a near-steady state (with respect to the tracee) 
during each experiment; (f) all plasma nascent (or 
modified nascent) VLDL-TG-glycerol or -FA that 
was not hydrolyzed to glycerol and FFA was 
converted to plasma VLDL-remnant-TG-gtycerol 
or -FA; (g) on the average,. 2/3 of the nascent 
VLDL-TG Was hydrolyzed before a remnant was 
formed that had a high chance of being recognized 
by the liver and could be removed from the 
circulation. The basis for the latter assumption was 
earlier work by several authors who have reported 
that 30-40% of endogenously prepared VLDL-TG 
is found in liver within 5-10 min after iv injection of 
rats (19,24,25). Thus, assuming that all of the 
remnant VLDL-TG is taken up irreversibly by the 
liver, ca. 60-70% of the TG must have been 
hydrolyzed before the remnants returned to the 
liver. These assumptions regarding VLDL-rem- 
nants uptake are consistent with observations that 
only ca. 5% of VLDL-apoB is converted to IDL- 
apoB and LDL-apoB in rats (2), and that most of 
the labeled VLDL-apoB that disappears from the 
circulation can be recovered in the liver within the 
first 15 min after iv injection into rats (4,12,13). 
Some additional assumptions are listed in the text 
under the heading, "The Model." The sensitivity of 
our final model to errors in some of these assump- 
tions has been discussed elsewhere (23). 

RESULTS 

Kinetic Behavior of "VLDL-TG'" and VLDL-TG-Remnants 

We carried out two studies in which either [2- 
3H]glyceryl-labeled "VLDL-TG" or their remnants 
were injected into nembutalized rats. In a third 
study, [1-14C]palmitoyl-labeled "VLDL-TG" and 
[2-3H]glyceryl-labeled VLDL remnants were in- 
jected simultaneously into ether-anesthetized rats. 
The data, which will be shown below, were fitted to 
either single exponential functions (plus a small 
constant, if necessary) or to the sum of two 
exponentials for each rat. The intercepts and 
exponents of the exponential equations that de- 
scribe the curves are summarized in Table 1. In the 
nembutalized rats, the complex "VLDL"-TG pool 
turned over in a simple exponential fashion with a 
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mean half-life of 5.9 min (range, 5.2-8.7 rain). The 
corresponding remnants displayed a more complex 
behavior, with a major component  (56% at to) 
showing a mean tl/2 of 1.4 rain and a minor 
component  (44%) showing a mean tv2 of 7.1 min. 
In ether-anesthetized rats, in which we carried out 
double-labeled experiments in order to compare 
the "VLDL"  and their corresponding remnants 
simukaneously in individual rats, both the "VLDL"-  
TG and their remnants could best be fit by the sum 
of two exponentials. (In one case, the second 
component of the "VLDL"-TG curve was not well 
defined.) The major (87% at to) rapid component  of 
the "VLDL"-TG curves had a mean tt/2 of 2.8 rain, 
much shorter than that for the " V L D L " - T G  curve 
in the nembutalized rats, with a second minor 
component  (13% at to) showing a mean h/2 of 12 
rain. The remnant curves were similar, with a mean 
t~/2 of 1.7 min for the major component  (77%) and 
of 12 min for the minor component  (23%). 

The Model 
Figure 1 shows the simplest model  consistent 

with our data and the finding of Mjos et al. that the 
V L D L  fraction ( d <  1.006) includes essentially all 
of the VLDL-remnants  (1). We have assigned the 
more rapid, major component  of the radioactive 
VLDL-remnants-TG curve to the physiological 
pool (compartment 2). A priori, the minor slower 
component  in the VLDL-remnant -TG tracer could 
represent (a) an artifact of preparation, (b) a 
residual portion of particles still behaving as 
"VLDL"  rather than V L D L  remnants, (c) particles 
which have passed beyond the VLDL-remnant  
stage to form IDL, which are only slowly removed 
by the liver (2). These possibilities are discussed 
further below; since we have assumed that this 
minor component  probably does not represent a 
physiological remnant and since its significance is 
unknown, we have not included it in the present 
kinetic analysis. 

The composite "VLDL"-TG data are represented 
by the "s.ummer compartment"  5. It includes the 
newly synthesized VLDL-TG (compartment  1), the 
VLDL-TG remnants (compartment 2, the kinetic 
behavior of which was defined above and then 
fixed accordingly in the " V L D L ' - T G  analysis), 
and a third, slowly turning over minor, undefined 
compartment  4 included for curve-fitting purposes 
in the ether-anesthetized rats (see below). 

Computer Fits of the Model to the Data for Nembutalized 
Rats 

The observed data for the 4 nembutalized rats 
that were injected with labeled VLDL-remnants-  
TG are shown in Figure 2 along with the computer-  
derived curve that represents the mean parameters 
(experiment II, Table 1) of the individual least 

7 

} 

FIG. 1. Model of serum "VLDL"-TG kinetics in rats. 
Compartment 1 is nascent VLDL-TG (including modi- 
fied, nascent particles that are not yet recognizable as 
remnants by the liver). Compartment 2 is VLDL- 
remnants-TG. Compartment 3 is the liver TG compart- 
ment into which remnants are taken up from the 
circulation; the further breakdown and mixing of this 
hepatic TG pool is not shown. Compartment 5 is a 
"summer" compartment (a mathematical concept used in 
the SAAM analysis and representing the sum of the 
radioactivity in compartments 1, 2 and 4 at any time). 
Compartment 4 is an undefined radioactive serum TG 
pool used for curve-fitting purposes. The fractional rate 
constants, k,j, are the values to be determined as well as 
the relative pool sizes (Q~) for compartments 1 and 2. 
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FIG. 2. Disappearance of [2JH]glyceryl-TG-labeled 
VLDL-remnants from the circulation of rats (experiment 
II). Each symbol represents the datum from a separate 
nembutalized rat. The dose (one preparation for all 4 rats) 
was injected iv at zero time as freshly obtained labeled 
serum from a functionally hepatectomized donor rat (see 
text). The curve is the least squares fit to the sum of two 
exponentials (see Table 1 for parameters) for the com- 
posite data. 
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T A B L E  I 

Parameters of the Exponential Equations Describing the Turnover of "VLDL-TG ~ 
and VLDL-Remnant-TG in Plasma of Anesthetized Rats 
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Experiment 
and rat no. Anesthesia Tracer injected A~ ~ a~ h 

Parameters 

A2 ~ (1,2 ~ 

l I 
1 2 
I 3 
1 4 

I 5171 
i 618] 

Mean 

II- 7 
If- 8 
If- 9 
II - I 0  

Mean 

Ill - I I  
II1- 12 

Mean 

Ill - I I 
Ill - 12 

Mean 

Ncmbutal 
Ncmbutal 
Nembutal 
Nembutal 
Nembutal 
Nembutal 

N e m b u t a l  
N e m b u t a l  
N e m b u t a l  
N e m b u t a l  

Ether 
Ether 

Ether 
Ether 

l2J H JGlyceryl-"V L DI.-:I-G '' 
2-~ H]Glyccryl-"V L DI.-TG " 

[2- H]GlyceryI-"VLDL-TG" 
[ 2-all JGlyceryl-"V LDI -*I G '' 
[2-~ H]Glyceryl-"V LDI .-TG" 
[2-*H]GlyceryI-"VLDL-TG "' 

[2-'HJGlyceryI-VLDL-remnant-TG 
[2-~ H]GlyccryI-V L Dl.-rcmnant-TG 
[2-~H]Glyceryl-V LDL-remnant-l G 
[2-~H]Glyccryl- V LDl.-remnant -TG 

14C I - "]Pa mitoyl-"Vl.DL-TG" 
[ I-:~C]Palmit oyl-"V LDI.-'I G '" 

[ 2-' H ]G lyceryl- V / D L-rein nant-I G 
[2-' H]GlyceryI-Vl DL-remnant-TG 

08 0. 114 -- 
98 0.134 
98 0.127 
98 0.080 . . . .  
98 0.124 
98 0.121 

98(100) h O. 117 

55 0.43 43 0.109 
55 0.24 43 0.064 
55 0.22 43 0.107 
55 1.09 43 0.113 

55(56) 0.49 43(44) 0.098 

96 0.29 14 0.057 
96 0.20 14 0.060 

96(87) 0.25 14(13) 0.059 

90 0.42 27 0.057 
90 0.38 27 0.060 

90(77) 0.40 27(23) I).059 

dPercentage injccted dose,, total plasma wflume. 
hMin ~. (Note: Extrapolated value for A, 1- A: ~- 100t~. Extrapolated intercept (in parentheses) normalized so that A, + A: = 100%. 

See text for explanation.) 

s q u a r e s  fits to the  d a t a  ( s u m  of  2 e x p o n e n t i a l s )  for  
each  rat.  In each  case,  the  fits were e x t r e m e l y  g o o d  
( S D  va lues  listed in Tab le  1); however ,  the  r a n g e  o f  
va lues  was  large  (0 .22 -1 .09 /min ) .  F r o m  these  da ta ,  
a m e a n  va lue  o f  0 . 4 9 / m i n  for n e m b u t a l i z e d  rats  
was  a s s igned  to k32 in the  m o d e l  s h o w n  in F igu re  I. 

T h e  " V L D L " - T G  d a t a  a n d  the  fits o f  the  m o d e l  
(Fig.  1) to these  d a t a  for  each  o f  6 n e m b u t a l i z e d  
rats  ( E x p e r i m e n t  1) a re  s h o w n  in F i gu re s  3A,  B a n d  
C. No  s lowly  t u r n i n g  over  c o m p a r t m e n t  ( c o m p a r t -  
m e n t  4, Fig. I) was  requi red .  As  can  be seen  in 
F igure  2, the  m o d e l  ge ne ra t e s  a cu rve  for the  2-pool  
m o d e l  (nascen t  V I . D L - T G  plus  V L D L - r e m n a n t -  
TG)  tha t  closely a p p r o x i m a t e s  a s imple  e x p o n e n t i a l  
f u n c t i o n  such  as one  m i g h t  expec t  f r o m  a one -  
c o m p a r t m e n t  mode l .  Th i s  k inet ic  b e h a v i o r  had  
been predic ted  in an  ear l ier  theore t i ca l  ana lys i s  
(23). 

T h e  c o m p u t e r - d e r i v e d  p a r a m e t e r s  a n d  a f u r t h e r  
de sc r ip t i on  o f  the  m o d e l  for  the  n e m b u t a l i z e d  ra ts  
are  s h o w n  in Tab l e  2 and  will be d i s cus sed  below. 
However ,  it is n o t e w o r t h y  tha t  the  s ingle s lope  
de f i n ing  the  " V L D L " - T G  d a t a  (Tab le  1) is a l m o s t  
ident ical  to tha t  o f  the  va lue  c o m p u t e d  for k ~.~ ( ra te  
c o n s t a n t  for  the  to ta l  e f l lux  f r o m  c o m p a r t m e n t  I, 
Fig. 1). T h e  fas te r  f rac t iona l  ra te  c o n s t a n t  c h a r a c -  

terist ic o f  V L D L - r e m n a n t s  in the  n e m b u t a l i z e d  
rats  was  no t  de tec tab le  in the  ana lys i s  o f  the  
" V 1 . D L " - T G  curves ,  aga in  as p red ic ted  or1 theo -  
retical g r o u n d s  (23). 

Computer Fits of the Model to the Data for Ether- 
Anesthetized Rats 

As  s h o w n  in b o t h  F igu re s  4A  a n d  4B, " V L D L " -  
T G and  V L D L - r e m n a n t s - T G  tu rned  over  at s imi la r  
rates  in the  e t h e r - a n e s t h e t i z e d  rats .  A m i n o r  s low 
c o m p a r t m e n t  was  p r e sen t  in at least  one  o f  the  
" V L D L " - T G  cu rves  and  in b o t h  o f  the  V L D L -  
r e m n a n t - T G  curves .  T h e  r e m n a n t - T G  d a t a  in each  
f igure,  as in the  case  o f  n e m b u t a l i z e d  ra ts ,  were  
fi t ted to the  s u m  o f  2 e x p o n e n t i a l s  (Tab le  1) a n d  
on ly  the  fas ter ,  m a j o r  c o m p o n e n t  was  used  in the  
mode l  to def ine  k32 (Fig. 1). T h e n  the  " V L D I ? ' - T G  
d a t a  ( c o r r e s p o n d i n g  to s u m m e r  c o m p a r t m e n t  5 
a n d  i nc lud ing  c o m p a r t m e n t  4, in Fig. 1) were  used  
to def ine  the  m o d e l ' s  p a r a m e t e r s .  A g a i n ,  exce l l en t  
fits were o b t a i n e d  in w h i c h  k ~.~ ( the f r ac t iona l  
t u r n o v e r  ra te  o f  the  n a s c e n t  V L D L  c o m p o n e n t )  
was  c o m p u t e d  to  be essen t ia l ly  the  s a m e  va lue  as 
tha t  of  the  first c o m p o n e n t  o f  the  observed  " V I , D L " -  
T G cu rve  (Tab le  I). 
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FIG. 3. Disappearance•f[2-3H]g•ycery•-TG-•abe•ed``VLDL••fr•mthecir•u•ati•n•fnembuta•izedrats (experiment 
I) and the fits of the model (compartment 5, Fig. 1) to the data. Each of the three panels (A-C) shows the data for two 
separate rats (n = 6). The dose (one preparation for all 6 rats) was injected iv at zero time as labeled serum freshly 
obtained from a normal donor rat. Each curve was obtained by fitting the data from each animal using the model shown 
in Fig. 1. See text for further details. Despite the complexity of the model, each predicted computer-derived curve 
(SAAM) closely approximates a single exponential function as do the data themselves. The model's parameters derived 
from these analyses are shown in Table 2. 

TABLE 2 

Parameters of the Model for "VLDL-TG" Turnover in Anesthetized Rats 

Experiment kl,b 
k b and rat no. Anesthesia Q2/Q~ (%)a (ko~ +k21) z~ k 3 2  b 

1- 1 Nembutal 7.9 0.12 0.040 0.49 
I-  2 Nembutal 9.5 0.14 0.047 0.49 
I-  3 Nembutal 8.9 0.13 0.043 0.49 
1- 4 Nembutal 8.3 0.087 0.029 0.49 
1- 5 Nembutal 8.7 0~13 0.043 0.49 
I -  6 Nembutal 8.5 0.13 0.043 0.49 

Mean 8.6 0.12 0.041 0.49 

Ill - 11 Ether 28 0.33 0.11 0.40 
I l l -  12 Ether 18 0.21 0.071 0.40 

Mean 23 0.27 0.090 0.40 

a Q 2  and Q~ are the pool sizes of VLDL-remnants-TG (compartment 2, Fig. 1) and of nascent (modified) 
VLDL-TG (compartment 1, Fig. I), respectively. 

bFractional rate constants, min ~; see model, Fig. 1. 

Model  Parameters 

A s u m m a r y  o f  the  a b o v e  analyses ,  inc lud ing  the  
re levant  f rac t ional  rate  cons t an t s  and  the  relat ive 
c o m p a r t m e n t  sizes, is s h o w n  in Table  2. In  the  
nembuta l i zed  rats,  the nascen t  ~ V L D L " - T G  poo l  
t u rned  over  wi th  a m e a n  f rac t iona l  rate  c o n s t a n t  o f  
0 . 1 2 / m i n  and  was 12 t imes  larger  t h a n  the  V L D L -  
r e m n a n t - T G  pool .  The re  was very little va r i a t ion  
f r o m  rat  to rat  (see values  o f  Q2 as a pe rcen t  Of Ql in 
Table  2). In  the  e the r -anes the t i zed  rats,  t he  nascen t  
V L D L - T G  poo l  was  4.3 t imes  la rger  t h a n  the  

c o r r e s p o n d i n g  r e m n a n t - T G  p o o l  and  t u rned  over  
a t  a m e a n  f rac t ional  ra te  of  0 .27 /min .  

In  the  nembu ta l i zed  rats ( expe r imen t  I), the  
vo lume  of  d i s t r ibu t ion  o f  " V L D L " - T G  and  the i r  
r e m n a n t s  was  a s sumed  to  be equal  to the  p l a sma  
vo lume  as de t e rmined  wi th  125I-albumin. This  
value averaged  2.8% o f  b o d y  weight .  The  ex t r ap -  
o la ted  values at to o f  the  " V L D L " - T G  and  V L D L -  
r e m n a n t s - T G  radioac t iv i ty  curves  (Fig. 2) agreed  
exact ly  wi th  this value.  In  e the r -anes the t i zed  rats,  
the  p l a sma  vo lume,  based  u p o n  125I-albumin, was  
ca lcula ted  to be ca. 4% o f  b o d y  weight .  Howeve r ,  
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FIG. 4. Simultaneous studies of the disappearance of [l-14C]palmitoyl-TG-labeled "VLDL" 
and [2JH]-glyceryl-TG-labeled VLDL-remnants from the circulation of rats. Data obtained 
from a separate recipient rat is shown in each panel (A,B); the rats were anesthetized with ether 
and injected with labeled serum. The latter was a mixture obtained from two separate donor rats 
(one, providing the ~4C-labeled "VLDL"-TG and the other, the 3H-labeled VLDL-remnants-TG). 
The curves represent the least squares fits to the sum of two exponentials for the 3H-labeled 
VLDL-remnants-TG data of each rat (e), and (b) the fit of the model (Fig. 1) to the ~4C-labeled 
"VLDL"-TG data (o) using SAAM. 

the mean volume of distribution for the VLDL 
particles and their remnants was slightly lower 
(3.5% of body weight) as shown by extrapolation to 
to, and this value was used to evaluate the pool sizes 
and transport rates of the ether-anesthetized ani- 
mals. 

The serum VLDL-TG concentrations of rats 
fasted for 24 hr were found, in separate experi- 
ments, to be the same in anesthetized (ether or 
nembutal) and control rats. The grand mean (+SE) 
concentration was 0.53+0.045 m g / m l  (n=16) .  
This represented a mean (+ SE) of 74 + 3.0% of the 
total serum TG concentration. Based upon the 
volumes of  distribution of " V L D L " - T G  and their 
remnants and the calculated fraction of the total 
" V L D L ' - T G  present in the nascent VLDL particles 
in each group, we estimate that the nascent VLDL-  
TG pool sizes (Q1) were 1.5 and 1.9 mg TG/100  g 
body weight in the nembutalized and etherized 
rats, respectively. Multiplying by the corresponding 
values for k~,~ (Table 2), we calculate that the rates 
of nascent VLDL-TG oxidation and conversion to 
remnants (i.e., Q l k l.l) were 0.15 and 0.46 m g / m i n /  
100 g body weight in the nembutalized and ether 
anesthetized rats, respectively. Since the pool size 
measurement upon which these calculations are 
based were made in a separate experiment than the 
tracer study and because we only studied 2 ether- 
anesthetized rats, we do not wish to draw any 
specific conclusions regarding the effects of one 
anesthetic compared to the other. Rather,  we 

would emphasize that it is important  to carry out 
further work along these lines in unanesthetized 
rats, as recommended by other workers (cf. Krause 
et al. (26) and references therein). The feasibility of 
such a quantitative study in vivo is established by 
the present work using anesthetized rats. 

D I S C U S S I O N  

Despite the fact that the " V L D L " - T G  fraction 
( d <  1.006) as isolated by conventional techniques 
(27) is a highly complex mixture of particles (1), 
including at least 2 different kindg of liver-derived 
nascent, and modified-nascent particles, one with 
apoB-PI / I I  and the other with apoB-PIII  (2), as 
well as intestinal VLDL with apoB-PIII  (3-5), and 
the corresponding remnants (1), the kinetic be- 
havior of the composite d <  1.006 fraction can be 
quite simple. Thus, our nembutalized rats showed 
no clear evidence of either very rapidly or slowly 
turning over "VLDL"-TG components,  although 
the 30-min-study duration probably was too short 
to rule out minor contributions of the latter kind. A 
minor slow component  was more readily apparent 
in the ether-anesthetized rats, in part due to the fact 
that the disappearance of the early rapid component 
of their "VLDL"-TG curve was about twice as fast 
as that of the single slope seen in nembutalized 
animals. This difference may itself reflect different 
hemodynamic responses to the 2 anesthetics. The 
rate-limiting step in VLDL-TG disappearance is 
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catalyzed by capillary endothelial l ipoprotein li- 
pase, and both the slower disappearance of VLDL-  
TG and their lower distribution volume in the 
nembutalized animals indicated impaired periph- 
eral circulation compared to the ether-anesthetized 
animals. 

Thus, the initial disappearance of " V L D L " - T G  
may be highly dependent upon the experimental 
conditions used. Half-lives of 1-3 min have now 
been reported by several laboratories including 
ours, while much longer values have been found by 
others (8). The actual causes of these variations are 
still mostly unknown. Some of the rapid turnover 
rates may by artifacts. Thus, the tl/2 of 1 min 
observed for glucose-fed (fat-free diet) rats (28) is at 
least 5 times faster than we would predict based 
upon studies using Triton WR-1339 (K.R. Bruck- 
dorfer and N. Baker, unpublished observations; see 
also ref. 29). Moreover,  it is difficult, if not 
impossible, to reconcile such rapid rates with 
VLDL-apoB kinetic studies reported by Elovson et 
al. (2). 

Although there were some apparent differences 
in the kinetic behavior o f " V L D L " - T G  between our 
nembutalized and ether-anesthetized rats, the data 
from each animal in each group could be analyzed 
in a consistent way using a common simple model, 
once the fractional rate constant for VLDL- rem-  
nant-TG turnover had been independently deter- 
mined. This value averaged 0.49 / min and 0.36 / min 
in the case of nembutalized and ether-anesthetized 
rats, respectively. By incorporating these values 
into our simplified model, we have been able to 
gain new insight into the kinetic relationship and 
relative pool sizes of the nascent (modified) VLDL-  
TG and VLDL-remnants-TG pools in fasted rats. 
We were unable to find such information in the 
literature. Our analyses indicate that the nascent 
(modified) VLDL-TG compartment  is ca. 12 times 
and 4 times bigger than that of the VLDL-remnant -  
TG compartment in nembutalized and ether-anes- 
thetized rats, respectively. Assuming, as we did in 
our mult icompartmental  analysis, that, on the  
average, 2/3 of  the TG was hydrolyzed before a 
remnant particle was formed, each nascent V L D L  
particle would have 3 times more TG than a 
VLDL-remnant  particle. Accordingly, we estimate 
that there was ca. 1 2 / 3 = 4  and 4/3 = 1.3 as many 
nascent VLDL particles as VLDL-remnant  par- 
ticles in the nembutalized and ether-anesthetized 
rats, respectively. 

One of the interesting features of the particular 
model  we used is the simplicity of the function 
predicted for VLDL-TG.  We have already de- 
scribed the theoretical basis for this phenomenon 
(23). Such simple kinetic behavior is only expected 
when the SpA at to of the nascent VLDL-TG 
compartment is about equal to that of the VLDL-  
remnants-TG. This should always be the case using 

exogenous labeling techniques, but can also occur 
using endogenously labeled " V L D L " - T G  if the 
right time for harvesting the labeled " V L D L " - T G  is 
selected. In this respect, it is theoretically possible 
that the more complex "VLDL"-TG curve observed 
in the 2 ether-anesthetized rats could reflect a 
difference between the donor 's  nascent VLDL-  and 
remnants-TG specific activities, which we have 
assumed to be the same 30 min after injection of 
labeled glycerol or FFA.  However,  this is highly 
unlikely since we have shown earlier (23) that these 
specific activities should be essentially equal over a 
relatively broad time period near the time of the 
donor 's  maximum "VLDL"-TG specific activity. 

A more likely explanation for the greater com- 
plexity of the "VLDL"-TG curve in the ether- 
anesthetized rats is that deep nembutal  anesthesia, 
by decreasing the plasma volume, may have effec- 
tively excluded the VLDL-TG from an important  
site of LPL activity (or that nembutal inhibits 
and /o r  ether stimulates such activity). Further  
work is needed to validate this and other assump- 
tions that we have made. 

One of our findings that needs further study is 
the consistent presence of a slowly turning over 
VLDL-remnants-TG component.  This was most 
prominent in the nembutal experiment,  where the 
remnant tracer was generated during 30 min con- 
tinued circulation of endogenously labeled V L D L  
in a functionally hepatectomized donor; a loss of 
65% of the VLDL-TG occurred. While this equals 
the 2/3 hydrolysis assumed to trigger the V L D L  to 
VLDL-remnant  conversion, the nascent V L D L  
itself is highly polydisperse in size and it is possible 
that an average 65% hydrolysis could leave a 
substantial portion of particles which had not yet 
completed this conversion in the donor. The labeled 
TG in such particles would continue to be hydro- 
lyzed by LPL in the recipients, giving rise to a slow 
apparent VLDL-remnant  component  with a slope 
similar to that for overall " V L D L " - T G  disappear- 
ance. 

Alternatively, a slower "remnant"  component  
could be produced in the hepatectomized donor  if 
TG hydrolysis in the absence of  hepatic clearance 
proceeded beyond the normal remnant  stage, to 
produce IDL-like particles, which are not rapidly 
removed by the liver, but rather are slowly further 
hydrolyzed to lower density lipoproteins (30). This 
is a more likely explanation in experiment III, 
where a longer (60-min) period of circulation in the 
hepatectomized donor  gave an overall TG hydrol- 
ysis of 80%. In fact, 15% of the TG label in this 
remnant tracer was found in the d <  1.006 g /ml  
infranatant, identical to the extrapolated 15% slow 
component  at to. 

The question may, of course, also be asked 
whether the major,  rapidly turning-over remnant 
components could be another artifact of extended 
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e x p o s u r e  to  l i pop ro t e i n  l ipase  in the  h e p a t e c -  
t o m i z e d  d o n o r .  T h a t  is, r a t h e r  t h a n  g o i n g  all  t he  
w a y  to  I D L ,  cou ld  the  m a j o r i t y  o f  par t ic les  su f fe r -  
ing  a poss ib ly  la rger  t h a n  n o r m a l  loss  o f  tri-  
g lycer ides  end  u p  as  " s u p e r r e m n a n t s "  w i t h  a n  
a b n o r m a l l y  r ap id  t u r n o v e r  n o t  necessa r i ly  repre -  
sen ta t ive  o f  " p h y s i o l o g i c a l "  r e m n a n t s ?  W e  f ind  th is  
unl ike ly ,  s ince  in fact  the  r e m n a n t s  o b t a i n e d  at  30 
m i n  h a d  lost  on ly  a b o u t  t w o - t h i r d s  o f  the i r  tri-  
g lycer ides ,  ident ica l  to the  loss  expec t ed  for  r em-  
n a n t  f o r m a t i o n  in n o r m a l  a n i m a l s ,  as d i s c u s s e d  
above .  T h e  80% hyd ro l y s i s  at  60 m i n  in the  
h e p a t e c t o m i z e d  d o n o r  was  s o m e w h a t  grea te r ;  
howeve r ,  s ince  the  2 r e m n a n t  p r e p a r a t i o n s  h a d  
very  s imi lar ,  r ap id ,  r e m o v a l  ra tes  in t he  n o n -  
h e p a t e c t o m i z e d  rec ip ien ts ,  t he re  is no  r e a s o n  to 
a s s u m e  t h a t  e i ther  o f  t h e m  r ep re sen t ed  s o m e  type  
o f  " s u p e r r e m n a n t s "  w i t h  a b n o r m a l l y  r ap id  c lear-  
ance  f r o m  the  c i rcu la t ion .  

R e t u r n i n g  to  the  m o r e  s lowly  t u r n i n g - o v e r  r em-  
n a n t  c o m p o n e n t ,  t he  poss ib i l i ty  a lso  ex is t s  t ha t  it 
cou ld  be t he  n o r m a l  p r o d u c t  o f  a special  s u b c l a s s  o f  
V L D L .  A l t h o u g h  n a s c e n t  V L D L  par t ic les  t h a t  
c o n t a i n  a p o B  ( P I / I I )  p r o b a b l y  a re  c o n v e r t e d  to 
r e m n a n t s  m o r e  s lowly  t h a n  t h o s e  t ha t  c o n t a i n  
a p o B  ( P i l l )  (2), we have  s h o w n  t ha t  the  d i f fe rence  
in these  ra tes  w o u l d  no t  be d i sce rn ib le  as  d i s t inc t  
fas t  a n d  s low c o m p o n e n t s  in V L D L - T G  decay  
cu rves  s u c h  as t h o s e  g e n e r a t e d  in o u r  e x p e r i m e n t s  
(23). C e n e d e l l a  et al. h ave  p r e s e n t e d  ind i rec t  evi- 
dence  t ha t  in tes t ina l ly  der ived  V L D L - T G  labe led  
in the  g lycerol  m o i e t y  t u r n  over  m u c h  m o r e  s lowly  
t h a n  l iver -der ived V L D L - T G  (31). It  is conce i vab l e  
t ha t  s u c h  par t ic les  cou ld  give rise to s lowly  t u r n i n g  
over  r e m n a n t s .  H o w e v e r ,  W i n d m u e l l e r  et al. very  
recent ly  s h o w e d  di rect ly  t ha t  V L D L  f r o m  in te s t ine  
t u r n  over  m o r e  rap id ly  t h a n  t h o s e  f r o m  liver even  
t h o u g h  b o t h  c o n t a i n  a p o B - P I I I  (32). A l t h o u g h  th is  
la t ter  f i nd ing  re la tes  to  the  ra te  o f  overa l l  V L D L  
par t ic le  r emova l ,  it t ends  to  a r g u e  a g a i n s t  a rela-  
t ively s lower  t u r n o v e r  ra te  for  i n t e s t i na l  t h a n  
hepa t i c  V L D L - r e m n a n t s .  A t  th i s  s tage ,  the  poss ib le  
phys io log ica l  s ign i f icance  o f  the  s lower  V L D L -  
r e m n a n t  c o m p o n e n t  r e m a i n s  a n  o p e n  q u e s t i o n .  
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Lipid and Fatty Acid Composition 
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ABSTRACT 

The unique physiological flexibility of the early life stages of striped bass is attributed to the calorie- 
rich endogenous energy sources of the striped bass egg. Eggs of different aged striped bass from 
geographically separate populations were examined for lipid and fatty acid compositions and were found to 
be basically similar. Yolk components of the eggs con[ained significantly less total lipid than oil globules, 
were more diverse in lipid class composition and consisted mostly of polar lipids. Oil globules were entirely 
lipid material consisting predominantly of steryl/wax esters. Fatty acid compositions of yolk and oil 
globules differed according to their respective lipid compositions. The functional significance of these lipids 
is discussed in relation to the ecological context of the early life stages. 
l.ipids 18:510-513, 1983. 

INTRODUCTION 

Studies on the feeding ecology and bioenergetics 
of striped bass embryos and larvae have indicated 
that early life stages are able to endure long periods 
of starvation and that they lack a critical period, 
defined as the sensitive and brief time when larvae 
begin active feeding and must convert from en- 
dogenous to exogenous energy sources (1,2). This 
physiological flexibility is largely attributed to the 
egg oil globule which persists for extended periods 
through the embryonic into the larval stage. At 
fertilization, the striped bass egg is characterized by 
a large single oil globule which comprises 55% of 
the total egg weight and 71% of the total caloric 
content. Proteinaceous yolk (5600 cal g ~) and the 
oil globule (9500 cal g-~) combine to an average 
2.04 calories per egg. Lipid stores of the striped 
bass egg are of interest not only for their physio- 
logical and ecological functions, but also because 
they serve as reservoirs for lipophilic contaminants. 

The following report presents information on 
the lipid and fatty acid compositions of the yolk 
and oil globule components of fully mature striped 
bass eggs. The object of our study was to further 
understanding of the physiology of the early life 
stages of striped bass by providing a detailed 
description of their initial lipid stores. 

MATERIALS AND METHODS 

Specimen Collection and Preparation 

Five sexually mature striped bass were collected 
from the San Francisco Bay/Delta estuary and 2 
females from the Coos River in Oregon. California 
fish were younger (5 and 6 yr) and smaller (62.4 cm 

*To whom correspondence should be addressed. 

mean standard length) than those from Oregon (8 
and 14 yr; 78.5 cm standard length) such that 
fecundities also differed (0.6 vs 1.8 million eggs per 
female for California and Oregon, respectively). 
Subsamples of the left ovary (~150 g wet weight) 
were quick-frozen and stored at - 4 0  C until 
analyzed. Eggs were removed from the center of 
each ovary, homogenized and centrifuged to sep- 
arate yolk and oil globule components.  The yolk 
and oil layers were aspirated into separate con- 
tainers and lipids extracted from each fraction by 
the chloroform/methanol  extraction procedure of 
Bligh and Dyer (3). 

Prior to lipid analysis samples were stripped of 
solvent a n d  ca. 50 mg of yolk or oil lipid was 
weighed and dissolved in I ml CHC13. This solution, 
or appropriate dilutions, was used for thin layer 
chromatography (TLC), quantitative analysis of 
lipid classes by TLC with flame ionization detection 
(FID) and gas liquid chromatography (GLC). 

Thin Layer Chromatography/Flame Ionization Detection 

lJpid classes present in the yolk and oil samples 
were separated and identified by comparison with a 
standard mixture on Silica Gel G plates (Supelco, 
Bellefonte, PA) developed in hexane/diethyl ether/ 
acetic acid (80: 20: 1) and visualized with iodine and 
by spraying with 5% molybdophosphoric acid in 
95% ethanol. A second plate, spotted and developed 
in the same manner,  was sprayed with Liebermann- 
Burchard reagent after development, to confirm 
the presence of steryl esters. 

Quanti tat ion of individual lipid classes was 
achieved by TLC/FID. A comprehensive descrip- 
tion of this relatively new technique is given by 
Ackman (4). An latroscan TH-10 analyzer was 
used with an Omniscribe B-5000 dual pen strip 

LIPIDS, VOL. 18, NO. 8 (1983) 



LIPIDS OF STRIPED BASS EGGS 511 

chart recorder. The FID was operated with a 
hydrogen flow rate of 160 ml /min  and air flow rate 
of 2000 ml/min.  Chromarods (type SII) were 
spotted with ca. 20 ~g of lipid in CHCI3 solution 
and developed in hexane/diethyl ether/formic acid 
(85:15:0.02). Following development, the rods 
were dried at 110 C for 4 min and scanned at a rate 
of 0.42 cm/sec. Peak areas were measured with a 
stepping pen integrator and were converted to 
weight percent lipid class by the use of correction 
factors (5,6) derived from authentic lipid standards. 
Steryl esters (SE) and wax esters (WE) could not be 
separated by the solvent system described above 
nor by any of the several other solvent mixtures 
attempted and are therefore reported as a sum. 

Gas Liquid Chromatography 

Methyl esters of fatty acids of all yolk and oil 
samples were prepared using 14% boron trifluoride 
in methanol, following saponification with 0.5 N 
potassium hydroxide. Esters were extracted with 
hexane and purified by TLC prior to GLC analysis. 
Fatty acid methyl esters were separated isotherm- 
ally at 210 C on a Quadrex fused silica wall coated 
open tubular  column (50 mX0.21 mm id) coated 
with Carbowax 20-M operated in a Hewlett- 
Packard 5830 gas chromatograph equipped with 
an FID. Helium was used as the carrier gas at a 
flow of 1.5 ml /min  (60 psig). Individual methyl 
ester peaks were provisionally identified using pure 
standards, secondary standards and equivalent 
chain length calculations. Relative composit ion 
was obtained by area normalization directly from 
the Hewlett-Packard 18850A terminal. Aliquots of 
the methyl esters were hydrogenated and rechro- 
matographed to ensure the accuracy of identifica- 
tion of major components and to confirm that 
there was no significant loss of polyunsaturates 
during GLC. 

RESULTS AND DISCUSSION 

Upid Composition 

The high total lipid content of the egg was largely 
attributable to the oil globule. Yolk, which com- 

prised an average 38% of the egg dry weight, 
contained 3.8% total lipids, while the oil globule 
was 100% extractable lipids. Eggs of other fishes, 
even those with distinct oil globules, have been 
found to have significantly less total lipid contents 
than eggs from striped bass (7-10). For  example, a 
survey of eggs from 6 species by Kaitaranta and 
Ackman (10) showed total lipids to vary 2.4-9.2%. 

Lipid classes differed sharply between egg yolk 
and oil globule components (Table 1), thus con- 
firming that our technique successfully separated 
yolk and oil globule lipids. Only wax and steryl 
esters and triacylglycerols were present in the oil 
globules with steryl and wax esters averaging 
90.4% of the total lipids. This is also the maj or lipid 
found in some marine zooplankton, particularly 
arctic upper-water crustacea (11,12). The presence 
of wax esters in fish is documented mostly in 
somatic tissues (muscle and liver) of deep-water 
forms (13-15). The occurrence of steryl/wax esters 
in eggs is ecologically more diverse (10), including 
marine and freshwater species: Mugil cephalus 
(16), Merluccius capensis, Theragra chalcogram- 
ma, and Scomber japonicus (17), Trichogaster 
cosby (18), Perca fluviatilis, Lota Iota (19), and 
Sciaenops ocellati (7). We suspected wax esters 
were in striped bass eggs because Dergaleva and 
Shatunovskiy (20) had found declining concentra- 
tions of this lipid class in larvae and juveniles  of 
striped bass from 8 to 40 days after hatching. An 
important morphological feature common to eggs 
of all these species is the presence of discrete oil 
globules. 

Although yolk lipids comprised a small port ion 
of the yolk weight, it was more diverse in its 
composition than oil globule lipids. Phospholipids 
were an average 78.9% of yolk total lipids. This is 
not unusual  since phospholipids are documented 
as the major lipid of egg yolks in a variety of fishes 
( 10,19,21-23). Yolk is the endogenous energy source 
first consumed by the embryo and larvae (1), and is 
totally absorbed within 5 days after hatching (at 18 
C), a period characterized by extensive tissue 
differentiation and growth. Since phospholipids 
are the major lipid constituents of biomembranes,  
it seems logical they were preferentially transferred 

TABLE l 

Lipid Class Composition (Percent) of Oil Globules 
and Yolk Lipids of Striped Bass Eggs" 

Egg Steryl and Free 
component wax es ters  Triacylglycerols fatty acids Sterols Phospholipids 

Yolk 5.3+ 1.7 6.5_+ 1.9 6.6+ 1.8 2.8 +0.9 78.9+2.9 
Oil 
globule 90.4+ 2.8 9.6 _+ 2.8 . . . . . .  

"Values presented as means + standard errors for all fish combined, 4 determinations per fish. 
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from the yolk during this period. Free fatty acids 
and sterols were also present in small quantities 
and, like phospholipids, were present only in the 
yolk. The varying amounts of free fatty acids were 
probably due to hydrolysis of the samples during 
storage or laboratory work-up. Sterols were most 
likely cholesterol, which is common to most animal 
tissues. 

TABLE 2 

Fatty Acid Composition of Yolk and Oi} Globule 
Components of Striped Bass Eggs" 

F i s h  

tally acids 

Saturates 
Fatty Acid Composition 14:0 

16:0 Fish lipids are generally characterized by high 18:0 
contents of long-chain polyunsafu,rated fatty acids. 

Monoencs 
Such was the case with both striped bass yolk and 
oil globule lipids (Table 2). The dominant  isomers Ib: 10,9 

�9 16:I0,7 
of the C~s to C20 monoethylenic fatty acids were the 18:10,9 
18:1t09 and 20:1t09 reported elsewhere for fish 18:1,~7 
lipids (24). The respective fatty acid composit ion of 20: t0,t l 
yolk and oil globule lipids basically reflected 20:1o,9 

20:10,7 
differences in their lipid classes. The fatty acid 
composition of the yolk lipids was typical of Dienes 
marine phospholipids being dominated by palm• 1~:20,6 
(16:0), eicosapentaenoic (20:5t03) and docosa- 20:2,06 
hexaenoic (22:6t03) acids. Oil globule lipids were "lricncs 
made up of tatty acids very similar to those found 18:30,3 
in somatic tissues of meso- and bat hypelagic fishes, 20:3t06 
animals known to often have large amounts of wax Tetraenes 
esters (14,25). The principal acids were oleic ( 18: I to 18:40,3 
9), palmitoleic (16: ho7) and docosahexaenoic (22: 20:40,3 
6to3). Egg lipids of striped bass from this study had 20:40,b 
a mixed fatty acid composition which is indicative 22:4tu6 
of overlapping freshwater and marine environ- Pentaencs 
ments (26). Total Ct~ and C~ fatty acids were high; 20:5,03 
palmitic acid was high in the yolk and the tetraenoic 22:50,0 
acids low. The lack of a clear pattern agrees with 22:5to3 
the life history of the species, namely, that it Hexaenes 
inhabits the estuarine zone. 22:6t03 

The fatty acid composition was also consistent 
among individual females regardless of location, 
age, condition or pollutant burden, l_asker and 
Theilackcr (27) also found remarkably similar fatty 
acid patterns among sardine eggs of different 
females at different stages of maturation. 

The functional roles of high lipid contents and 
stcryli wax esters in fish embryos and larvae have 
not been determined, but it may be proposed that 
they generally serve in marine organisms for meta- 
bolic energy or buoyancy (28). "lheir most clearly 
identified purpose is in providing energy, especially 
in situations of food deprivation (15,25,29), emer- 
gencies of delayed hatch (30), or when large 
reserves of energy are needed for rapid embryonic 
development (7). In the context of the early life 
stage ecology of striped bass, the unique lipid 
characteristics serve to provide: (a) abundant energy 
for rapid embryonic development (incubation per- 
iod--48 hr at 18 C); (b) necessary flotation of 
pelagic eggs and early larvae until formation of 
functional swim bladders; and (c) long-tcrm energy 

Yolk Oil globule 

1.2• 1.6• 
17.5LI.9 6.2• 
9.9• 0.7• 

1.3• 2.2• 
4.6~0.5 13.8• 

15.5• 35.7• 
4.2• 5.4• 

trace 0.3• 
1.2• 1.1• 
0.1• 0.1• 

0.8• 1.8• 
0.2• 0.2• 

0.2• 0.7• 
0.1• 0.1• 

0.3• 0.8• 
0.2• 0.6• 
3.3• 1.3• 
0.3• trace 

8.6• b.4• 
0.2• 0.3• 
2.4• 2.9• 

19.9• 10.0• 

"Percent composition by weight presented as means +_ standard 
error. 

for leeding larvae because of uncertainty of lood 
availability (e.g., dietary zooplankton patchiness). 

The occurrence of discrete oil globules in fish 
eggs and larvae is more common than one might 
think. In a worldwide review of fish egg surveys, 
Ahlstrom and Moscr (31) found that most pelagic 
marine fish eggs have discrete oil globules. As the 
oil globules of these and inshore and estuarine 
species are analyzed, we believe that s teryl /wax 
esters will be found to be the principal form of 
endogenous energy in the eggs. 

Recent findings show that striped bass eggs from 
geographically distant populations contained high 
levels of petrochemicals, pesticides and chlorinated 
hydrocarbons (32) which correlated with reduced 
reproductive capacity and lowered early life stage 
survival. The advantages of lipid to the embryo and 
larva are then offset by the facility with which 
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lipophilic and toxic chemicals are accumulated 
from the environment. 
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Modulation of Prostaglandin Synthesis 
in Rat Peritoneal Macrophages with ~o-3 Fatty Acids 1'2 
LINDA J. MAGRUM and PATRICIA V. JOHNSTON*, Department of Food Science and 
Division of Nutritional Sciences, University of Illinois at Urbana-Champalgn, 
1208 W. Pennsylvania Avenue, Urbana, IL 61801 

ABSTRACT 

In view of the findings that tu3 fatty acids inhibit the synthesis of prostaglandins ~PG) from arachidonic 
acid (20:4to6) and that among immunologically active cells, the macrophage is a major producer of PG, we 
undertook a study of the effect of dietary a-linolenic acid ( 18: 3<o3) on PG synthesis in the macrophage. Rats 
were fed purified diets containing either 10% corn oil (CO) or linseed oil (LO), providing either a low (1 / 32) 
or high (3.5/1) ratio of 18:3to3 to 18:2to6, respectively, for 6 weeks. Fatty acid analysis of macrophage 
phospholipids showed that there was an appreciable increase in the percentage of to3 fatty acids and a 
decrease in the to6 fatty acids in macrophages from rats fed the LO diet. The changes in fatty acid 
composition were associated with a significant decrease in the synthesis of prostaglandin E (PGE) by 
macrophages from rats fed the LO diet. Macrophages from rats fed the 2 dietary oils did not differ in their 
ability to degrade PG, thus the difference in PG production appeared to be a consequence of decreased 
synthesis only. The dietarily induced changes in PGE synthesis were readily overcome in vitro by culturing 
macrophages with complexes of tat-free bovine serum albumin and either 20:4to6 or 20:5t03. 
Lipids 18:514-521, 1983. 

Fatty acids of the to3 series have been shown to 
inhibit the synthesis of prostaglandins (PG) from 
arachidonic acid (20:4<o6) both in vitro and in vivo. 
Eicosatrienoic (20: 3t03) and eicosapentaenoic acids 
(20:5tn3) are poorly oxidized by purified PG 
cyclooxygenase and 20:5to3 can act as either a 
reversible competitive inhibitor or  an irreversible 
inactivator of this enzyme (!). Results of dietary 
experiments are in agreement with these findings. 
The addition of increasing amounts  of a-l inolenic 
acid (18:3to3) to the diets of rats is associated with 
decreased concentration of PG in serum (2) and 
decreased PG synthesis by homogenates of liver 
and spleen (3). 

PGE~ and E2, both derived from in6 fatty acids, 
have been associated with the inhibition of various 
aspects of the immune response, including lympho- 
cyte proliferation (4), lymphokine secretion (5), 
macrophage colIagenase synthesis (6), granulocyte- 
monocyte stem cell proliferation and differentia- 
tion (7), natural killer cell activity (8), and the 
tumoricidal activity of activated macrophages (9). 
It has been proposed that PG may serve as the 
mediators of a negative feedback mechanism for 
regulating the extent and duration of the cell 
mediated immune response (5). 

Among immunologically active cells, the macro- 
phage is considered to be a major source of PG. In 
view of this and of the proposed role of prosta- 
glandins as mediators of immunoregulat ion,  it was 

t Part of a dissertation submitted by Linda J. Magrum in partial 
fulfillment of the requirements for the Ph.D. degree in Nutritional 
Sciences. 

2Honored Student Presentation at the AOCS 74th Annual 
Meeting, Chicago, 1983. 

"To whom correspondence should be addressed. 

of interest to investigate the effect of oJ3 fatty acids 
on the synthesis of prostaglandins in the macro- 
phage. 

MATERIALS A N D  METHODS 

Animals and Diets 

Male Sprague-Dawley weanling rats of 60-80 g 
in weight (Holtzman Co., Madison, WI) were 
housed individually in polypropylene cages with 
Sanicel R bedding (Paxton Processing Co., Inc., 
Paxton, ILl and provided with a diurnal light cycle 
of 12 hr. The animals were fed ad libitum one of 
two purified diets and provided with tap water. The 
diets were adequate in all nutrients and differed 
only in the source of fat, one containing 10% by 
weight corn oil (CO) and the other linseed oil (LO). 
The composition of  the diets and the fatty acid 
analysis of the oils used in the diets are shown in 
Table 1. Because of the relatively high content of 
fat in the diet and the high degree of unsaturation 
of the linseed oil, the vitamin E content of the diets 
was increased 10-fold over the amount  recom- 
mended for rats by the National Academy of 
Sciences-National Research Council (10). Rats 
were maintained on the diets for 6 weeks. 

Isolation and Purification of Peritoneal Macrophages 

Peritoneal cells were collected by injecting anes- 
thetized rats intraperitonially with 50 ml sterile 
phosphate-buffered saline (PBS), pH 7.4. After 
massaging of the abdomen, PBS containing peri- 
toneal cells was withdrawn with a syringe. Cells 
were centrifuged (400Xg, 10 min), then resus- 
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TABLE 1 

Composition of Purified Diets 

515 

CO LO 

(g/100 g) 

Corn oil" 10 - 
Linseed oil b -- 10 
Casein ~ 20 20 
Dextrose d 18.5 18.5 
Cornstarch ~ 30.5 30.5 
Cellulose f 5 5 
Mineral mixture ~ 3.5 3.5 
Vitamin mixture h 12.5 12.5 

:'Fatty acid analysis: 16:0, 8.7%; 18:0, 1.4%; 18: lto9, 16.5%; 18:2to6, 71.0%; 18:3to3, 2.2%. Courtesy of 
Best Foods, CPC International, Inc., Englewood Cliffs, NJ. 

~Fatty acid analysis: 16:0, 5.5%; 18:0, 2.6%; 18:1w9, 12.5%, 18:2co6, 17.5%; 18:3co3, 61.8%. Courtesy of 
Cargill, Inc., Minneapolis, MN. 

~Shamrock Brand, Erie Casein Co., Erie, 1L. Supplemented with 0.3 g DL-methionine/100 g diet. 
~ 333, A.E. Staley Co., Decatur, IL. 
~A.E. Staley Co., Decatur, IL. 
fSolka-Floc, Brown Co., Berlin, NH. 
gAIN-76 TM Mineral Mixture, ICN Nutritional Biochemicals, Cleveland, OH. 
hVitamins (mg/kg diet): thiamin HC1, 30; riboflavin, 30; pyridoxine HC1, 8; nicotinic acid, 100; pantothenic 

acid, 100; folic acid, 2; biotin, 0.2; cyanocobalamin, 0.05; retinol acetate, 8; calciferol, 4; DL-a-tocopherot, 735; 
menadione, 2; myo-inositol, 220; choline chloride, 1000; brought to 125 g with dextrose. 

pended in R P M I  Medium 1640 conta in ing  L- 
glutamine (GIBCO Laborator ies ,  Grand  Island,  
NY), 2 g sodium bicarbonate  per  liter, 25 m M  4(2- 
hydroxy-e thy l ) -  1 -p iperaz ine-e thanesu l fon ic  acid 
(HEPES)  and  5% rat serum (previously t reated by 
heat ing to 56 C for 30 min), pH 7.4. Serum f rom 
rats fed the 10% CO diet was used in the med ium 
provided to cells f rom rats on this diet, while serum 
from LO-fed rats was used in the culture of cells 
f rom animals  on the LO diet. Cells were counted  
with a hemoc6Ytometer and adjusted to a concentra-  
t ion of 1 • 10 cells/ml. Cell viability, as determined 
with the use of a phase contras t  microscope,  was 
routinely between 95 and 99%. Per i toneal  cells 
were plated in plastic culture dishes and  were 
incubated in a 5% CO2 a tmosphere  at  37 C for 3 hr 
to allow macrophages  to adhere.  N onadhe r en t  cells 
and  medium were then removed by aspi ra t ion  and  
culture dishes were rinsed at least twice with warm 
PBS (37 C). The rinsing procedure  removed ca. 
50% of the total  cell number ,  but  provided a 
macrophage  popula t ion  tha t  was greater t han  90% 
pure, as indicated by morphology  and  staining with 
a -naph thy l  acetate esterase (Sigma Chemical  Co., 
St. Louis, MO). 

Lipid Extraction and Fatty Acid Analysis of Peritoneal 
Macrophages 

In order to induce macrophage  migra t ion  to the 
per i toneal  cavity and  thereby increase the n u m b e r  
of  cells obtained;  rats (20 per  dietary t rea tment )  
were injected int raper i toneal ly  with 1 ml per  50 g 

body weight of 5% corn starch solut ion in PBS 3 
days pr ior  to the harvest ing of per i toneal  cells. 
Instead of being plated at a concen t ra t ion  of 1 • l06 
cells/ml, the total  cell popula t ion  f rom one rat  (4- 
8X 10 v cells) was resuspended in 20 ml culture 
medium. Ten ml of the cell suspension was pipetted 
into each of two 100•  15 m m  sterile polystyrene 
Petri dishes (Lab-Tek Division, Miles Laboratories,  
Inc., Naperville,  IL). 

Three  ml ice cold 0. l m M  E D T A  was added to 
the adhered macrophages  to inhibi t  phosphol ipase  
activity and  cells were loosened with a plastic 
scraper. Macrophages  f rom 2 rats were combined  
at this point  to provide one sample. The partially 
lysed cell suspension was placed in a 30 ml 
centrifuge tube, to which 18 ml ch loroform and  
methanol  (2: l, v /v )  conta in ing 0.005% BHT was 
added. Cells were fur ther  lysed by sonicat ion for  2 
min over ice with a cell d isrupter  (Heat  Sys t ems- -  
Ultrasonics,  Inc., Plainview, NY) Model  W-225R 
equipped with a microtip.  The organic phase was 
collected and  reduced in volume under  vacuum in a 
rotary evapora to r  (Buchler  Ins t ruments ,  For t  Lee, 
N J). 

Lipid extracts  were r;~otted on  Silica Gel H thin 
layer plates and subjected to 2-dimensional  th in  
layer ch roma tog raphy  (l  1). Plates were washed 
prior to use in ch lo ro fo rm/me thano l /wa te r  (65: 35: 
4, v / v / v )  and act ivated at  100 C for 30 rain. The 
thin layer plates were developed in the first d imen-  
sion in c h l o r o f o r m / m e t h a n o l / 2 8 %  aqueous am- 
monia  (65:35:5, v /v /v ) ,  dried under  ni t rogen,  then 
developed in the second dimension in ch lo ro fo rm/  

LIPIDS, VOL. 18, NO. 8 (1983) 



516 L.J. MAGRUM AND P.V. JOHNSTON 

acetone/methanol/acetic acid / water (10: 4: 2: 2: 1, 
by volume). Phospholipids were visualized by 
minimal exposure to iodine vapors, and identified 
by comparison to chromatograms of authentic 
standards (Supelco, Inc., Bellefonte, PA, and 
Applied Science Laboratories, State College, PA). 
Phospholipid fractiorts were removed from plates 
by aspiration and placed directly into glass tubes 
containing 4% H2SO4 in methanol. Methyl esters 
of fatty acids were formed by heating samples for 1 
hr at 100 C. Samples were then cooled, neutralized 
with one vol of 5% NaHCO3 and extracted with 
one vol hexane. Fatty acid methyl esters were 
identified using a Hewlett-Packard gas liquid 
chromatograph, Model 7610A (Packard Instru- 
ment Co., D owners Grove, IL) with a 180 • 0.4 cm 
glass column packed with 10% SP 2330 on 100/120 
Chromosorb W AW 1-1851 (Supelco, Inc., Belle- 
fonte, PA) operated isothermally at 190 C. Results, 
expressed as percentage of total fatty acids, were 
determined using a Hewlett-Packard 3380A Inte- 
grator. 

Prostaglandin Assays 

Prostaglandins were determined by radioim- 
munoassay using rabbit antiprostaglandin E-BSA 
serum (Miles Laboratories, Elkhart, IN) according 
to the directions specified by the manufacturer and 
described in detail by Weston and Johnston (12). 
This antiserum is reported by the manufacturer to 
have minimal cross-reactivity (less than 5%) with 
PGAI, A2, Fl~, F2~, B1 and Bz, and 70% cross- 
reactivity with PGE~. Cross-reactivity with PGE3 
was found in our laboratory to be 10%. No attempt 
was made to correct for cross-reactivity. Tritiated 
PGE2, sp act 165.0 Ci/mmol, was purchased from 
New England Nuclear, Boston, MA. Standard 
curves were prepared using serial dilutions of PGE2 
(Upjohn, Inc., Kalamazoo, M1)from 10 ng/ml to 
0.15 ng/ml. Free PG were removed by the addition 
of dextran-coated charcoal, 1% w/v Norit A 
charcoal and 0.1% Dextran T-70 (Pharmacia Fine 
Chemicals, Uppsala, Sweden). Quantitation of the 
PG was performed using logit transformation and 
linear regression of the standard curve. Only 
standard dilutions in the most linear portion of the 
standard curve were used to form the equation of 
the line. Furthermore, PG determinations were 
made only for those sample dilutions which fell 
within the straight line portion of the standard 
curve. Serial dilutions of selected samples demon- 
strated curves parallel to the standard curve and 
recovery of standard PGE2 added to samples was 
routinely determined to be ca. 95%. Data are 
expressed as pg PGE/ml culture medium, the 
amount obtained from the culture of ca. 5 • 105 
adherent macrophages. 

Determination of PGE Synthesis and Degradation 

Much of the literature on PG synthesis and 
function in the macrophage deals with PGE~ and 
PGE~. We therefore chose to follow changes in the 
synthesis of these PG in macrophages from rats 
receiving the LO and CO diets. Peritoneal macro- 
phages from 8 rats per dietary treatment were 
collected and purified as described using 2 ml cell 
suspension in 35• 10 mm plastic culture dishes 
(Becton, Dickinson and Co., Oxnard, CA). Two ml 
medium containing 5% of the appropriate rat 
serum, and 50 ~g/ml Zymosan A (Sigma Chemical 
Co., St. Louis, MO) was added to adhered macro- 
phages to stimulate PG synthesis (I 3). PG synthesis 
was terminated after the desired incubation period 
by the addition of indomethacin (Sigma Chemical 
Co., St. Louis, MO) at a final concentration Of 28 
t~M (14). Macrophage viability was not affected by 
indomethacin at this concentration. The culture 
medium was collected, centrifuged (600• 10 
min) to remove zymosan and any loosened cells 
and frozen until PG assays were carried out. PG 
concentration in the medium was determined at a 
zero time point, 1 hr and 4 hr. The zero time point 
represents the concentration of PG present in the 
supernatant of cultures that were provided with 
zymosan and indomethacin directly after macro- 
phage adherence. These samples were immediately 
chilled in ice, then centrifuged and frozen. The PG 
concentrations reported for the 1 hr and 4 hr time 
points represent the difference between the total 
amount of PG assayed at these time points and the 
zero time point. 

To investigate the possibility that the difference 
in PG produced by macrophages from rats re- 
ceiving the 2 dietary treatments might be due to 
differences in the rate of PG degradation, 2 addi- 
tional experiments were done. An investigation of 
degradation of PG over time in culture was carried 
out by adding 28 ~M indomethacin after a 1 hr 
incubation to 3 additional cultures per rat. These 
were further incubated for 1, 2 or 3 hr. Rates of PG 
degradation were also investigated by determining 
the recovery of exogenous PGE2 from macrophage 
cultures. Indomethacin (28/~M), 50/~g/ml zymosan 
and 12.5 ng/ml PGE2 were added to one culture per 
rat. These materials were also added to culture 
dishes in the absence of cells to serve as a control 
and both were incubated for 1 hr. 

Addition of Fatty Acids to Macrophages in Culture 

In order to investigate the extent to which 
dietarily induced changes in PG synthesis were 
related to availability of substrate, complexes of 
fat-free bovine serum albumin (BSA) (Sigma 
Chemical Co., St. Louis, MO) and either 20:4to6 
(NuChek Prep, Elysian, MN) or 20:5(o3 (Sigma 
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Chemical Co., St. Louis, MO) were incubated with 
macrophages from rats receiving the LO or CO 
diets. The complexes were formed by incubating 
the sodium salt of the fatty acids with BSA at a 3: I 
molar ratio in a 37 C shaking water bath for 24 hr. 
This procedure is an adaptat ion of the method of 
Mahoney et al. (15). Medium without serum, but 
with antibiotic and antimycotic (Penicillin, 100 
units/ml;  Fungizone,  .25 #g/ml;  Streptomycin,  
100 #g/ml)  (GIBCO Laboratories,  Grand Island, 
NY) and either BSA alone, BSA-20:4aJ6 or BSA- 
20:5to3 at a final concentrat ion of 2.5 mg /ml  BSA 
was added to adhered macrophage cultures. Cul- 
tures were incubated for 24 hr at 37 C, then washed 
several times with warm PBS. Two ml medium 
(without serum) containing 50 #g /ml  zymosan was 
added to each culture and they were further 
incubated for 1 hr. 

Statistical Analysis 

Statistical analysis was performed using Statis- 
tical Analysis System (SAS) (Cary, NC) computer  
programs. These included the ANOVA procedure 
(analysis of variance for balanced data), the GLM 
procedure (general linear models, analysis of var- 
iance for unbalanced data), and Student-Newman-  
Keuls test ( a=0 .01)  for variability. Data are 
expressed as m e a n +  standard error of the mean 
(SEM). 

RESULTS 

The body weights of the rats fed the two diets for 

6 weeks, 394+7  g (CO) and 390+8  g (LO), were 
not significantly different. 

Fatw Acid Composition 

Tables 2, 3 and a, show the fatty acid composi t ion 
of the major macrophage phospholipids,  ethanol- 
amine phosphoglyceride (PE), choline phospho-  
glycerjde (PC), and serine phosphoglyceride (PS). 
There was a significant increase in the to3 fatty 
acids and a decrease in the o,6 fatty acids in each of 
these phospholipids from rats receiving the LO 
diet. In PE, the percentage of to3 fatty acids 
increased from 0.5 to 20.9%, in PC from 0.8 to 
12.0%, and in PS from 0.6 to 7.6% of total fatty 
acids. The to6/to3 ratio in these phospholipids 
changed from 107.4 (CO) to 1.5 (LO) in PE, 63.0 
(CO) to 2.9 (LO) in PC and 62.5 (CO) to 2.5 (LO) in 
PS. 

In PE, there were striking differences in the 
amounts  of 20:4o,6, 22:4to6 and 22:5t03 present in 
macrophages from rats receiving the 2 diets. The 
percentage of 20:4to6 decreased from 31.5% when 
the CO diet was fed to 19.3% of total fatty acid 
when the LO diet was fed; the percentage of 22:4o~6 
decreased from 12.8% to 1.8% and 22:5<o3 in- 
creased from 0.2% to I 1.0% of total latty acids. 
There was also a considerable rise in the 20:5t03 
content of macrophage PE upon feeding rats the 
LO diet. This fatty acid increased from less than 
0.1% when rats were fed the CO diet to 7.4% of 
total fatty acids when rats were fed the LO diet. 

In PC, the most marked change in fatty acid 

]ABLE 2 

Elfect of Increased Dietary c,-Linolcnic Acid on the l-'atty Acid Composition 
of Rat Peritoneal Macrophage Ethanolaminc Phosphoglyceride 

Diet ~ CO (n = I0) I.O (n = 10) P Value b 

Fatty acid 

16:0 7.2 _+ 0.8' 7.3 i 0.5 NS': 
16:I(o7 0.4_+.0.1 0.5 +0. I NS 
18:0 25.7 -+ 0.6 25.5 + 0.8 NS 
18:Io,9 10.8 _+0.3 12.9 _+0.4 .0007 
18:2w6 b.l _+0.6 7.7• 00536 
18:3w3 J 0.8 ! 0 1 00001 
20:0 NS 
20:lto6 0.7_+0.1 0.3!0.3 NS 
20:2to6 0.6 + 0.02 0.6 i 0.1 NS 
20:3to6 2.0 -+ 0.3 2.5 _+ 0.3 0.09 
20:4to6 31.5 ! 1.0 19.3 _+ 0.5 0.0001 
20:5r 0. I ! 0.04 7.4 _+ 04 0. O(X) I 
22:4~6 12.8 -+ 0.4 1 .F, L 0. I 0.0001 
22:5w3 0.2 _+0. I 11.0 _+0.4 00001 
22; 6t03 0.2 • 0. I 1.7 +_ 0.5 0.0083 

"CO = 10c/~ corn oil. LO : 10% linseed oil. 
~'Dctcrrnined by analysis ol variance. 
' Mean t SEM. percent o1 total fatty acids. 
dNot significantly dif|crent at p>0.10. 
"Not detectable. 
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T A B L E  3 

Effect of Increased Dietary a-Linolenic Acid on the Fat ty Acid Composi t ion  
of Rat  Peritoneal Macrophage  Choline Phosphoglyceride 

Diet '  CO (n = 10) LO (n = 10) P Value h 

Fatty acid 

16:0 22.3 "4- 1.~ 17.5 + 1.3 0.0342 
16:lw7 1.7+-0.2 3 .2+0 .2  0.0001 
18:0 13.3+0.3 16.2+0.2 0.0001 
18:1r 11.2+0.3 15.5 •  0.0001 
18:2r 14.7_+0.4 18.8+0.5 0.0001 
18:3~o3 -~ 2.2 + 0.1 0 .000  I 
20:0 0.1 +0.05 0.2 +- 0.1 NS a 
20:loJ6 0.7 +0.  I 0.0001 
20:2oJ6 1.4 + 0.1 0.6 + 0.05 0.0001 
20:3oJ6 1.0 + 0.1 1.5 + 0.05 0.0001 
20:4~o6 28.0_+0.7 13.9+0.7 0.0001 
20:5~o3 0.2 + 0.03 5.5 -+ 0.4 0.0001 
22:4~o6 4.6 _+ 0.4 0.5 + 0.03 0.0001 
22:5~o3 0,2 + 0.05 3.5 + 0.2 0.0001 
22:6o~3 0.4 + 0. I 0.8 + 0. I 0.0007 

' C O =  10% corn oil, L O =  10~ linseed oil. 
"Determined by analysis of variance. 
~Mcan +- SEM,  percent of total fatty acids. 
dNot significantly different at p>0 .10 .  
~Not detectable. 

7 ABI,E 4 

Eflk:ct of Increased Dietary a-Linolenic Acid on the Fatty Acid Composi t ion 
of Rat Peritoneal Macrophage  Serine Phosphoglyceride 

Diet ~ CO (n = 6) LO (n = 6) P Value" 

Fa~,ty acid 

16:0 6.8 _+ 0.8" 5.0 _+ 0.6 NS ~ 
16:Iw7 0 .6+0 .3  0.6+_0.3 NS 
18:0 39.7+_ 1.4 42.4+_0.8 NS 
18:1~o9 21.5 + 1.2 24.8 ~0 .7  0.0510 
18:2~o6 5 .3+0.7  6.8+_0.4 NS 
18:3oJ3 -" 0 .3+0 .3  NS 
20:0 0.2 + 0. I 0.05 -+ 0.05 NS 
20:1~o6 1.0 + 0.4 0.8 + 0.4 NS 
20:2~o6 0 .5+0.05 0 .4+0 .2  NS 
20:3oJ6 1.5+0.3 1 .9+0.2  NS  
20:4oJ6 12.9+0.8 7 .9+0 .5  0.0030 
20:5~o3 0.6 + 0.6 1.4 + 0.05 NS 
22:4oJ6 8.7 + 1.5 1.1 + 0.2 0.0001 
22:5~o3 5 .7+0 .4  0.0001 
22:6o~3 0 .2+0 .2  NS 

~CO = 10% corn oil, 1,O = 10oA linseed oil. 
"Determined by analysis of variance. 
' Mean + SEM,  percent of total fatty acids. 
'tNoI significantly different at p>0 .10 .  
' N o t  detectable. 

composition of macrophages from rats fed the 2 
diets was found in the percentage of 20:4~o6. This 
fatty acid represented 28.0% of tot',d fatty acids 
when CO was fed and 13.9% when LO was fed. The 
percentages of 20:5r 22:5oJ3 and 22:4oJ6 also 
differed significantly (p<  0.0001), but the changes 

were not as great as those seen in PE. 
In PS, the greatest changes in fatty acid composi -  

t ion were found in 22:4w6, which represented 8.7% 
of total fatty acids when rats were fed CO and 1. 1% 
when rats were fed LO, and in 22:5oJ3, which was 
not detectable when CO was fed but represented 
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5.7% of total fatty acids when LO was fed. 
In addition to the major changes seen in the 

content of 20:4(o6, 20:5(o3, 22:4<o6 and 22:5tu3 of 
macrophage phospholipids, there was either a 
trend towards or a significant increase in 18:2to6, 
an increase from nondetectable to trace levels of 
18:3to3, and a trend towards increased, but still 
trace amounts of 22:6(o3 in all macrophage ph0s- 
pholipids from rats fed LO as compared to CO diet. 

Macrophaga PG Synthesis and Degradation 

Figure I illustrates the synthesis of PGE (PGE~ 
+ PGE2) by macrophages that were stimulated with 
zymosan. At both I hr and 4 hr, the PGE present in 
the culture medium of macrophages from rats fed 
the LO diet was significantly less than the present in 
the medium of macrophages from rats fed the CO 
diet (p>0.0001).  At both time points, the mean 
PGE present in macrophage cultures from LO-fed 
rats was approximately one-third that present in  
macrophage cultures from CO-fed rats (445 +61 
(LO), 1451+ 107 (CO)a t  1 b rand  1020+ 160(LO), 
3554+431 (CO) at 4 hr). From I hr to 4 hr, the 
mean PGE synthesized by macrophages from rats 
fed the LO diet increased by a factor of 2.3, while 
that synthesized by macrophages from rats fed the 
CO diet increased by a factor of 2.4. 

Figure 2 shows the results of the first experiment 
designed to test whether the decreased amount  of 
PGE found in culture medium of macrophages 
from rats receiving the LO diet might be due to 
increased degradation of PG rather than decreased 
synthesis. In neither group of macrophages did 
further incubation after termination of PG synthe- 
sis result in decreased amounts of PGE in the 
culture medium as compared to that present at I hr. 
The amounts of PGE present at 1, 2 and 3 hr 
incubations after termination of PG synthesis are 
neither significantly different from the 1 hr time 
point nor from one another. 

Analysis of PGE present in the culture medium 1 
hr after the addition of exogenous PGE2 to cultures 
of macrophages showed that not only were there no 
differences in the rate of degradation of PG by 
macrophages from rats fed the 2 diets, but that no 
degradation occurred. In neither the macrophages 
from rats receiving the CO diet nor those receiving 
the LO diet was the amount  of PGE2 found in the 
culture medium different from the control value 
(2129+ 121, 2201 _-+86, 2029 + 130 pg/ml ,  respec- 
tively). 

Difterences in the synthesis of PGE by macro- 
phages from rats receiving the 2 dietary oils were 
completely overcome by incubating macrophages 
with a complex of fatty acid-free BSA and either 
20:4(o6 or 20:5(o3. When cultured with BSA- 
20:4(o6 for 24 hr, macrophages from both LO and 
CO-fed rats synthesized comparable amounts  of 
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FIG. 1. Prostaglandin E synthesis by peritoneal macro- 
phages from rats fed a purified diet containing 10% by 
weight of either corn oil or linseed oil. Approximately 1 • 
10 ~ adherent macrophages were stimulated with 100 tzg 

zymosan in a final volume of 2 ml culture medium for 
either 1 hr or 4 hr. PG concentrations represent the 
difference between a zero time point and the time point 
indicated. Results are expressed as mean+--SEM, n=6 
(linseed oil diet), n~8 (corn oil diet). 

PGE, 3738+486 and 443 + 1482 pg/ml,  respec- 
tively. Incubation of macrophages with BSA- 
20:5t03 for 24 hr resulted in levels of PGE that were 
entirely below the level of detection for all cultures 
from LO-fed rats and below the level of detection 
for all but one culture from the CO-fed rats. When 
macrophages were cultured with BSA alone, those 
from rats receiving the LO diet synthesized approx- 
imately one-third the PGE of macrophages from 
rats fed the CO diet, 437+180 and 1560+524 
pg/ml,  respectively. The amount  of PGE syn- 
thesized by macrophages from CO-fed rats was 
one-third that of identical samples which had been 
incubated with BSA-20:4to6. 

DISCUSSION 

Fatty acid analysis of rat peritoneal macrophage 
phospholipids showed that when animals were fed 
a control diet composed of 10% CO, 20:4t06 was 
the most abundant fatty acid in both the 2 major 
phospholipid fractions, PE and PC (31.5% and 
28.0% of total latty acids, respectively). These 
results are in agreement with those of Mason et al. 
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FIG. 2. Prostaglandin E recovered from cultures of 
peritoneal macrophages isolated from rats fed diets 
containing 10% by weight linseed oil ( Q ) or corn oil 
( O ). Approximately 1 • 10 6 adherent macrophages were 
stimulated with 100 ~g zymosan in a final volume of 2 ml 
culture medium. After incubation for 1 hr, 28 /~M 
indomethacin was added to cultures and incubation was 
continued for an additional 1, 2 or 3 hr. Results are 
expressed as mean + SEM, n=6 (linseed oil diet), n= 8 
(corn oil diet). 

(16) who, in characterizing the fatty acid composi- 
tion of rabbit alveolar macrophages, found that 
20:4to6 was particularly high in PE (cell pellet 
32.0% vesicle fraction 22.7%). 

Comparison of the fatty acid composition of 
macrophage phospholipids when rats were fed CO, 
with a relatively high content of 18:2to6 (71%) and 
a low amount of 18:3to3 (2%) as opposed to LO 
with a much higher content of 18:3to3 (62%) and a 
relatively lower content of 18:2to6 (18%), showed 
that phospholipids contained substantially lower 
amounts of 20:4t06 when the diet contained a high 
ratio of 18:3w3 to 18:2to6. In PE, the amount of 
20:4to6 decreased by 40% and was replaced by 
18:lto9 as the most abundant fatty acid. In PC, 
20:4to6 decreased by 50% from 28.0 to 13.9% in 
macrophages from rats fed the diet high in 18: 3to3. 
In this case, the levels of 18:2to6, 16:1to7, and 
18:lto9 were all higher, respectively, than 20:4to6. 

The trend toward increased 18:2to6, but the 
relatively low levels of 18:3to3 found in the phos- 
pholipids of rats fed the high 18:3to3 diet support 
the finding that 18:3oJ3 is desaturated preferen- 
tially to 18:2to6 (17,18). Given this preference of the 
A6 desaturase for to3 fatty acids, a decrease in 20 
and 22 carbon w6 fatty acids and a corresponding 

increase in 20 and 22 carbon to3 fatty acids is the 
expected result of increased levels of 18:3to3 in the 
diet. 

It is clear from these results that fatty acid 
composition of the macrophage is markedly in- 
fluenced by the fatty acid composition of the diet 
and strongly reflects the presence of tu3 fatty acids 
when they occur in substantial amounts in the diet. 
It is, therefore, important that for purposes of 
comparison researchers analyze and report the 
fatty acid composition of animal diets in addition 
to reporting lipid composition of animal cells and 
tissues. 

The changes in fatty acid composition of macro- 
phages, particularly the decrease in 20:4to6 and the 
increase in 20:5to3 observed when rats were fed a 
diet high in 18: 3to3, are associated with a marked 
decrease in the synthesis of PGE. While the content 
of macrophage phospholipid 20:4to6 fell by 40% in 
PE and 50% in PC when rats were fed the LO diet, 
the synthesis of PGE by macrophages from rats on 
this diet was decreased by ca. 67%. This finding is in 
agreement with the observation that 20:5to3 is a 
competitive inhibitor of the synthesis of PGE2 from 
20:4to6 (1). 

The lack of evidence for increased degradation 
of PG by cultures of macrophages from rats fed the 
LO diet suggests that the decreased amount of PGE 
is due to decreased synthesis only. The decreased 
synthesis is most probably caused by both de- 
creased availability of the substrate, 20: 4to6, as well 
as by competitive inhibition by 20: 5to3. 

The addition of BSA-fatty acid complexes to 
cultured macrophages showed that the dietarily 
induced differences in PG synthesizing capacity 
could be overcome when cells were provided with 
either 20:4to6 or 20:5t03 in vitro. These results 
support the conclusion that the fatty acids provided 
in vitro were incorporated into cellular lipids and 
were readily available for PG synthesis. These 
results also provide additional evidence that 20:5to3 
is an effective inhibitor of PG synthesis in the 
macrophage. 

No attempt was made to determine whether 
PGE3 was synthesized from 20:5to3. It has been 
reported that urinary bladders of frogs produce a 
prostaglandin or related compound from 20:5t03 
(19); however, the synthesis of PGE3 in mammals 
remains controversial. The synthesis of PGE3 in 
kidney medullary homogenates from rats fed fish 
oil has been reported (20), but it is possible that this 
synthesis was an artifact of aeration during 
homogenization. Cutp et al. (i) showed that in- 
creased peroxide levels enhance the oxygenation of 
20:5~o3 by purified cyclooxygenase from sheep 
vesicular glands and suggested the increased levels 
of peroxides found in phagocytic cells may allow 
20:5to3 to act as a substrate for PG synthesis. The 
oxygenation of 20:5to3 by human platelets when 

LIPIDS, VOL. 18, NO. 8 (1983) 



M A C R O P H A G [ !  P R O S T A G L A N D I N  S Y N F H I - S I S  521 

p e r o x i d e - f o r m i n g  f a t t y  a c i d s  w e r e  p r e s e n t  (21)  
l e n d s  f u r t h e r  s u p p o r t  to  t h e  h y p o t h e s i s  t h a t  20 :5 to3  
m a y  se rve  as  a p r o s t a g l a n d i n  p r e c u r s o r  in m a m m a l s  
u n d e r  c o n d i t i o n s  o f  l o c a l l y  h i g h  p e r o x i d e  c o n -  

c e n t r a t i o n .  

I t  s e e m s  r e a s o n a b l e  t o  s p e c u l a t e  t h a t  a - l i n o l c n i c  
a c i d  w h i c h  so  m a r k e d l y  a l t e r s  P G E  s y n t h e s i s  in t h e  

m a c r o p h a g e  a n d  m a y  p o s s i b l y  p r o v i d e  s u b s t r a t e  
fo r  t h e  s y n t h e s i s  o f  PGE3 m a y  a l s o  i n f l u e n c e  

i m m u n e  ce l l  f u n c t i o n .  E x p e r i m e n t s  t o  e x a m i n e  t he  
p o s s i b l e  e f f ec t s  o f  d e c r e a s e d  P G E  s y n t h e s i s  o n  

m a c r o p h a g e  f u n c t i o n  a n d  to  d e t e r m i n e  w h e t h e r  

m a c r o p h a g e s  h a v i n g  a h i g h  p h o s p h o l i p i d  c o n t e n t  
o f  20 :5 to3  a r e  c a p a b l e  o f  s y n t h e s i z i n g  P G E ~  a r e  
p r e s e n t l y  b e i n g  c o n d u c t e d  in o u r  l a b o r a t o r y .  
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ABSTRACT 

Bovine pulmonary surfactant was obtained by endotracheal lavage of lungs from newly slaughtered cows 
followed by differential centrifugation. Lipid extracts of bovine surfactant contained 3% neutral lipid, 
mainly as cholesterol and diacylglycerol and 97% phospholipid. Phosphatidylcholine (79%) and phospha- 
tidylglycerol (11%) accounted for most of the phospholipids with smaller amounts of phosphatidyl- 
ethanolamine, phosphatidylinositol, lyso-bis-phosphatidic acid and sphingomyelin. Fatty acid analysis 
revealed high levels of palmitate in phosphatidylcholine and to a lesser extent phosphatidylglycerol, but not 
in the other diacylphospholipids. Phosphatidylcholine was 53% disaturated and phosphatidylglycerol was 
23% disaturated. Monoenoic species accounted for the major proportion of the remaining lipid. The protein 
content was 10% as estimated by the Lowry procedure and 5% when determined by amino acid analysis. 
Extraction with chloroform/methanol removed ca. 90% of the protein but had no effect on the surfactant 
properties as evaluated by a pulsating bubble technique. 
Lipids 18:522-529, 1983. 

INTRODUCTION 

Normal lung function is dependent upon the 
presence of a specialized material, the pulmonary 
surfactant, which stabilizes the alveoli by reducing 
surface tension particularly during expiration (1- 
3). The presence of pulmonary surfactant is par- 
ticularly important at birth (4,5). Lack of sufficient 
surfactant at birth appears to be an important  
factor contributing to the establishment of the 
neonatal respiratory distress syndrome (NRDS),  
the major cause of perinatal morbidity and mor- 
tality in North America (4,5). Treating prematurely 
delivered rabbits with homologous natural surfac- 
tant before the first breath promotes pulmonary 
expansion and prolongs survival (see 6,7 for re- 
view). More recently, Fujiwara and his associates 
(8) in Japan, and Smyth and coworkers (9,10) in 
Canada have reported that treating premature 
neonates suffering from established N R D S  with 
saline dispersions containing the lipids extracted 
from bovine pulmonary surfactant results in im- 
proved gaseous exchange. 

Despite these clinical trials, little infc~,mation is 
available concerning bovine pulmonary surfactant. 
The present paper reports the chemical and physi- 
cochemical characterization of pulmonary surfac- 
tant obtained through saline lavage of lungs from 
freshly slaughtered cows and of lipid extract prep- 
arations similar to those utilized in the Canadian 
trial. 

EXPERIMENTAL PROCEDURES 

Isolation of Bovine Pulmonary Surfactant 

Whole lungs with the heart intact from freshly 

~Some of the results contained in this paper were presented at 
the 73rd Meeting of the AOCS in Toronto, May, 1982. 

*To whom correspondence should be addressed. 

slaughtered cows were placed in a large basin and a 
short length of rubber vacuum hos e (od 3.0 cm) was 
inserted into the trachea and bound with house- 
hold cord. The tubing was fitted to a polyethylene 
jerrican (Fisher Scientific Ltd., Toronto)  contain- 
ing 161 of cold 0.130 M NaC1, 0.010 M CaC12, 0.008 
M MgC12. This solution, hence referred to as 
saline-salts solution, was chosen to retard the 
removal of pulmonary macrophages (11). Saline- 
salts solution (8-10 1) were drained into the lungs by 
gravity until all sections became firmly extended. 
The fluid was allowed to flow back into an empty 
reservoir using gravity and gentle massaging. The 
remaining solution in the jerrican was drained into 
the lung and removed as above. Further  fluid was 
recovered into a 2-1 filter flask by mild suction 
from a squeeze handle hand vacuum pump (Fisher 
Scientific Ltd.). Lungs were obtained within min- 
utes after slaughter. Care was taken to avoid 
overextension: the reason for this becomes evident 
with experience. Bloody or even red-tinged lavages 
were discarded. Approximately 121 of white foamy 
fluid were recovered f rom each pair of cow lungs. 
Toluene (0.2 ml) was added to inhibit bacterial 
growth and the containers were kept as cool as 
possible during transportation back to the labor- 
atory where they were stored at 4 C until processing. 
Under normal circumstances, 4-6 cows were lav- 
aged for each preparation. 

The lavages were filtered with a household 
strainer and centrifuged on a Sorvall RC-2B 
centrifuge using a Szent-Gyorgyi continuous flow 
attachment and an SS-34 head (Sorvall Centri- 
fuges, Dupont  Co., Wilmington, DE) at 3500 rpm 
(1450 g) and a flow of 200 ml /min  to remove 
tracheal debris and cells. The resulting super- 
natants were concentrated ca. 10-fold with a Milli- 
pore pellicon filtration unit using a P T H K  filter 
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(MiUipore Ltd., Mississauga, Ontario) with a nom- 
inal cutoff of 100,000 daltons. 

The resulting suspensions were centrifuged at 
8000 g for 60 min in a Sorvall GS-3-rotor. The 
white pellets were resuspended in saline-0.001 M 
CaC12 to give a final concentration of 25-50 mg 
phospholipid/rnl. This preparation will be referred 
to as natural surfactant. Lipid extracts were pre- 
pared by extracting natural surfactant with chloro- 
form/ methanol (1:1). The precipitated protein was 
removed through centrifugation and the resulting 
supernatant transformed to a biphasic system by 
the addition of 0.9 vol of 1% KC1 according to 
Bligh and Dyer (12). The upper phase was removed 
and the lower phase taken to dryness with a rotary 
evaporator. The washing procedure was repeated 
twice to reduce the protein content. 

Analytical Techniques 

Neutral lipids were separated from the phospho- 
lipids through chromatography on silicic acid (Bio- 
Rad Lab., Mississauga, Ontario) with chloroform. 
The neutral lipids (cholesterol, diacylglycerols, and 
monoacylglycerols) were converted to the t-butyl- 
dimethylsilyl ethers and assayed on a Hewlett- 
Packard gas liquid chomatograph (Model 5830A) 
equipped with a Hewlett-Packard capillary inlet 
(Model 18835B) and a fused silica capillary column 
coated with OV-1 as previously described (13). 

Phospholipids were separated by thin layer 
chromatography on Silica Gel H plates (Merck 
Chemical Co.) using chloroform/ethanol/water/ 
triethylamine (30:34:8:35) (14). The lipids were 
detected under ultraviolet light after spraying with 
Rhodamine 6-G. Phosphorus content was esti- 
mated on gel scrapings (15). The fatty acid patterns 
were determined by gas liquid chromatography of 
the methyl esters on a Hewlett-Packard gas chro- 
matograph using a column of EGSS-X on Gas 
Chrom Q as previously described (16). Known 
amounts of heptadecanoate were added to act as an 
internal standard. Phospholipid content was cal- 
culated by multiplying the phosphorus content by 
25. 

Phosphatidylcholine and phosphatidylglycerol 
were extracted from the thin layer plates with 3 
portions of chloroform/methanol/water (1:2:0.8). 
The pooled eluates were washed according to Bligh 
and Dyer (12). Positional distribution of the fatty 
acids on these two phosphatides were established 
through hydrolysis with phospholipase A2 (hog 
pancreas: Boehringer Manheim GmbH, Montreal, 
Quebec) as described by Kates (17). The hydrolysis 
products were separated on thin layer as above and 
the fatty acid patterns determined. Molecular 
species of phosphatidylcholine and phosphatidyl- 
glycerol were determined after hydrolysis with 
phospholipase C (Bacillus cereus; Sigma Chemical 

Co., St. Louis, MO) as described previously (17). 
The resulting 1, 2-diacyl-sn-glycerols were sep- 
arated on silver nitrate impregnated thin layer 
plates (18) with chloroform/ethanol (95: 5). The 
individual molecular species were visualized under 
ultraviolet with Rhodamine 6G (0.005%). The 
bands were extracted with chloroform/methanol 
(1: 1), washed according to Bligh and Dyer (12) and 
the free fatty acid patterns determined as above. 

Protein contents were determined through the 
Lowry procedure (19) with sodium dodecyl sulfate 
(0.1% final concentration) added to dissolve the 
phospholipids (16) and by amino acid analysis after 
acid hydrolysis (20). Bovine serum albumin (Sigma) 
was used as standard for the Lowry procedure. 
Polyacrylamide gel electrophoresis was conducted 
in the presence of 2% sodium dodecyl sulfate a's 
previously described (20). 

The surfactant properties of bovine pulmonary 
surfactant and its lipid extracts were examined 
using a pulsating bubble surfactometer (Surfac- 
tometer International, Toronto) as described by 
Enhorning (21). In this technique, an air bubble is 
withdrawn in a 1% suspension of natural surfactant 
or its lipid extract in 0.15 M NaC1 and 0.001 M 
CaC12 (Fig. 1). The bubble is pulsated at 20 rpm 
from a minimum radius of 0.40 mm to a maximum 
radius of 0.55 mm at 37 C. The pressure across the 
bubble is continuously monitored with a pressure 
transducer. The surface tensions at any point can 
be calculated from the Laplace equation which 
states that the pressure difference across a bubble 
equals twice the surface tension divided by the 
radius. The surface tensions at maximum and 
minimum bubble size are normally expressed 
(20,21). 

TO TO 
PULSATOR PRESSURE 

TRANSDUCER 

FIG. 1. Diagrammatic representation of the test cham- 
ber of the pulsating bubble model used to test pulmonary 
surfactant. A bubble in contact with ambient air is created 
by withdrawing some of the fluid in the test chamber. The 
bubble is then continuously pulsated between a maximum 
radius of 0.55 mm and a minimum radius of 0.40 mm at 37 
C. The rate of pulsation is 20 rpm. 
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Lipid extracts of bovine pulmonary surfactant 
and the lipid mixtures (artificial surfactant) were 
dried from chloroform in polyethylene tubes with a 
stream of N2. Saline containing 0.001 M CaC12 was 
added and the lipids dispersed by sonication with 
two 15-see bursts with a Biosonik 10 (VWR 
Scientific, San Francisco, CA) at 175 W (20). 

Materials 

Standard lipids and other biochemicals were 
obtained from Sigma Chemical Company.  Lyso- 
bis-phosphatidic acid was obtained from Serdary 
Research Laboratories,  London,  Ontario. Other 
reagents were obtained from Fisher Scientific 
Limited, Toronto.  

RESULTS 

Composition 

Lipid extracts of  bovine pulmonary surfactant 
contained 97% phospholipid and 3% neutral lipids 
(Table 1A). The neutral lipid fraction was primarily 
composed of cholesterol and 1,2-diacylglycerol 
(Table IB). Traces of cholesteryl ester and mono-  
acylglycerol were present at < 1% of the total 
neutral lipids. Triacylglycerol and free fatty acids 
were not detected. As anticipated, phosphatidyl- 
choline accounted for the major proport ion of the 
phospholipid fraction (Table IC). Phosphatidyl- 
glycerol, the next most abundant  lipid, accounted 
for just over 10% of the total phosphorus. Lesser 

TABLE l 

Lipid Composition of Bovine Pulmonary Surfactant 

% Total _+ SEM 

A. Class analysis (n = 3) 
Phospholipids 97 + 0.34 
Neutral lipids 3 + 0.54 

B. Neutral lipid composition (n=3) 
Cholesterol 89.0 + 1.9 
Diacylglycerol 9.8 + 0.2 
Monoacylglycerol < 1.0 
Cholesterol ester < 1.0 

C. Phospholipid composition (n =4) 
Phosphatidylcholine 79.2 -+ 1.6 
Phosphatidylglycerol 11.3 - 0.5 
Phosphatidylinositol 1.8 --- 0.3 
Phosphatidylet hanolamine 3.5 -+ 0.5 
Lyso-bis-phosphatidic acid 1.5 -+ 0.4 
Sphingomyelin 2.6 --- 0.5 

amounts of phosphatidylethanolamine, sphingo- 
myelin, phosphatidylinositol and lyso-bis-phos- 
phatic acid were also detected. Lyso-bis-phospha- 
tidic acid was identified only by its chromato-  
graphic properties. Phosphatidylserine was not 
detected. 

The fatty acid composit ion of the phospholipids 
is listed in Table 2. In keeping with the acknowl- 
edged role of dipalmitylphosphatidylcholine in the 
reduction of surface tension (1-4), this phospholipid 
contained a high proport ion of saturated fatty 
acids. Over half of the acyl groups released from 
the 2-position by phospholipase A2 were saturated. 
Phosphatidylglycerol also possessed a high pro- 
portion of palmitate at the 2-position. Considerably 
lower levels of palmitate were observed with phos- 
phatidylethanolamine and phosphatidylinositol.  
Because of their relatively low level in surfactant, 
the positional distribution of the fatty acids in these 
lipids was not examined. 

The high levels of saturated fatty acids in 
phosphatidylcholine and phosphatidylglycerol were 
reflected in the presence of disaturated molecular 
species (Table 3). Only a small proport ion of these 
lipids were localized in the dienoic or polyenoic 
species. 

Examination of whole natural surfactant re- 
vealed that ca. 10% by weight could be measured as 
protein by the Lowry (19) procedure (Table 4). 
When protein was estimated by amino acid analysis 
of hydrochloric acid hydrolysates, the values ob- 
tained were roughly half of those determined by the 
Lowry procedure. Extraction of  the natural surfac- 
tant with chloroform/methanol  (1: I) and washing 
according to Bligh and Dyer (12) removed 90% of 
the protein. Repeated extraction did not further 
reduce the protein content to any great extent. 

Polyacrylamide gel electrophoresis in the pres- 
ence of sodium dodecylsulfate (2%) revealed major 
protein bands with nominal molecular weights of 
62,000 and 36,000 daltons. A considerable number 
of other proteins were also present (Fig. 2), in- 
cluding a band which streaked over the area 
corresponding to 9-11,000 daltons. Because the 
lipid extracts only contained ca. 1% protein, it was 
not possible to obtain clear electrophoresis pat- 
terns, Approximately 50% of the proteins in the 
lipid extracts could be precipitated by dispersing 
the chloroform/methanol  (1 : 2) extracts in 20 vol of 
diethyl ether and cooling for 1 hr in a freezer. 
Protein constituents with minimal molecular 
weights of 62,000, 36,000 and ca. 10,000 daltons 
were clearly seen but small amounts of other 
proteins could also be detected in the ether pre- 
cipitates of the lipid extracts (not shown). 

Neutral lipids were determined by gas liquid chromatography 
and phospholipids by phosphorus assay as indicated in the 
Methods. 

Surfactant Properties 

The surfactant properties of bovine pulmonary 
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TABLE 3 

Molecular Species Composition of Phosphatidylcholine and 
Phosphatidylglycerol Derived from Bovine Pulmonary Surfactant 

Degrees of Phosphatidylcholine Phosphatidylglycerol 
unsaturation % total*_SEM (n=3) %total-+SEM (n= 3) 

Disaturated 52.9 -+ 2.5 17.2 _+ 1.7 
Monoenoic 45.0 -+ 2.3 76.9 _+ 2.3 
Dienoic 1.5 + 0.2 4.2 +- 1.3 
Polyenoic 0.5 _+ 0.1 1.6 + 0.7 

s u r f a c t a n t  were  d e t e r m i n e d  u s i ng  the  p u l s a t i n g  
bubb le  t e c h n i q u e  (2 I). On l y  m i n o r  d i f f e rences  were  
obse rved  in the  abil i t ies o f  n a t u r a l  s u r f a c t a n t  o r  its 
lipid ex t rac t  to r educe  the  su r f ace  t e n s i o n  o f  the  
p u l s a t i n g  bubb le  (Tab le  5). A c e t o n e  p rec ip i t a t i on  
of  the  lipid ex t r ac t s  resul ted  in a q u a n t i t a t i v e  
recovery  o f  p h o s p h o l i p i d  bu t  r educed  the  neu t ra l  
lipid c o n t e n t  to u n d e t e c t a b l e  levels ( da t a  no t  
shown) ,  Never the le s s ,  d i s p e r s i o n s  o f  the  a c e t o n e -  
precipi ta ted  lipids possess  su r f ac t an t  charac te r i s t ics  
s imi la r  to t hose  exh ib i t ed  by u n f r a c t i o n a t e d  lipid 
ex t r ac t s  (Table  5). 

T h e  abi l i ty  of  lipid ex t r ac t s  o f  bov ine  p u l m o n a r y  
s u r f a c t a n t  to r educe  the  su r f ace  t e n s i o n  o f  a newly  
f o r m e d  bubb le  is kinet ical ly  i l lus t ra ted  in F i gu re  3. 
In con t r a s t ,  an  art if icial  s u r f a c t a n t  p r e p a r a t i o n  
c o m p o s e d  o f  pur i f ied  l ipids r educed  the  su r f ace  
t ens ion  m o r e  s lowly a n d  never  ach ieved  su r f ace  
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FIG. 2. Polyacrylamide gel electrophoresis of natural 
surfactant. The samples are stained with Coomassie Blue. 

t en s ions  a p p r o a c h i n g  25 d y n e s / c m  at m a x i m u m  
bubb l e  size or  0 d y n e s / c m  at m i n i m u m  bubb l e  size. 

DISCUSSION 

S u r f a c t a n t  r e p l a c e m e n t  t h e r a p y  a p p e a r s  to be 
the  m o s t  direct  a p p r o a c h  t o w a r d s  p r e v e n t i o n  o f  
r e sp i r a to ry  fa i lure  wi th  N R D S .  T h e  benef ic ia l  
effects  o f  t r ea t ing  p r e m a t u r e l y  de l ivered  n e o n a t e s  
wi th  na tu ra l  s u r l a c t a n t  were first d e m o n s t r a t e d  

TABLE 4 

Protein Content ot Bovine Pulmonary Surfactant 

Protein 
(percent weight of phospholipids) 

Lowry method (n) Amino acid analysis (n) 

Natural surfactant 10.3 "4" 1.07 (5) 4.77-+0.44 (3) 

Lipid extract 0.97 -+ 0.07 (3) 0.46 -+ 0.04 (3) 

TABLE 5 

Surfactant Properties of Bovine Pulmonary Surfactans 

Bubble Surface tension at various times (dynes/era) 

Sample n =5 size 15 sec 30 sec 60 scc 

Natural surfactant R max 27.0 + 1.0 25.0 _+ 0.3 25.0 ___ 0.4 
R min 4.0+0.7 1.5+0.4 0.7_+0.1 

Lipid extract R max 27.0 _+ 0.5 25.0 + 0.7 25.0 + 0.7 
R min 3.0_+0.9 1.0+0.5 0.0 + 0.0 

Acet one precipitate R max 27.0 + 0.4 26.0 -4- 0.4 25.0 + 0.4 
of lipid extract R min 2.5 _+ 1.4 0.6+0.6 0.0+0.0 

~Samplcs were dispersed in 0.9% NaCI, 2.5 mM CaCI: and assayed via the pulsating bubble technique. 
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with fetal rabbits of 27-28 days gestation (term 31 
days) by Enhorning, Robertson and associates. 
Surfactant deposition before the first breath re- 
sulted in a marked improvement in pressure- 
volume characteristics and in alveolar aeration 
(6,7). Surfactant treatment leads to prolonged 
survival with prematurely delivered rabbits, rhesus 
monkeys and sheep (6,7,22,23). Improved gaseous 
exchange during artificial ventilation and a marked 
reduction in bronchial epitheliar necrosis were also 
observed (6,7). 

Early clinical trials in which aerosols of di- 
palmitoylphosphatidylcholine were administered 
to premature infants proved unsuccessful, pre- 
sumably because the lipid preparations did not 
possess the appropriate surfactant properties (7). 
More recently, Fujiwara and associates (8) have 
reported that a semisynthetic surfactant composed 
of an acetone precipitate of bovine lung surfactant 
plus dipalmitoylphosphatidylcholine and phos- 
phatidylglycerol was effective in improving pul- 
monary function with infants suffering from res- 
piratory distress. A rapid improvement in gaseous 
exchange was also observed by Smyth et al. (9,10), 
who used dispersions of the lipids extracted from 
bovine pulmonary surfactant prepared as described 
in the present investigation. 

The overall lipid composition of bovine pul- 
monary surfactant is similar to that previously 
reported for other species (see 24 for review). The 
phospholipid composition is almost identical to 
previous analyses with dog (20,25), rabbit (26-28), 
sheep (23,25), pig (29) and rat (26,30,31) surfactant 
preparations. Bovine pulmonary surfactant had a 
lower content of neutral lipids than has been 
observed with surfactants from the dog (20,25) or 
rat (32). In contrast to these other species, triacyl- 
glycerol was not detected and the level of choles- 
terol ester was very low. The reason for this 
interesting difference is not known. Bovine pul- 
monary surfactant tended to have a somewhat 
higher content of phosphatidylglycerol (24) and a 
correspondingly lower level of phosphatidylinositol 
than surfactants from other species. A reciprocal 
relation exists between the levels of phosphatidyl- 
glycerol and phosphatidylinositol in human am- 
niotic fluid during development (33), indicating 
that these carbohydrate-containing phospbolipids 
share a similar function. It has been suggested that 
these acidic phospholipids may be involved in the 
transfer of phosphatidylcholine from the subphase 
to the air-liquid interface or in the stabilization of 
the subsequent monolayer, but the molecular 
mechanism remains vague (20,28,34). The compo- 
sitions reported in the present study also show a 
close resemblance to the lipids present in lamellar 
bodies from rat and human lung (35-37). 

The presence of major protein species with 
nominal molecular weights of ca. 70k, 35k, and 10k 

have previously been reported for dog, rabbit, pig, 
sheep, rat and human surfactant (2,20,25,29,38- 
40). The presence of proteins with these molecular 
weights in lipid extracts of pulmonary surfactant 
has not been reported previously. In an earlier 
study from this laboratory (20), it was reported that 
over 99% of the proteins in canine lung wash 
surfactant could be removed without seriously 
hampering the ability to reduce the surface tension 
of a pulsating bubble. These observations sug- 
gested, but did not prove, that the proteins asso- 
ciated with lung wash surfactant are not essential 
for the absorption of surfactant lipids to the air- 
liquid interface and the reduction of the surface 
tension to near zero. This latter phenomenon is 
related presumably to the squeezing out of lipids 
other than dipalmitylphosphatidylcholine and pos- 
sibly dipalmitylphosphatidylglycerol from the 
monolayer (34,41,42). It is possible to prepare 
active lipid dispersion with surface tension-reducing 
properties similar to natural surfactant with mix- 
tures of dipalmitoylphosphatidylcholine, unsatu- 
rated phosphatidylcholine and phosphatidylinos- 
itol (20). It is also possible to prepare active 
dispersions with phosphatidylglycerol instead of 
phosphatidylinositol (Metcalf, Enhorning and 
Possmayer, unpublished results) but in neither case 
can this be done consistently. The reason for the 
variability in the surface-active properties of such 
dispersions is not understood. On the other hand, 
studies from a number of other laboratories have 
shown that the presence of surfactant apoproteins 
can accelerate the rate at which surfactant lipids are 
absorbed to the air-liquid interface to produce an 
equilibrium surface tension of ca. 25 dynes/cm. 
The reason for this difference is not clear but may 
be related to differences in assay conditions. In the 
equilibrium studies, the film absorbs from a large 
volume of stirred hypophase with a constant 
surface area (25,29,43). With the pulsating bubble 
technique (20,21), the surface tension "of the bubble 
created in the surfactant suspension decreases to 
25-30 dynes/cm at maximum bubble size quite 
rapidly but the surface tension at minimum bubble 
radius approaches 0 dynes/era more slowly. Ad- 
sorption of surface-active material to the bubble 
may be promoted by the formation of the bubble 
and by its pulsation (see 20, 21 for further details). 
The present investigations demonstrate that 90% of 
the proteins present in bovine pulmonary surfac- 
tant can be removed without seriously affecting the 
surfactant properties as estimated with the pul- 
sating bubble technique (Table 5). Dispersions of 
the lipid extracts of canine surfactant are just as 
effective as whole lung wash in promoting lung 
expansion or prolonging the survival of prema- 
turely delivered rabbit pups (44). 

Lipid extracts of bovine pulmonary surfactant 
show biological activity with human neonates 
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s u f f e r i n g  f r o m  N R D S  (8-10).  N e v e r t h e l e s s ,  t h e  
p o s s i b i l i t y  t h a t  t he  p r o t e i n s  r e m a i n i n g  in  t h e  l i p i d  

e x t r a c t s  a r e  e s s e n t i a l  fo r  t h e  s u r f a c t a n t  a c t i v i t y  h a s  
n o t  b e e n  e l i m i n a t e d .  

ACKNOWI.EDGMENTS 

The authors would like to express their gratitude for expert 
technical assistance of Mrs. M.A. Ormseth in preparing the 
bovine pulmonary surtactant, l'hey would like to thank Dr. K.K. 
Carroll for the use of his gas chromatograph for the latty acid 
determinations and l)r. D.B+ Smith and Mr. Walter Chung for 
conducting the amino acid analysis. These studies were supported 
by a grant lrom t he'l'oronto Sick Children's Hospital Foundation 
and Grant Mr- 4957 from the Medical Research Council (Canada). 

REFERENCES 

1. Goerkc. J. (19741 Biochim. Biophys. Acta 344, 241-261 
2. King, R.J. (1974) Fed. Proc. 33. 2238-2247. 
3. Possmayer, F. (19821 in Biochemical Development ol thc 

Fetus and Neonate (Jones, C.T+, ed.) pp. 337-391. Elsevier 
Biomedical Press, Amsterdam. 

4. Farrell, P.M., and Avery, M.E. (19751 Am. Rex. Resp. 
Dis. I 1 I. 657-688. 

5. Perelman, R.H., Engle, M..I.. and Farrell, P+M. (19811 
Lung 159, 53-80. 

6. Robertson, B (1980) t.ung 158, 57-68. 
7. Robertson, B+ (19811 Rev. Perinat. Med. 4, 337-379. 
8. Fujiwara, T+, Chida, S., Watabe, Y., Maeta, H., Morita, 

T., and Abe, "1. (19801 Lancet I, 55-59. 
9. Smyth. J.A., Metcalfe, I.L., Duffy, P., Enhorning. G.E., 

Possmayer, F., Olley, P.M., and Bryan, M.H. (19811 Pcdiatr. 
Res. 15. 681. 

10. Smyth, J.A., Metcatfc+ I.I.., Duffy, P., Enhorning, GE. .  
Possmayer, F., Olley, P.M., and Bryan, M.A. (19811 Clin. 
Invest. Med 4, 43B. 

I1. Brain, J.D., and Frank. N.R. (1968) J. Appl. Physiol. 
25, 63-69. 

12. Bligh, E.G.. and D~er, W.3. (1959) Can. 3. Biochem. Physiol. 
37. 911-917. 

13. Smith, N.B. (1982) t,ipids 17,464-468. 
14 Touchstone, J.C., Chert..I.C., and Beaver, K.M. (19801 

Lipids 15, 61-62. 
15. Rouser, G.. Fleischer, S., and Yamamoto, A. (1969) Lipids 

5+ 494-496. 
16. Possmayer, F.. Duwe, G., Hahn, M., and Buchnea. D. 

(1977) (_'an. J. Binchem 55, 609-617. 
17. Kates, M. (1972) in lcchniques of Lipidology, pp. 568- 

569, North Holland. Elsevier, Amsterdam. 

18. van Golde. L.M.G., and xan Deenen. I+.UM. ( 19661 Binchim 
Biophys. Acta 125, 496-509. 

19. [+owry, OH.,  Rosenbrough, N.J., Farr, A.L., and Randall, 
R.J. (1951) J. Biol. Chem. 193, 265-275. 

20. Metealle. I.L., Enhorning, (i.E., and Possmayer, F. (1980) 
J+ Appl. Physiol+ 49, 34-41. 

21. Enhorning, G+E. (1977) J. Appl. Physiol. 43, 198-2113. 
22. Enhorning, G+, Hill. D.. Sherwood, G,  Curtz, E., Robcrtson, 

8 ,  and Bryan C. (1978) Am. ). Obstet. Gynecol. 132, 
529-536. 

23. J obe, A., l kegami, M +, Glatz, T., u Y., Diakomanolis, 
E.. and Padbur~,, J. (1981) J. Clin. Invest. 67, 370-375. 

24. Sanders, R.I+. (1982) in 1.ung Development: Biological 
and Clinical Perspectives (Farrell, P.M., ed.) Vol. 1, pp. 
193-210, Academic Press, New York. 

25. King, R.J., and Clements, J.A. (19721 Am. J. Physiol. 
223, 715-726. 

26. Harwood, J.L., Dcsai, R., Hcxt. P.,-Ictley, r., and Richards, 
R. (19751 Biochim. J 151,707-714. 

27. Rooney, S.A., Canavan, P.M., and Motoyame, E.K. (1974) 
Biochim. Biophys. Acta 360+ 56-57. 

28+ Hallman, M., and Gluck, L. (1976) .1. Lipid. Res. 17, 
257-263. 

29. Suzuki, Y+, Nakai, E., and Ohkawa, K. (1982) ,I. Lipid 
Res. 23. 53-61. 

30. Ohno, K., Akino, T., and Fujiwara, I .  (19781 Rev. Perinat. 
Meal. 2, 227-280. 

31. Sanders, R.L., and Longmore, W.J. (19751 Biochemistry 
14, 835-840. 

32. Hass, M.A., and Longmore, W.J. ~1979) Bioehim. Biophys, 
Acta 573, 166-174. 

33. Hallman, M., Teramo, K., Kankaanpaa, K., Kulovich. M.V., 
and Gluck. L. (1980) Anna. Clin. Res. 12. 36-44. 

34. Bangham, A.D., Morley, C.J,, and Phillips, M.C (19791 
Biochim. Biophys. Acta 573. 552-556. 

35. Gil, J., and Reiss, O.K. (1973) J. Cell. Biol+ 58, 152-171. 
36. Oulton, M., Martin, T.R., Faulkner, G.T., Stinson, D., 

and Johnson, J.P. (19801 Pediatr. Res. L4, 722-728. 
37. Post, M., Batenburg, 3.3., Schuurmans, E.A.J.M., Lavos, 

CD.. and van Golde, L.M.G. (19821 Exp. Lung Res. 
3, 17-28. 

38. King. R.J. ~1977) Am. Rev. Res. Dis. 115, 735-795. 
39. King. R..I., Martin, H., Mitts, D., and Holmstrom, F.M. 

(19771 J. Appl. Physiol. 43,483-491. 
40. Sueishi, K+. and Benson, B.J. (19811 Biochim. Biophys. 

Aeta 665,442-453. 
41 Hildebran, J.E., Georke, 3., and Clements, J.A. (1979) 

J. Appl. Physiol. 47, 604-61 I. 
42. Henderson. R.F., and pfleger, R.C. (19721 Lipids 7. 492-494. 
43. King, R.J., and MacBeth, M.C. (19791 Biochim. Biophys. 

Acta 557. 86-101. 
44. Metcalfe, I.L., Burgoyne, R., and Enhorning. G. (1982) 

Pediatr. Res. t6, 834-839. 

L1PIDS,  VOL.  18, NO.  8 (1983) 



530 

Sterol Synthesis from Biliary Squalene in the 
Jejunal Mucosa of the Rat in vivo 
T.E, STRANDBERG, Second Department of Medicine, University of Helsinki, 
00290 Helsinki 29. Finland 

ABSTRACT 

Because bile contains substantial amounts of cholesterol precursors, e.g., squalene and different methyl 
sterols, the fate of biliary squalene was studied by incubating isolated jejunal loops of the rat in vivo with bile 
containing 3H-squalene and ~4C-cholesterol. After 90 rain, no radioactivity was found in plasma lipids. 
Closer analysis of gut epithelium revealed that both labeled compounds were preferentially taken up by the 
villous cells. Biliary 3H-squalene was absorbed almost completely and was further cyclized to free and 
esterified methyl sterols and cholesterol. Whereas squalene not cyclized to sterols stayed in the mucosa, the 
newly synthesized sterols were transferred to lumen. The lipid patterns of gut lumen and mucosal ceils were 
quite different, suggesting that the transfer of the newly synthesized lipid to intestinal lumen was not due to 
the desquamation of epithelial cells alone. The results suggest that biliary cholesterol precursors can 
contribute to the cholesterol production of the jejunal villous cells bypassing the rate-limiting step of the 
cholesterol synthesis pathway, and to the "nonexchanging" fecal neutral sterols of the rat. 
Lipids 18:530-533, 1983. 

INTRODUCTION 

Small intestinal mucosa is the second most active 
site of endogenous cholesterol synthesis in the rat 
as measured by methods which reflect the activity 
of the rate-limiting enzyme, 3-hydroxy-3-methyl- 
glutaryl coenzyme A (HMG-CoA) reductase (EC 
1.1.1.34) (1,2). Recent experiments have indicated 
that the intestinal mucosa also converts dietary 
squalene to sterols (3). Substantial amounts  of 
squalene and other immediate cholesterol pre- 
cursors, methylated sterols in particular, are also 
present in bile (4,5), but their absorption and 
further handling in the mucosa are still obscure. 
The contribution of biliary cholesterol precursors 
to the intestinal cholesterol synthesis is of special 
interest, because the cholesterolgenesis from the 
intermediates beyond mevalonic acid bypasses the 
major rate-limiting step of the cholesterol synthesis 
pathway. 

In the present in vivo study, bile labeled with 3 H- 
squalene and t4C-cholesterol was injected into 
isolated loops of rat je junum in order to compare 
the uptake of labeled biliary lipids by intestinal 
villous and crypt cells, to investigate the synthesis 
and esterification of sterols from 3H-squalene, and 
to elucidate the fate of the newly synthesized sterols 
in the mucosa. 

MATERIALS AND METHODS 

Animals 

Male rats of the Sprague-Dawley strain weighing 
300-350 g were fed with standard rat chow 
(Hankkija Ltd., Finland) and tap water ad libitum. 
The animals were accustomed to a reverse lighting 
cycle with the dark phase from 5 a.m. till 5 p.m. The 

experiments were performed between 10 a.m. and 
12 noon without a prior fasting period. 

Labeling of Bile 

Fresh rat bile was labeled with [4J4C]cholesterol 
(58 Ci/mol,  New England Nuclear, Boston, MA) 
and 3H-squalene (969 Ci/mol,  kindly supplied by 
Dr. R.S. Tilvis) using a method earlier described 
for labeling of lipoproteins (6). 

Briefly, a mixture of 3H-squalene (20 #Ci) and 
~4C-cholesterol (5 /~Ci) was dissolved in 50 /~1 
tetrahydrofuran (THF, Fluka AG, Switzerland), 
warmed up to +50 C and injected rapidly into 1 ml 
distilled water whereafter T H F  was evaporated. 
The solution, which was homogenous and faintly 
opaque, was mixed with 5 ml rat bile and allowed 
to stay overnight in order to ensure the labeling of 
the micelles. 

Experimental Procedure 

The animals were operated under pentobarbital  
anesthesia (NembutalR). After opening of the ab- 
dominal wall, ligatures were placed at both ends of 
a 10-cm segment of proximal je junum (7). There- 
after, 1 ml of labeled bile was injected into the 
jejunal loop. After checking for leaks, the intestine 
was replaced and the abdomen was closed. After 90 
min under anesthesia, the animals were killed by 
decapitation and exsanguinated. The jejunal loops 
were drained and washed once with 0.15 M saline 
and the intestinal contents were collected for lipid 
analysis. Subsequently, isolated cells of the loop 
mucosa were prepared by the dual buffer technique 
(8). The consecutive cell layers were analyzed 
separately and pooled to villous, intermediate and 
crypt cell fractions, as described by Weiser (8). 
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Chemical Methods and Calculations 

Nonsaponifiable lipids (NSL, including squalene > 
and different sterols) of the lumen contents and ~- 
mucosa were extracted with chloroform/methanol  U< 
(2:1) (9). Squalene, free and esterified methyl o_ 
sterols and cholesterol were isolated and quanti- <o 
tated by thin layer chromatography--gas liquid ~: 
chromatography methods (10). The radioactivity ~ 
(dpm) was counted in a Wallac model 1215 Rack- o 
beta liquid scintillation counter with 10 ml of 0.5% 
2,5-diphenyloxazole (PPO) in toluene. The dpm of 
3H-cholesterol were multiplied by 1.5 (11). Protein 
content of the samples was determined by the 
method of Lowry et al. (12). 

The statistical significancies were assessed by 
Student's t-test and the correlation coefficients 
were computed by the method of least squares. 

RESULTS 

Analysis of blood samples after the 90-min 
incubation of jejunal loops with labeled bile did not 
reveal any detectable radioactivity in plasma lipids. 

Figure 1 shows the distribution of labeled lipids 
and the mucosal content among different mucosal 
cells of isolated jejunum. After the incubation, 
both 3H-NSL and 14C-cholesterol were found 
predominantly in the absorptive villous cells. 

o 

2 
u_ 50 
0 

o_ �9 - 

V I L L U S  INTERMEDIATE CRYPT 

FIG. 1. Percentage distribution of mucosal 3H- and 
~4C-radioactivity and protein content between villus, 
intermediate and crypt cell fractions after the incubation 
of jejunal loops with 3H-squalene and '4C-cholesterol. 
Bars denote mean+SE, n=6. D3H-nonsaponifiable 
lipids, []  14C-cholesterol, Iprote in .  

The amounts  of 14C- and 3H-radiolabels in the 
different mucosal cells correlated closely with each 
other (Fig. 2). 3H-squalene was taken up by the 
epithelial cells almost completely as only 1% of3H - 
squalene was found in the gut lumen after incuba- 
tion. Absorbed 3H-squalene was efficiently cyclized 
to sterols in the mucosa. Thus, ca. 70% of 3H- 
radioactivity was found in methyl sterols and 
cholesterol (intraluminal sterols included, Table 1, 
Fig. 3). The relative cyclization of 3 H-squalene was 
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FIG. 2. Correlation of 3H- and 14C-radioactivity (log 
dpm) of nonsaponifiable lipids in jejunal cells after in rive 
incubation of intestinal loops with bile containing 3H- 
squalene and ~4C-cholesterol. evillous cells, ointerme- 
diate cells, o crypt cells. 

FREE ESTER FREE ESTER FREE ESTER 

3H-SG 3H-MS 3H CH 14C CH 

FIG. 3. Percentage distribution of radioactivity of 
squalene (Sq), methyl sterols (MS) and cholesterol (CH) 
between lumen (l-q) and mucosa (m) after in vivo 
incubation of jejunal loops with bile containing 3H- 
squalene and '4C-cholesterol. Bars denote mean+SE, 
n=6. 

similar in consecutive cell layers of the villous 
fraction, but it was significantly higher in the crypt 
than villous fraction (Table 1). Both the newly 
synthesized ~H-sterols and absorbed 14C-choles- 
terol were partially esterified in jejunal mucosa 
(Table 2). The percentage esterification of 3H- 
cholesterol and 14C-cholesterol was not correlated, 
whereas 3H-cholesterol and 3H-methyl sterols were 
esterified similarly. The percentage esterification of 
luminal 3H-sterols was lower than that of mucosal 
3H-stcrols. 

The distribution of 3H-label between lumen and 
mucosa (Fig. 3) suggested that a significant port ion 
of aH-sterols was delivered to lumen. The distribu- 
tion of free but not esterified ~4C-cholesterol be- 
tween lumen and mucosa was similar to that of3H - 
sterols. 

In order to elucidate more fully the character of 
lipid transport from the mucosa, the NSL profiles 
(Table 3) and cholesterol specific activities (Table 
4) were compared. Both were found to be clearly 
different in the lumen and mucosa. 
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TABLE 1 

Cyclization of 3H-Squalene to Methyl Sterols 
and Cholesterol in Jejunal Mueosa ~ 

TABLE 4 

Cholesterol Specific Activities 
in Lumen and Jejunal Ceils a 

Fraction Number of animals Percentage ofcyclization 

Villous 6 48+- 8 
Intermediate 3 49_+ 20 
Crypt 3 81 4- 6 b 
Total 6 69 -+ 6 c 

3H-Cholesterol ~4C-Cholesterol 

Site Free Esterified Free Esterified 

Lumen 357+64 26+ 8 1080+- 172 286+- 105 
Cells 74-+19 b 70+-34 145+- 24 ~ 134_+ 49 

aClosed jejunal loops were incubated in vivo with bile containing 
3H-squalene and J4C-cholesterol for 90 min. Luminal contents 
and different mucosal fractions were analyzed for nonsaponifiable 
lipids. Data are mean +- SE. 

bSignificantly different from villous fraction, p <  0.05. 
Clncludes also cyclized sterols transferred to lumen during the 

incubation. 

aClosed jejunal loops were incubated in vivo with bile containing 
3H-squalene and ~4C-eholesterol. Specific activity of cholesterol 
(dpm/~g) waS measured in lumen and in the first layer of the 
villous fraction. The data are mean + SE of 6 animals. 

bSignificantly different from the luminal value, p <  0.01. 
~Significantly different from the luminal value, p <  0.001. 

DISCUSSION 

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

t r u l y  i n t e r n a l i z e d  o r  m e r e l y  b o u n d  to  t h e  m u c o s a l  

s u r f a c e .  A b s o l u t e  d i s t i n c t i o n  is d i f f i c u l t  b e c a u s e  
v i g o r o u s  r i n s i n g  o f  t h e  l u m e n  w a s  i n t e n t i o n a l l y  
a v o i d e d  a f t e r  t h e  i n c u b a t i o n  in  o r d e r  t o  o b t a i n  t h e  
v i l l o u s  f r a c t i o n  as  i n t a c t  as  p o s s i b l e .  H o w e v e r ,  

a c t i v e  c y c l i z a t i o n  o f  s q u a l e n e  e v e n  in  t h e  m o s t  
s u p e r f i c i a l  l a y e r  o f  t h e  v i l l o u s  f r a c t i o n  s u g g e s t s  t h a t  

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

n o t  d i s t u r b  t h e  r e s u l t s  t o  a n y  s i g n i f i c a n t  d e g r e e .  
R e c e n t  e x p e r i m e n t s  b y  W a t a n a b e  e t  a l .  (13)  h a v e  

d e m o n s t r a t e d  t h e  d e p e n d e n c e  o f  t h e  c h o l e s t e r o l  
a b s o r p t i o n  r a t e  o n  t he  a d m i n i s t e r e d  a m o u n t  o f  
c h o l e s t e r o l .  I n  t h e  p r e s e n t  i n v e s t i g a t i o n ,  t he  l u m i n a l  

c o n c e n t r a t i o n s  o f  b o t h  s q u a l e n e  a n d  c h o l e s t e r o l  

TABLE 2 

Percentage Esterification of Labeled Sterols in Jejunal Mucosa a 

Variable 3H-Methyl sterols 3H-Cholesterol 14C-Cholesterol 

Esterification 
Lumen 0.3+-0.1 0.2+-0.04 0.7+0.2 b 
Villous fraction 9.9 + 4.3 c 11.3 +- 6.1 2.0 + 0.4 ~ 

Correlation 0.97 ~ ,-0.56 ~ 

aClosed jejunal loops were incubated in vivo with bile containing 3 H-squalene and ~4C-cholesterol for 90 min. 
Luminal contents and mucosa were analyzed for free and esterified sterols. Data are mean + SE of 6 animals. 

bSignificantly different from 3H--cholesterol, p <  0.05. 
CSignificantly different from the luminal value, p <  0.05. 
dBetween the percentages of 3H-methyl sterol and 3H-cholesterol in the mucosa, p < 0.01. 
cBetween the percentages of 3H-cholesterol and ~4C-cholesterol in the mucosa, NS. 

TABLE 3 

Percentage Distribution of 3H-Radioactivity in Nonsaponifiable Lipids 
of Lumen and Mucosa a 

Methyl sterols Cholesterol 

Site Squalene Free Esterified Free Esterified 

Lumen 4+ 1 35 +3 0.1 +-0.04 61 +3 0.1 +-0.02 
Mucosa b 52+8 ~ 28+-5 3+-2 15+3 c 2+ 1 

~Closed jejunal loops were incubated in vivo with bile containing 3H-squalene. Lumen and mucosa were 
analyzed for nonsaponifiable lipids. Data are mean +- SE of 6 animals. 

bDistribution of radioactivity is calculated from the total sum of radioactivity in different mucosal fractions. 
CSignificantly different from the luminal value, p <  0.001. 
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were physiological and thus most appropriate for 
absorption studies (13). Consequently, the very 
efficient absorption rate of 3H-squalene (Fig. 3), as 
compared to earlier data on dietary squalene (4), 
might be due to the relatively low content of 
intraluminal squalene. On the other hand, it is also 
possible that biliary and dietary squalene are not 
absorbed similarly, a phenomenon earlier demon- 
strated for dietary and micellar biliary cholesterol 
(14-16). 

Because no fat was used in the present experi- 
ments, triglyceride-rich lipoproteins were obviously 
not formed and labeled lipids did .not reach the 
circulation within the incubation time. Because the 
leak of the label from the mucosa and the sub- 
sequent involvement of extraintestinal factors were 
avoided, water-insoluble 3H-squalene is preferable 
to mevalonate and otber small molecular pre- 
cursors as a metabolic source and marker for the 
newly synthesized sterols. 

The experiments demonstrated that biliary 
squalene as well as dietary squalene (3) is cyclized 
efficiently to sterols in the gut epithelium. As 
luminal squalene was predominantly absorbed by 
villous cells, the results indicate the contribution of 
villous cells to the intestinal cholesterol synthesis 
not detected by the measurement of HMG-CoA 
reductase activity. On the other hand, the rate of 
squalene cyclization was higher in the crypt than 
villous cells. This may reflect the high cholesterol 
synthesis in the crypt cells during chow diet (17), 
even though different transfer of the newly syn- 
thesized ~H-sterols from the 2 cell types to the gut 
lumen is possibly involved, too. 

The mechanism of the lipid transfer is not 
known, but several explanations are possible. The 
exchange of the labels between lumen and mucosa 
can occur in experiments of the type I report here. 
Thus, the different transfer to squalene and sterols 
might be due to the binding of squalene by a 
squalene and sterol carrier protein (SCP, 18) in 
microsomes. However, it is unlikely that the ex- 
istence of labeled esterified sterols in the lumen 
could be explained by the exchange mechanism. 
The spillage of cell contents or sloughing of 
mucosal cells during the incubation and the cell 
preparation are possible (19,20), but the patterns of 
radioactivity in the gut lumen and epithelium were 
completely different. It has been suggested that 
cholesterol is actively secreted from mucosa into 
intestinal lumen (21), but the mechanism and 
significance of the active secretion are obscure. 
Both cell sloughing and active secretion could 
explain the occurrence of esterified stcrols in the 
lumen. 

SQUALENE 533 

The present study demonstrates that biliary 
squalene is taken up by the jejunal mucosa and 
converted efficiently to free and esterified sterols. 
The intestinal sterols newly synthesized f~om biliary 
squalene are partly transferred to the gut lumen 
and may thus contribute to the "nonexchanging" 
fecal sterols which are not equilibrated with plasma 
cholesterol (22). 
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Metabolism of Platelet-Activating Factor 
by Blood Platelets and Plasma 
IFTEKHAR A L A M  a'*, J. B R Y A N  SMITH ,  T M  and M E L V I N  J. SILVER a'b" aCardeza Foundation 
and bDepartment of Pharmacology, Thomas Jefferson University, Philadelphia, PA 19107 

ABSTRACT 

High performance liquid chromatography in combination with a radioactivity detector was used to study 
the metabolism of platelet-activating factor (l-O-alkyl-2-acetyl-sn-glycero-3-phosphocholine) by washed 
platelets, platelet-free plasma and platelet-rich plasma obtained from rabbits and humans. Degradation of 
platelet-activating factor to its 2-1yso derivative was observed in rabbit and human plasma. This degradation 
of platelet-activating factor in plasma was completely inhibited by diisopropylfluorophosphate and was 
partially inhibited by ethylenediamine tetraacetic acid. Washed platelets metabolized platelet-activating 
factor not only to the 2-lyso compound but also, by reacylation of this lyso intermediate, to an analogue of 
platelet-activating factor probably containing a long-chain acyl group at the sn-2 position. These 
transformations occurred, but to a lesser extent, in platelet-rich plasma. 
Lipids 18:534-538, 1983. 

INTRODUCTION 

PAF is a low molecular weight hydrophobic (1) 
phospholipid which activates platelets (2-4) and 
has powerful antihypertensive properties (5). PAF 
is known to be released into the plasma of rabbits 
during IgE-induced anaphylaxis and binds to 
circulating blood cells (6-8). The extent of PAF 
binding to platelets was found to be greater than to 
other blood cells (9). The apparent high affinity of 
PAF towards platelets could involve rapid associ- 
ation with a slow rate of dissociation, internaliza- 
tion within platelets and/or metabolism. Several 
rat tissues (10,11) as well as human leukocytes (12) 
have been shown to deacetylate PAF and the 
formation of PAF analogues by rabbit (13) and 
guinea pig (14) leukocytes has been reported. There 
is no information in the literature describing the 
disposition of PAF after its interaction with the 
platelet surface. Experiments in vivo have demon- 
strated that the transient hypotensive effect ob- 
served after the administration of low doses of 
PAF in rats is related to the degradation of PAF 
and its rapid removal from the circulation (15). We 
now show that plasma from humans or rabbits can 
degrade PAF enzymatically to lyso-PAF and that 
platelets not only carry out this transformation but 
reacylate lyso-PAF to a previously uncharacterized 
derivative formed by platelets. 

MATERIALS AND METHODS 

HPLC grade solvents were obtained from Fisher 
Scientific, King of Prussia, PA. Deionized water 

*To whom correspondence should be addressed. 
CPresent address: Specialized Center for Thrombosis Research, 

Temple University. Philadelphia, PA 19140. 
Abbreviations: PAF, platelet-activating factor; "2-acyl-PAF", 

l-0-alkyl-2-1ong chain acyl-glycerophosphocholine; PRP, plate- 
let-rich plasma; HPLC, high performance liquid chromatog- 
raphy; TLC, thin layer chromatography; PFP, platelet-free 
plasma. 

was filtered through a Millipore filter (0.45 #). A 
Waters Associates Liquid Chromatograph equipped 
with a model 6000A solvent delivery system was 
used for HPLC. The column employed was a 250 • 
4.6 mm (id) Lichrosorb Si60 (10 # particle size) 
purchased from Rainin Instrument Co., Woburn, 
MA. The radioactivity flow detector was purchased 
from Radiomatics, Tampa, FL. The mobile phase 
consisted of two solvents, A and B. Solvent A was a 
mixture of propanol/ethylacetate/benzene/water 
(130: 80: 30: 20, v/v/v/v)  and solvent B consisted of 
propanol/toluene/acetic acid/water (93:110:15: 
15, v/v/v/v), A two-step isocratic elution scheme 
was used as previously described (16). TLC was 
done on Silica Gel GH plates obtained from 
Analtech Inc., Newark, NJ. 1-0-( 3 H)-alkyl-2-acetyl- 
sn-glycero-3-phosphocholine, (SA 45 Ci/mmol) 
was a gift from Dr. Ahern, New England Nuclear, 
Boston, MA. Oleic acid (1-~4C, SA 50 mCi/mmol), 
arachidonic acid (IJ4C, SA 55.8 mCi/mmol) and 
phosphatidylcholine (dipalmitoyl-l-14C, SA 100 
mCi/mmol) were purchased from New England 
Nuclear, Boston, MA. Linoleic acid (1-~4C, SA 57 
mCi/mmol) was purchased from Amersham, Ar- 
lington Heights, IL. 1-0-alkyl-2-acetyl-glycero-3- 
phosphocholine and 1-0-alkyl-2-hydroxy-sn-glyc- 
ero-3-phosphocholine were purchased from Avanti 
Polar Lipids Inc., Birmingham, AL. Bee venom 
phospholipase A2 and diisopropylfluorophosphate 
were purchased from Calbiochem-Behring, San 
Diego, CA. Dimethylaminopyridine' and acetic 
anhydride were purchased from Aldrich Chemical 
Co., Metuchen, NJ. 

Buffers 

Tyrodes gelatin buffer (TG buffer) was prepared 
by dissolving KC1, 195 mg; MgC12" 6H20, 212.5 
mg; NaCI, 8 g; NaHCO3, 1 g; glucose, 1 g; 
ethyleneglycol-bis-(fl-amino-ethylether) N,N-tetra- 
acetic acid (EGTA), 76.07 mg; and gelatin 2.5 g; in 
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one liter of water. The pH was adjusted to 6.5 with 
1 N HCI.  

Tris-Tyrodes Albumin buffer (T-IA buffer) was 
prepared by dissolving KCI 195 rag; MgCI2' 6H20, 
212.5 mg; NaCI, 8 g; CaCI2' 2H20, 191 mg; Tris 
(hydroxymethyl)-aminomethane (Tris), 1.21 g; glu- 
cose, 1 g; and BSA (bovine serum albumin), 2.5 g; 
in one liter of water. The pH was adjusted to 7.4 
with 1 N HCI_,. Tris saline buffer (TS buffer) 
contained 445 ml of 0.15 M NaCI, 50 ml of 0. 154 M 
Tris HCI 7.4, 0.5 g glucose, 10 ml of 0. I M E D T A  
and 250 mg BSA. 

Preparation of Washed Rabbit Platelets 

Blood was collected by cardiac puncture nf adult 
New Zealand White rabbits into one-tenth volume 
3.8% trisodium citrate. PRP  was obtained by 
repeated centrifugation of blood at 220Xg to 
eliminate contaminating white cells. Washed plate- 
lets were prepared as described in ref. 17. Briefly, 
the PRP was centrifuged at 1400 • g for 15 min at 4 
C. The sediment was gently resuspended in an 
equal volume of TG buffer. This procedure was 
repeated and the platelct count was determined. 
The platelets were recentrifuged at 4 C. The pellet 
was resuspended in TG buffer and the platelet 
concentration was adjusted to 5 •  108/ml. The 
suspension was divided into 5-ml portions and each 
pellet was resuspended in 5 ml TTA buffer. Platelet- 
free plasma was prepared by centrifuging PRP  at 
15,000Xg for 5 min at room temperature. 

Preparation of Washed Human Platelets 

Citrated PRP,  prepared as described previously 
(! 8,19), was centrifuged twice as described above to 
remove white cells. -ihis PRP  was cooled to 4 C and 
cold 0.1 M EDTA was added to give a final 
concentration of 5 mM. The PRP  was centrifuged 
at 1800Xg for 6 min at 4 C and the platelet pellet 
resuspended in an equal volume of TS buffer and 
incubated at 37 C for 10 min. The suspension was 
cooled to 4 C and centrifuged at 600 • g for 10 min. 
The platelets were resuspended in the same buffer, 
the platelet count was determined and the volume 
adjusted to give 5X10 s platelets per ml. This 
platelet suspension was divided into 5-ml portions, 
each centrifuged at 600 • ga t  4 C for 10 rain and the 
platelets were resuspended in 5 ml TTA buffer. 

incubation. Extraction and TLC Procedures 

Unlabeled PAF (final concentration, 0.2 pM)  
along with I #Ci of radiolabeled P A F  was in- 
cubated at 37 C for selected time periods with 5 ml 
of washed platelet suspension containing 2.5 • 109 
platelets, 5 ml of PRP containing 2.5 • 10 platelets, 
or PFP. To each incubation mixture was then 
added 18 ml of ch loroform/methanol  (1:2, v /v)  

tollowed by 6 ml of chloroform and 6 ml of 0,1 M 
EDTA. The samples were then mixed and cen- 
trifuged to separate the phases. The organic phase 
was removed, the aqueous phase was reextracted 
with chloroform ( 10 ml) and the combined organic 
extract was evaporated under N: at room tempera- 
ture. Recovery of both radiolabeled PAF and lyso- 
PAF (see below) was 75-85%. Components  of the 
extracts were separated by TLC (15). 

Preparation of 1-0-(3H)-Alkyl-2-Lyso-Glycero-3 - 
Phosphocholine (lyso-PAF} 

This was prepared following the method of Wells 
and Hanahan (20). Radiolabclcd PAF (2 #Ci) was 
taken up in I ml diethylether. To this was added 10 
~1 of bee venom phospholipase A,~ (10 mg/ml  of 0.1 
M Tris HCI, pH 7.4, 5 mM CaCI2). After incubation 
for 3 hr at room temperature, the ether was 
evaporated under a stream of nitrogen and the 
residue was resuspcnded in 0.6 ml chloroform/  
methanol (2: I). T L C  (15) of the residue using the 
solvent system chloroform/methanol /ace t ic  acid,' 
water (50:25:8:4, v / v / v / v )  indicated 84% con- 
version to lyso-PAF (Rt, 0.20). 

R eacetylation of Lyso-PAF Obtained from Rabbit Olatelets 

This was accomplished according to the method 
of Gupta et al. (21). The lyso-PAF, obtained as 
described above, was eluted from the TLC plate 
with 5 ml of methanol. Reacetylation was accom- 
plished by refluxing with acet.icanhydride (200 #1, 
2.1 mmol) and dimcthylaminopyridine (I mg, 8.2 
#mol) in 5 ml pyridine/methylene chloride (1:5, 
v/v)  for 8 hr. The reaction mixture was cooled, 
evaporated under vacuum, and analyzed directly 
by HPI.C. 

Preparation of Labeled 1-0-Alkyl-2-Long Chain Acyl 
Glycero- 3-Phosphochoiine 

Rat liver (1 g) was thoroughly washed with saline 
solution to remove blood and then homogenized in 
45 mM KH2PO4 buffer, pH 7.4 (4 ml). Rat liver 
homogenate (1 ml, 0.25 g), ATP  (25 #mol), co- 
enzyme A (0.25 /~mol), magnesium chloride (1.5 
/~mol) and sodium fluoride (31 #mol), buffered to 
pH 7.4 with 45 mM KH2PO4, were incubated at 37 
C for I hr with oleic acid (IJ4C,  I #Ci) and ~H-PAF 
(5 ~Ci). The incubation mixture (2 ml) was mixed 
with 7.2 ml of ch loroform/methanol  (I : 2), 0. I M 
EDTA (2.5 ml) and chloroform (2.4 ml) and 
extracted. The organic phase was removed and the 
aqueous phase was reextracted with chloroform (2 
ml). The combined extract was dried under N2. The 
residue was resuspended in ch loroform/methanol  
(2: I) and analyzed directly by HPLC. 

RESULTS 

We first determined the time course and extent of 
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the degradat ion  of radiolabeled P A F  in rabbi t  P F P  
The extracts were submit ted to TLC and only 
two products  were detected. These corresponded 
to P A F  and ~yso-PAF (Rf values of 0.28 and 0.20, 
respectively). Figure 1 il lustrates the rapid forma-  
t ion of lyso-PAF and decrease in P A F  when aH- 
P A F  was incubated with PFP.  Lyso-PAF forma- 
t ion reached a plateau in 5 min. P A F  was not 
hydrolyzed when the plasma was replaced either by 
TTA buffer or plasma boiled for 10 min. The 
degradat ion  of P A F  in rabbi t  p lasma was a lmost  
abolished by pre t rea tment  of plasma with 10 mM 
di isopropylf luorophosphate ,  and markedly inhib-  
ited by 10 m M  EDTA (Fig. 2). The profile of 
radioactivity of the componen t s  of the extract  
obtained by H P L C  following incubat ion  of P A F  
with washed rabbi t  platelets is seen in Figure 3. In 
addi t ion to unchanged P A F  and lyso-PAF a third 
metaboli te,  which we are tentatively calling "2- 
acyl-PAF",  was seen to be eluted at 59 min. This 
metaboli te was rechromatographed  together  with 
radioactive s tandards  of dipalmitoyl  phosphat idyl -  
choline (PC), P A F  and lyso-PAF. The radio- 
activity profile (Fig. 4) of the separated lipids was 
obtained directly from the char t  recorder.  This 
metaboli te  is probably  a I-0-alkyl-2-1ong chain 
acyl glycero-3-phosphochol ine for the following 
reasons. (a) The unknown metabol i te  produced by 
the rabbi t  platelets was eluted from the H P L C  
column at 59 min, very close to PC (63 rain). This 
suggested the possibility tha t  lyso-PAF had been 
reacylated with a long-chain fatty acid. Such a 
product  has been reported to be formed by rat 
tissue (15). (b) We biosynthesized various P A F  
analogues conta ining oleic, linoleic or a rachidonic  
acid in the 2-position as described in Methods.  We 
then compared  the retent ion times of the metab-  
olites of these P A F  analogues by HPLC.  The oleic 
and arachidonic  acid analogues of P A F  had reten- 
t ion times of 60 rain, while the linoleic analogue 
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and the rabbi t  platelet metabol i te  had a re tent ion 
t ime of 59 min. (c) Incuba t ion  of the purified 
metabol i te  with bee venom phosphol ipase  A2 led to 
the format ion  of a product  which eluted on H P L C  
with the re tent ion time of lyso -PAF (85-97 min). 
This product  was reacetylated by refluxing in acetic 
anhydride  (see Methods) .  The produc t  of this 
reaction had a re tent ion t ime identical to P A F  (75- 
85 rain). 

Degradat ion  of P A F  and  reacylat ion of lyso- 
P A F  occurred in h u m a n  and  rabbi t  washed plate- 
lets as well as in P R P ,  but  reacylat ion did not  occur 
in platelet-free plasma. The extent  of l y so -PAF 
format ion  by platelets or  p lasma as well as its 
reacylat ion by platelets to 2-acyl P A F  is indicated 
in Table 1. 

DISCUSSION 

It  has been previously shown tha t  platelets and  
other  blood cells take up P A F  (9) but the metab-  
olism of  P A F  by platelets was not  investigated. Our  
findings show that  P A F  is metabol ized bo th  by 
platelets and  by plasma. 

Metabolism by Plasma 

Normal  h u m a n  and rabbi t  p lasma and  serum 
have been reported to contain  an  acid-labile factor  
which inactivates P A F  (22). This factor has been 
reported to be associated with l ipoproteins  (22). It 
has also been reported tha t  in t ravenous  infusion of 
radiolabeled P A F  in rats resulted in the accumula-  
t ion of lyso-PAF in blood (15), suggesting that  
P A F  is degraded by a plasma enzyme (10). We 
examined the capacity of  plasma to degrade P A F  
in vitro. Rabb i t  p lasma was more potent  than  
h u m a n  in the convers ion of P A F  to lyso-PAF.  
D F P  inhibi ted the fo rmat ion  of lyso-PAF by ca. 
90%, whereas E D T A  also inhibi ted but  to a lesser 
extent.  Inhibi t ion Of the degrada t ion  of P A F  by 
pre t rea tment  of p lasma with D F P ,  E D T A  or heat  
indicates tha t  the format ion  of lyso -PAF was an  
enzymatic process. 

Metabolism by Platelets 

The degradat ion  of P A F  to lyso-PAF by washed 
platelets most likely was the result of platelet 
phosphol ipase  A2 activity. In addi t ion,  we have 
presented evidence which suggests tha t  ly so -PAF is 
reacylated to a l-0-alkyl-2-1ong chain acyl glycero- 
3-phosphochol ine  analogue by rabbi t  and  h u m a n  
platelets. 

The format ion  of the P A F  analogue could be 
explained by reacylat ion of  the lyso-PAF via an 
acyltransferase. Such an enzyme exists in platelets 
and  prefers unsatura ted  to sa tura ted  fatty acids 
(23). To obta in  suppor t ing  evidence for the identi ty 
of the subst i tuent  at the 2-posi t ion of the rabbi t  

TABLE 1 

Formation of "2-Acyl-PAF" and Lyso-PAF by Human 
or Rabbit Washed Platelets or Platelet-Rich Plasma 

Human Rabbit 

Washed Platelets 

Lyso-PAF 3.88+2.52 8.74+ 1.6 a 
PAF 87.77+_2.11 66.0 + 9.19 
2-AcylPAF 4.73+ 1.08 19.3 + 6.98 

Platelet-rich plasma 

Lyso-PAF 46.80 + 9.15 62.73 --+ 10.1 
PAF 46.46+8.98 34.27+_. 9.13 
2-Acyl-PAF 2.36+-0.54 2.65 -t- 1.19 

Platelet-free plasma 

Lyso-PAF 50.62+3.0 89.75+- 1.06 
PAF 43.41 + 5.56 9.98 + '0.74 
2-Acyl PAF 0 0 

3H-PAF (1 ~Ci) plus PAF (0.2 t~M) were incubated with human 
or rabbit washed platelets, PRP or platelet-free plasma for 5 rain 
at 37 C. The incubation mixtures were extracted and the extracts 
analyzed by TLC as described in methods. 

Walues given are mean -+ SD of 5 experiments using blood from 
5 different donors. Values expressed are percentage of total 
radioactivity extracted from each TLC plate. They do not add up 
to 100% because some radioactivity was always found at the 
solvent fronts. 

platelet metaboli te,  various P A F  analogues  con- 
ta ining oleate, linoleate or a rach idona te  substi~- 
tuents at  the 2-posit ion were prepared and  their  
re tent ion times were determined and compared  
with those of the metaboli tes  produced by rabb i t  
platelets. The platelet metabol i te  with a re tent ion 
time of 59 min probably  contains  linoleic acid at 
the 2-posit ion since it coeluted with the l inoleate 
subst i tuted P A F  analogue,  Fu r the r  work is in 
progress to identify the fatty acid(s) in the 2- 
position. 

Our  s tudy has provided evidence tha t  removal  of 
the acetyl group from P A F  and uti l izat ion of  lyso- 
P A F  to form other  metaboli tes  occurs in platelets. 
The reacylat ion of lyso-PAF may represent  an  
impor tan t  mechanism for conservat ion of 1-0- 
alkyl-sn-glycero-3-phosphocholine species for sub- 
sequent  biosynthesis of PAF.  
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Glycolipids and Thylakoid Proteins in Chloroplasts 
and Streptomycin-Bleached Lamellae of Euglena 
GLORIA A. SKOWRONSKI 1 and OWEN W. GARRIGAN* ,  Department of Chemistry, Seton Hall 
University, South Orange Ave., South Orange, NJ 07079 

ABSTRACT 

Thylakoid proteins from (a) the chloroplasts of green Euglenagracilis cells and from (b) the correspond- 
ing concentric lamellar bodies of streptomycin-bleached Euglena have been extracted in aqueous sodium 
dodecyl sulfate (SDS) and purified. The molecular weights of the proteins, determined by polyacrylamide 
gel electrophoresis in SDS, were 9 kilodaltons for (a) and 9 and I 1.5 kilodaltons for the 2 polypeptide chains 
of (b). Each of the purified proteins consists of 55% apolar and 45% polar amino acids. The lipids of the green 
and bleached cells differ in polarity of components. Neutral galactolipids are abundant in green cells but not 
in streptomycin-bleached cells. Anionic sulfolipid content is greater in the chlorotic organisms. Polyenoic 
fatty acids, mainly with 16, 18 and 19 carbon atoms, occur in the green cell galactolipids. Cells grown in the 
presence of streptomycin are, in contrast, rich in monoenes. Th e opposite is observed in the sulfolipids: 
monoenes with 16 and 20 carbons arc the main fatty acids in the green cells, while a dienoic fatty acid with 12 
carbons is found in large amounts in streptomycin-bleached cultures. 
l.ipids 18:539-544, 1983. 

A number of chemical and physical agents can 
have a dramatic effect on the chloroplasts in 
Euglena gracUis, changing this unique protozoan 
flagellate from a green plant-like cell to a perma- 
nently bleached organism. Provasoli et al. (I) were 
the first to observe the bleaching effect of  strepto- 
mycin in Euglena. The inner chloroplast mem- 
branes ,  which  are re ta ined  in l i g h t - g r o w n  
streptomycin-bleached Euglena cells, are found in 
oval or spherical bodies known as concentric 
lamellar bodies (CL bodies) (2). In this paper, a 9- 
kD thylakoid protein from green plastids and 9- 
and l l .5-kD thylakoid proteins from the albino 
plastids have been isolated and purified. The 
proteins were then compared for size and polarity. 

Mono- and digalactosyl diglycerides, the main 
lipids synthesized by Euglena (3-5), were studied, in 
purified form, by Rosenberg et al. (6). Sulfolipid 
was also previously detected in green and bleached 
Euglena cells (4,7-9). All of these glycolipids, 
however, occurred in Euglena cells bleached by 
means other than by the antibiotic. A modified 
version for isolating and analyzing the glycolipids 
in the green and the streptomycin-bleached organ- 
isms is described here. A comparative study of the 
fatty acid compositions of these glycolipids was 
made in the 2 types of plastids. 

METHODS 

Cell Growth 

Cells were grown in l-liter cotton-stoppered 
Erlenmeyer flasks containing 500 ml of Wolken's 
complete medium (10). Cultures were maintained 

~Current address: Department of Pharmacology. University of 
Medicine and Dentistry of New Jersey, New Jersey Medical 
School, New'ark. NJ 07103. 

*To whom correspondence should be addressed. 

at room temperature (kept below 25 C by air 
conditioning, if necessary) and under constant 
illumination from a 15-watt "Cool-White"  General 
Electric fluorescent tube. 

Cells were bleached by introducing 500 mg of 
streptomycin sulfate into test tubes containing 10 
ml of sterile complete medium followed by inocula- 
tions from the green stock culture ( i 1). Eleven days 
later, the contents of the test tubes were mass 
transferred to Erlenmeyer flasks of  streptomycin- 
free medium. Succeeding transfers were made to 
fresh streptomycin-free medium with an inocu- 
lating needle every 1 i days. 

Cultures were harvested after 11 days' growth by 
centrifugation for 5 min at 4 C and l l 0 0 •  in a 
Sorvall refrigerated automatic centrifuge. The cells 
were washed twice with cold deionized water, 
collected and frozen at - 2 0  C. 

Isolation of Chloroplasts and Concentric Lamellar Bodies 

After thawing, Euglena cells were treated with 
trypsin for removal of their pellicles and the 
resulting spheroplasts were homogenized. Their 
chloroplasts or CL bodies were collected by cen- 
trifugation according to Rawson and Stutz (12) 
with the modification that the filtrate from the 
homogenized bleached spheroplasts was centri- 
fuged at 120•  for 2 min. The organelles were 
washed with deionized water at 4 C and 12,100 • g 
for 5 min to remove water-soluble components  
according to Keylock et al. (13). 

Preparation of Acetone Powder Extracts 

Washed organelles were mixed with cold de- 
ionized water and the suspensions slowly pipetted 
into vigorously stirred acetone immersed in dry ice. 
The ratio was 500 mg washed chloroplasts or CL 
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bodies: 10 ml deionized water: 100 ml acetone. The 
acetone-precipitated proteins were centrifuged for 
5 min at 12,100 • g, 4 C, and washed several times 
with cold acetone and finally with cold ether (13). 
Dry acetone powders were dissolved in 0.5% (w/v) 
sodium dodecyl sulfate (SDS), pH 7.2, in a ratio of 
1 mg powder:0.1 ml SDS solution for at least 2 hr 
with occasional shaking at room temperature. SDS 
extracts were centrifuged at 27,000• 4 C, for 15 
min to remove the remaining insoluble material. 

Gel Filtration Chromatography 

Protein was partially fractionated by gel filtra- 
tion chromatography of acetone powder extracts 
on a column (2.5 cm • 32.6 cm) of Sephadex G- 100, 
equilibrated and eluted with 0.5% (w/v) SDS, pH 
7.2, at room temperature and flowing at ca. 12 
ml/hr. Individual fractions, 1.3 ml in volume, were 
collected by drop counting and monitored at 280 
nm in a Beckman DB-GT spectrophotometer. 

Polyacrylamide Gel Electrophoresis 

Approximately 25 #g of protein from the main 
column eluted peak were applied to each poly- 
acrylamide gel for further purification by the 
procedure of Ornstein (14) and Davis (15) as 
modified by deVito and Santom6 (16). Electro- 
phoresis was performed in 5 • 10 -2 M Tris adjusted 
to pH 8.3 with 7.7X 10 -2 M NaH2PO4-H20, diluted 
10-fold and made 0.5% (w/v) in SDS. Stained gels 
were placed parallel to unstained gels and the 
corresponding major protein bands from the un- 
stained gels dissected with a blade. The major 
proteins were extracted from homogenized gel 
slices by incubation with 0.5 ml of 0.5% (w/v) 
SDS/gel slice at 37 C overnight, followed by an 
additional rinse with 0.5 ml of SDS. Supernatant 
extracts were pipetted into conical centrifuge tubes 
and separated from residual gel particles by centri- 
fugation at room temperature for 30 min at 200 • g. 
Nine parts cold acetone were mixed with one part 
SDS extract to precipitate the proteins (17) and 
centrifuged at the same speed and time as the SDS 
extracts. Protein precipitates were dried under 
nitrogen. 

Molecular Weight Determinations 

Using the same procedure discussed above, the 
purified lamellar proteins were run along with 
standards on separate parallel polyacrylamide gels. 
Electrophoretic mobilities were calculated by 
Weber and Osborn's formula (17) and the molecular 
weights of the major proteins read from the 
standard semilogarithmic plot of molecular weight 
vs electrophoretic mobility. 

Amino Acid Analysis and Protein Assays 

Purified proteins were transferred to acid-washed 

ignition tubes along with 6 N hydrochloric acid and 
0.5% (v/v) phenol. The tubes were evacuated to less 
than 50/.trig, and the samples hydrolyzed at 110 C 
for 20 hr. Quantitative amino acid analyses were 
performed on a Durrum D-500 automatic analyzer. 
Ten mg of amino acids/30 ml of starting buffer was 
a typical load placed on the ion-exchange column. 

Samples of acetone powder were hydrolyzed and 
analyzed for amino acids on a Durrum analyzer. 
Thirty mg of acetone powder protein in 5 ml of 
buffer was an adequate sample. Protein in the 
acetone powders and the polyacrylamide gel ex- 
tracts was calculated from the total amount of 
amino acids in the hydrolysates. 

Chlorophyll Estimation 

Chlorophyll was determined by Arnon's method 
(18). The Sephadex eluant was monitored at 420 
n m .  

Extraction of Total Lipids 

Packed cells were homogenized in a high speed 
Waring blendor for 2 min with a 20-fold excess (i 
g/20 ml) of precooled chloroform/methanol (2:1, 
v/v) at ca. 4 C. The mixture was filtered and 
dialyzed against cold tap water in the dark. After 24 
hr of dialysis, the lower chloroform phase was 
collected and treated overnight in the freezer with 
anhydrous sodium sulfate and concentrated in a 
flash evaporator. The chloroform/methanol was 
evaporated and replaced by benzene. The resulting 
benzene solution was diluted with 20 ml of benzene 
and stored under nitrogen at -20 C (6,19). Ap- 
proximately 400 mg of total lipids/5 g of cells Were 
extracted from the green and the colorless organ- 
isms. 

Isolation of Glycolipids 

Separation of glycolipids from total lipid ma- 
terial was attained through one-dimensional thin 
layer chromatography according to Pohl et al. (20). 
Each plate (12 • 20 cm) was spread with a suspen- 
sion of 3.5 g of Silica Gel HF254 in 9 ml ofdeionized 
water, producing a layer thickness of 0.5 ram. 
Plates were air-dried for 30 min and then activated 
in an oven for 2 hr at 130 C. Warm plates were 
cooled in a dessicator and stored in a vacuum over 
fresh phosphorus pentoxide. After the plates, 
containing 2-4 mg of total lipids, were developed in 
benzene / acetone / deionized water (30:91: 8, v / v / v), 
a 0.003% alkaline solution of Rhodamine 6 G was 
sprayed on an uncovered reference strip while the 
remainder of the chromatogram was covered with 
a clean glass plate. The bands, recognized by their 
Rf values, were scraped off with a blade and 
extracted 5 times with an equal volume of the 
following solvents: chloroform for pigment; ace- 
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tone for the wax-like component and the mono- 
galaciosyl diglycerides; methanol/acetone (5:1, 
v/v) for the cardiolipid and the digalactosyl di- 
glycerides; and methanol for the sulfolipid and the 
phospholipids. Absorbent was removed from the 
lipid extracts by centrifugation at 500•  for 10 
min at room temperature. Solvents were evaporated 
under nitrogen and the lipid fractions weighed. 

Chemical Analyses 

Hexose was quantitated by the method of 
Trevelyan and Harrison (21). Phosphorus was 
analyzed according to King (22). Sulfur was de- 
termined by Letonoff and Reinhold's procedure 
(23). 

Gas Liquid Chromatography of Fatty Acid Methyl Esters 

Fatty acid methyl esters were prepared according 
to Morrison and Smith (24) and separated on a 
Research Specialties Co~ Series 600 gas chromato- 
graph equipped with a hydrogen flame ionization 
detector and an all glass on-column injection 
system. Methyl esters were analyzed on 2 columns: 
(A) polar column, 3.5 ft long and 4 mm od, packed 
with 10.5% diethylene glycol succinate (DEGS) on 
60-80 mesh Chromasorb W (acid washed and 
dimethylchlorosilane treated), column temperature 
179 C, carrier gas (N2) flow rate 47 ml/min; (B) 
nonpolar column, 2 ft long and 3 mm od, composed 
of 10.5% Apiezon L on Diatoport S, 60-80 mesh, 
column operated at 232 C with a carrier gas flow 
rate of 52 ml/min. Fatty acids were identified by 
comparing retention times of the peaks with those 
of methyl ester standards using the technique 
developed by James (25) and Hawke et al. (26). The 
percentage of fatty acid was calculated from the 
integrator pen trace on the chromatogram. 

RESULTS 

Protein Concentration of Lipid-Free Powders 

By summing individual amino acid concentra- 
tions from the Durrum analysis of acetone powders, 
it was determined that the total protein content of 
the powders is 0.30 and 0.01 mg of protein per mg 
of green cell and bleached cell powder, respectively. 
Extraction of the acetone powders with SDS 
always resulted in white residues after centrifuga- 
tion. After 5 successive extractions with SDS, the 
residues, analyzed for their amino acids, were 
found to contain 0.5% of the total protein that was 
acetone-precipitated from the lamellar membranes 
in the green powder and less than 0.01% of the 
acetone-precipitated protein in the bleached pow- 
der. The residues do not seem to be lipid in nature 
since they are not soluble in chloroform/methanol, 
a common solvent for Euglena lipids. 

Fractionation and Purification of Thylakoid Proteins 

Sephadex G-I00 removed several minor protein 

components from SDS extracts of the acetone 
powders. Examination of column effluent by poly- 
acrylamide gel electrophoresis (Fig. 1) revealed 
that there was one major protein in the green 
acetone powder. Streptomycin-treated cells yielded 
2 major bands that were equal both in size and 
intensity of staining. Two major protein bands in 
the white cells were observed only when tris- 
phosphate was substituted for tris-glycine as the 
running buffer in electrophoresis. Tris-glycine, 
which produced one major band, contributed to 
glycine contamination in the amino acid studies. 
The results obtained here suggest that polypeptide 
dissociation in the tris-phosphate buffer may ex- 
plain the observations for the bleached protein. 

The gel filtration fractions that resulted in a 
major protein band on the polyacrylamide gels 
were designated as the thylakoid protein fractions. 
It was calculated that 25 + 5% of the protein in 
green chloroplast acetone powder is represented by 
the isolated protein component and 20 + 5% of the 
protein in the bleached concentric lamellae is 
represented by the isolated protein component. 

Molecular Weights 

From the electrophoretic mobilities of the iso- 
lated thylakoid Euglena proteins, the following 
molecular weights were established: 9,000 (green); 
9,000 (bleached, faster moving band); 11,500 
(bleached, slower moving band). Molecular weights 
were confirmed by gel filtration chromatography. 

FIG. 1. Polyacrylamide disc gel electrophoretograms 
of the thylakoid proteins in the chloroplast lamellae from 
Euglena gracilis. (A) Acetone powder (green cells); (B) 
Sephadex G-100 eluant (green cells); (C) acetone powder 
(streptomycin-bleached cells); (D) Sephadex G-100 eluant 
(streptomycin-bleached cells). 
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TABLE 1 

Amino Acid Compositions of the Thylakoid Proteins 

Amino acid Chloroplasts 

Nanomole percent 
white CL bodies White CL bodies 

(smaller poly- (larger polypeptide 
peptide chain) chain) 

Half-cystine ~ 5.2 6.0 4.3 
Aspartic acid 9.6 12.4 9.3 
Methionine* 1.8 1.5 1.6 
Threonine b 3.9 4.4 4.5 
Serine b 7.1 5.9 7.9 
Glutamic acid 9.9 10.8 9.4 
Proline 4.6 7.3 6.5 
Glycine 14.6 14.4 11.9 
Alanine 9.7 7.0 9.7 
Valine 4.2 4.9 5.2 
lsoleucine 3.5 3.6 4.0 
Leucine 9.4 7.4 8.0 
Tyrosine 3.4 1.6 4.2 
Phenytalanine 4.5 3.4 4.2 
Histidine 1.6 0.8 1.9 
Lysine 2.6 3.9 3.2 
Arginine 4.4 4.7 4.2 
Tryptophan c - . . . . .  
Total 100.0 100.0 100.0 

~Proteins, oxidized by performic acid, were used to determine the content of half-cystine and methionine 
which were estimated as cysteic acid and methionine sulfone, respectively. 

bThreonine and serine were corrected for hydrolytic losses of 5 and 10%, respectively. 
CNot determined trytophan was completely lost during hydrolysis. 

Amino Acid Compositions 

The amino  acid composi t ions  of the major  
proteins,  given in nanomole  percent,  are listed in 
Table  1. The rat io  55% apolar  to  45% polar  amino  
acids in each protein was calculated f rom the sum 
of the nanomole  percent of apolar  or polar  amino  
acids divided by the total  nanomole  percent  in 
Table  1, excluding half-cystine, tyrosine and  tryp- 
tophan.  Halfocystine often part icipates in covalent  
interact ions while tyrosine is ambiva lent  in nature.  
T ryp tophan  was completely lost dur ing  hydrolysis. 

An  analysis for hexoseamine in the purified 
protein f rom chloroplasts  was performed on the 
D u r r u m  instrument .  Less than  0.02 #g  of hexosa-  
mine could have been found by the n inhydr in  
method  but  none was detected. 

Chlorophyll Content 

At least one mole of chlorophyl l  remains  bound  
to each mole of the purified major  protein f rom the 
green cells, presumably in a p igment-prote in  com- 
plex. The pigment  remains t h r ough  the course of 
gel f i l t rat ion ch romatography  and  the electro~ 
phoretic procedure  (a green band  was observed at 
the posi t ion of the major  prote in  on unsta ined 
gels). The chlorophyll  a: chlorophyl l  b rat io was 
2: 1. No chlorophyl l  was recorded in the bleached 
samples. 

Evaluation of Thin-Layer Chromatograms 

The percentage of each lipid componen t ,  listed in 
Table  2, is based on the dry weight of each isolated 
consti tuent.  The  results of the spec t rophotomet r ic  
analysis of the total  lipids are given in Table  3. 

Fatty Acid Compositions of the Glycolipids 

Differences between the fatty acids of the glyco- 
lipids f rom the green and the bleached organisms 
are noticed. The major  fatty acids (above 5%) f rom 
the green cultures are shown in Figure 2. Figure 3 
depicts the principal fatty acids f rom s t reptomycin-  
bleached cells. Po lyunsa tura ted  fatty acids (2-4 
double  bonds,  14-19 ca rbon  a toms per chain) 
predominated  in the mono-  and  digalactosyl di- 
glycerides of green cells. Monoenes  comprised ca. 
20% of the fatty acids in the monogalactosyl  
diglycerides of s t reptomycin-bleached cells; how- 
ever, the monoenes  were still ou tnumbered  by the 
polyunsatura ted fatty acids in the monogalactosyl  
fract ion of these cells. Monoenes  were more 
a b u n d a n t  than  polyunsa tura ted  fatty acids in the 
digalactosyl diglycerides of s t reptomycin-bleached 
organisms. Sulfolipid f rom green cells conta ined 
chiefly monoenes,  whereas achlorot ic  cells con- 
tained polyunsatura ted  fatty acids. In bo th  cases 
(green and bleached), the fat ty acid chains were 
longer (fatty acid chains of 20 ca rbon  a toms were 
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TABI.E 2 

Components Isolated lrom Intal Lipids by 
fhm I.ayer Chromatography 

Percent of total lipid weight 

Component Green cells Bleached cells 

Pigment 32.8 Absent 
Wax-like substance" Absent 64.0 
Monogalactosyl diglyceridcs 8.0 2.6 
Cardiolipid + pigment 15.4 Absent 
Digalact osyl diglycerides 276 14.8 
Sullolipid 2.4 5.3 
Phospholipids 13.8 13.3 

Total I00.0 II)O.II 

~'Ihis wax-like component may be a fatty acid ester (33). 
Via gas chromatography, three small lipid components (less than 
5% of the total lipids) which range between C~ and C:~ 
in compnsition were detected. 

"I ABLE 3 

Spectrophotomctric Analysis ol Total l.ipids 

Percent of total lipid weight 

Analysis Green cells Bleached cells 

Hexosc 11.8 1.6 
Sulfur 0.6 1.2 
Phosphorus 05 1.3 

~] ~O;~OGALACTCSu GI.YCSdlDE 

I)IGALACT OSYL ~ 'GI-YCE RIOE 

�9 SULI-OLIPIO 

~o TM q 

~w 5144r~d 16'0 161 163  I64 17,0 17~2 i 8 ~ l " l a 2  183 184 19,2 193 19:4 2D*l 

F A f T Y  ACID CHAIN LENGTH AND NUMBER OF" DOUBLE BONDS 

FIG. 2. The major fatty acids o1 the glycolipids from 
green Euglena gracilis cells. 

~ ;011CGAI.AC TO ~t.Dr GL ~clZRIOE 

cr~ D!G.' l .~c TOSYI. DIGLYIZE n I OIZ 

�9 SUL;'GLIPlO 

I 2 6 63 I 41 /2  31 ~2 04 ~.0 203 

FATTY ACID CHAIN LENGTH AND NU~IBE R OF DOUBLE L~ONBS 

FIG. 3. ] h e  major fatty acids of the glycolipids from 
streptomycin-bleached Euglena gracilis cells. 

found only in the sullolipid but not in the galacto- 
lipids). 

Rosenberg  and his coworkers  (6) separated the 
galactolipids from the total lipids of green Eugh'na 
cells using column chromatography .  However,  it 
was also necessary for them to free the column 
fract ion conta ining the galactolipids from pigment 
and lipid con taminan t s  by two-dimensional  thin 
layer ch romatography  (TLC). I n the present study, 
one-dimensional  TLC was used, thereby lessening 
isolation time and the possibility of air-oxidat ion.  
Moreover ,  in this study, both polar and nonpo la r  
columns were used for the identification of fatty 
acids. 

DISCUSSION 

It is evident from this research that  s t reptomycin  
has a d ramat ic  effect on lipid, pigment and protein 
biosynthesis in Euglena. In bacteria,  s t reptomycin 
binds to and inhibits  the a t t achment  of the 30 S 
r ibosomal  subuni t  to messenger RNA (27). Not 
only does s t reptomycin inhibit  the incorpora t ion  of 
an amino  acid into a growing polypeptide chain, it 
also has the ability to induce " 'misreading" of the 
genetic code at the ribosome. Studies performed on 
the effects of s t reptomycin in cell-free systems 
using synthetic polynucleotides as messengers have 
shown that  s t reptomycin distorts protein synthesis 
by causing the incorpora t ion  into a polypeptide 
chain of an amino acid different from that  ordered 
by the synthetic messenger RNA (28,29). 

Like bacteria,  Euglena chloroplas ts  contain  70 
S-type r ibosomes (30). Schwar tzbach  and Schiff 
(31) have shown that  Euglena chloroplast  ribo- 
somes selectively bind s t reptomycin in a manner  
similar to bacterial ribosomes. Ext rapola ted  to our  
study, this could result in blocking of chloroplast-  
specific protein synthesis, such as the enzymes 
necessary for the biosynthesis of chloroplast  pro- 
teins, lipids and pigment.  In Euglena cells, both  as 
green and as s t reptomycin-bleached,  the 9 and the 
I 1.5 thylakoid proteins are quite similar; however, 
the glycolipids themselves are quite different. Al- 
though the green and the bleached thylakoid 
proteins contain  relatively the same propor t ions  of 
hydrophobic  and hydrophil ic  amino  acids, it is not  
possible, at this time, to state whether  or not 
s t reptomycin changes the sequence of amino  acids. 
Since the isolated protein from the green cells 
contains  bound chlorophyll ,  it is suggested that  the 
protein may take part in the photosynthet ic  as- 
sembly a long with the galactolipids and the pho to-  
receptive pigment.  

If s t reptomycin caused "misreading"  of the 
genetic code, it is possible that  the enzymes of 
chloroplast  lipid biosynthesis could produce non-  
funct ional  or incorrectly s tructured galactolipids. 
Monoenes  were a b u n d a n t  in the digalactosyl 
diglycerides o1 s t reptomycin-bleached Euglena 
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cel ls .  I t  is m o r e  l i k e l y  t h a t  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  s h o u l d  o c c u r  in t he  c h l o r o p l a s t  m e m b r a n e s .  
W h e n  f a t t y  a c i d s  a r e  p o l y u n s a t u r a t e d ,  b e n d s  o r  

p o c k e t s  a r e  c a u s e d  by  t he  h y d r o c a r b o n  c h a i n s  o f  
t he  g a l a c t o l i p i d s .  R o s e n b e r g ( 3 2 )  t h e o r i z e d  t h a t  t he  
m e t h y l  g r o u p s  o f  t he  p h y t o l  c h a i n s  o f  c h l o r o p h y l l  

w o u l d  fit  i n t o  t h e  p o c k e t s  in  t h e  f a t t y  a c i d  c h a i n s  o f  

the  g a l a c t o l i p i d s  a n d  t h u s  d i s t r i b u t e  t he  p o r p h y r i n  

r i n g s  a t  i n t e r v a l s  o n  t h e  s u r f a c e s  o f  t h e  m e m b r a n e  
w h e r e  t h e y  w o u l d  a b s o r b  l i g h t  f o r  p h o t o s y n t h e s i s .  
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The Effect of A Y - 9 9 4 4  on Yeast Sterol and 
Sterol Ester Metabolism 1 
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ABSTRACT 

The effects of the hypocholesterolemic drug AY-9944 (trans-l,4-bis(2-chlorobenzylaminoethyl)cyclo- 
hexane dihydrochloride) at two concentrations (10-4M and 5 X 10-4M) on the synthesis of sterols and sterol 
esters by Saccharomyces cerevisiae were investigated. Although growth was not markedly affected by the 
drug, there was a decrease in the free sterol to sterol ester ratio with increased drug concentration. A 
concomitant increase in the saturated fatty acids esterified to sterol relative to the unsaturated fatty acids was 
also noted in response to increased drug concentration. Ergosterol accounted for 94.7% of the free sterol in 
the control culture and for 87.8% of the 5 X 10-aM dr0g-treated culture, respectively. However, in the sterol 
ester fraction, the ergosterol content decreased from a value of45.1% in the control culture to 2.4% in the 5 • 
10 -4 M AY-9944 treated culture. The sterol ester fraction simultaneously showed increased levels of the A 8 

sterol, fecosterol, in response to increased drug concentration from a 7.4% control value to 57.4% in the 5 X 
l ff4M drug-treated culture. The accumulation of the A 8 sterol suggests that the site of action of the drug is 

probably at the A s to A 7 isomerase step in the biosynthesis of ergosterol. The fact that ergosterol is retained 
as the major free sterol suggests a biological advantage to the retention of this particular sterol. In addition, 
the near normal growth in the presence of the drug, in spite of the occurrence of an altered sterol ester profile, 
indicates that the composition of the sterol ester fraction is not as critical as the free sterol fraction. 
Lipids 18:545-552, 1983. 

INTRODUCTION 

Many  hypocholesterolemic drugs inhibi t  the 
biosynthesis of cholesterol  at specific steps and  
have thus contr ibuted  to the elucidat ion of the 
biosynthet ic  pathway of cholesterol  in animals.  
Thus,  the chemical  AY-9944 (trans-l,4-bis(2- 
c h l o r o b e n z y l a m i n o e t h y l ) c y c l o h e x a n e  d i h y d r o -  
chloride), besides its other  effects, is known  to be a 
specific inhibi tor  of the 7-dehydrocholesterol  A 7 
reductase and  causes the accumula t ion  of 7- 
dehydrocholesterol  (1-3). This effect of AY-9944 
was shown to take place bo th  in vitro, using rat  
liver homogenates  (1,2), and  in vivo where 7- 
dehydrocholesterol  accumulated and  replaced the 
cholesterol normal ly  present in rat  bra in  tissue (3). 

Sterol metabol ism in the yeast Saccharomyces 
cerevisiae is similar to tha t  in m a m m a l i a n  systems 
f rom acetate to lanosterol.  Differences Occur be- 
yond  this point,  result ing in the fo rmat ion  of 
cholesterol in animals  and in the ul t imate  produc-  
t ion of ergosterol in yeast. The convers ion of 
lanosterol  to ergosterol in yeast takes place th rough  
a complex network of reactions (4-6, Fig. 1). 
Interestingly, S. cerevisiae contains  no known  
sterol A 7 reductase,  the established point  of inhibi-  
t ion in cholesterol synthesis by AY-9944 in animals. 
Thus, S. cerevisiae should provide an  ideal system 
to study any other  effects of AY-9944 on sterol 

~These results form a portion of a dissertation submitted to the 
Graduate School, University of Maryland, College Park, MD, by 
Ravi Pereira, in partial fulfillment of the requirements for the 
Ph.D. degree in Biochemistry. 

*To whom correspondence should be addressed. 

biosynthesis,  while furnishing insights into details 
of the sterol biosynthet ic  pathway in yeast. 

MATERIALS AND METHODS 

Reagents 

Spectroscopic grade hexane (Burdick and  Jack-  
son Labs.,  ]nc., Muskegon,  MI)  was used for high 
pressure liquid chromatography  (HPLC).  All o ther  
solvents were of reagent grade except for the use of 
technical  grade hexane in bulk extractions.  Tech- 
nical grade hexane and diethyl ether were redistilled 
before use, and  solvents used for H P L C  were 
filtered and  degassed prior  to use. The ch romato-  
graphic reference s tandards  used have been de- 
scribed elsewhere (7). 

Culture Conditions 

Cultures of S. cerevisiae strain MY-304 were 
mainta ined and  grown as previously described (7). 
Cells were grown in one liter of cul ture medium in 
Fe rnbach  flasks under  one of three condit ions.  The 
control  flasks had no drug, while the drug-treated 
cultures had AY-9944 to a final concent ra t ion  of 
10-4M (42.08 mg/ l )  or  5 X 1 0  -4 M (210.38 mg/1), 
respectively. The AY-9944 was a kind gift f rom Dr. 
D. Dvorn ik  (Ayerst Labs., Montrea l ,  Canada)  and  
was added as a powder  and dispersed in the 
medium pr ior  to autoclaving,  since it had been 
determined to be stable to such t rea tment .  Sterili- 
zat ion and  inoculat ion were carried out  as previ- 
ously reported (8). Growth  was followed turbidi-  
metrically (A640). The drug-t reated and  control  
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FIG. 1. Network of possible interconversions in yeast ergosterol biosynthesis as determined 
from identified intermediates (4-6). AE and ..XC correspond to the structures of  ergostanc and 
cholestane, respectively, and the numbers represent the positions of the double bonds as outlined 
in ref. 5. The numbers within parentheses refer to molecular weights of the free sterols. All the 
intermediates shown have been identified in yeast mutants.  
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flasks were incubated for 19 hr on a reciprocating 
shaker at 28 C (90 rpm). Cells were harvested and 
washed as described (9) and prior to harvesting an 
aliquot (5 ml) was taken for protein analysis using a 
modified Lowry reaction (7). 

Lipid Extraction 

The washed cell pellets were subjected to'alkalinE 
digestion and solvent extraction as outlined by 
Sobus and Holmlund (7) and modified by Field et 
al. (10). An internal standard of coprostanol (5. I 
rag) was added after solvent.extraction of the 
alkali-treated cells. 

Separation of Lipid Classes 

The sterols, sterol esters, fatty acids and hydro- 
carbons were resolved using ammonia-impregnated 
Biosil A columns described previously (10), except 
that the lipids extracted were slurried with 3 g of 
Biosil A and added as a dry powder to the column 
which was packed with 8 g of Biosil A impregnated 
with ammonia and slurried in hexane. Elution was 
effected by the sequential addition of 40 ml hexane, 
75 ml hexane/diethyl ether (98:2, v/v) and 50 ml 
diethyl ether. Due to the ammonia treatment, the 
free fatty acids were retained by the column. 
Several minor fractions were pooled to give three 
major fractions A, B and C based on their reaction 
to iodine vapor when spotted on filter paper. The 
composition of the three fractions was determined 
by thin layer chromatography (TLC) utilizing the 
solvent system II of Sobus and Holmlund (7) and 
appropriate reference standards. Fraction A con- 
tained mostly hydrocarbons, fraction B contained 
sterol esters and fraction C contained the free 
sterols obtained from yeast cells. The three frac- 
tions were taken to dry residues on a rotary 
evaporator (Rotovap, Buchi Instruments, Brink- 
man Scientific, Westbury, NY) and redissolved in a 
measured amount of hexane/diethyl ether (98:2, 
v/v) to furnish an aliquot for mass determination. 
In all cases where the rotary evaporator was used, 
the vacuum was released with nitrogen gas to 
minimize possible oxidation of any component. 

Saponification of Sterol Esters 

Fraction B was taken to dryness and treated with 
a mixture of methanol/diet hyl ether/benzene / 20% 
KOH (4: 3:1:0.5, v/v/v/v)  containing pyrogallol (5 
mg/25 ml solvent mixture). The resulting solution 
was refluxed gently for 0.5 hr, at which time TLC 
analysis indicated complete hydrolysis. The organic 
solvents were removed from the flasks under 
reduced pressure, and the residue was extracted 
three times with hexane (25-ml aliquots). The 
hexane extracts were pooled, washed twice with 
water, and dried over anhydrous Na2SO4. 

547 

Characterization of Fatty Acids Obtained 
From Sterol Esters 

The fatty acids derived from the alkaline hy- 
drolysis of the sterol esters were converted to free 
fatty acids by treatment with HCI, extracted into 
hexane, and methylated by treatment with 1 M 
HC1/methanol solution overnight at 85 C in a 
sealed tube. The methyl esters formed were then 
extracted into hexane, applied to a TLC plate, and 
developed with xylene. The methyl ester zone was 
scraped, eluted with methylene chloride and sub- 
jected to gas liquid chromatography (GLC). GLC 
was carried out in a 1.5 reX2 mm stainless steel 
column packed with 15% diethylene glycol suc- 
cinate (DEGS) on Chromosorb Z, 100-200 mesh. 
The carrier gas was nitrogen and the flow rate was 
45 ml/min. The column temperature was pro- 
grammed from 150 to 185 C at a rate of 3 C/min. 
The injection port and flame ionization detector 
were at 265 C and 275 C, respectively. The 
instrument was a Perkin Elmer 900 gas chromato- 
graph interfaced to a Hewlett Packard 5840A 
printer/integrator. Tentative identification of the 
fatty acids was made based on retention time 
comparisons for standard fatty acid methyl esters. 

Resolution of Sterols Derived From the 
Sterol Ester Fraction (B) 

The sterols released by the saponification of the 
sterol ester fraction were taken to dry residues in 
vacuo from their anhydrous hexane extracts. The 
sterols were converted to acetate derivatives by 
treatment with acetic anhydride/pyridine (1:2, 
v/v) and extracted into hexane as outlined previ- 
ously (8). The acetate mixture was resolved using 
HPLC. The instrument used was a Waters Model 
ALC-GPC (Waters Associates, Inc., Framingham, 
MA) fitted with two 6.4 mmX30 cm #-Porasil 
columns connected in series. The acetate deriva- 
tives were injected in hexane and eluted with a 
linear gradient of hexane to hexane/diethyl ether 
(99:1, v/v) using a solvent programmer. Fractions 
were collected manually and monitored using UV 
absorption at 220 nm by a Schoeffel Model SF 770 
electroflow monitor coupled to a Schoeffel Model 
GM770 monochromator (Schoeffel Instrument 
Corp., N J). 

Resolution of Sterols Derived From 
Free Sterol Fraction ~C) 

The free sterol fraction (C) was dissolved in 
hexane/diethyl ether (85:15, v/v) and directly 
injected into the high pressure liquid chromato- 
graph and eluted with hexane/diethyl ether (85:15, 
v/v). Fractions were collected as before using UV 
monitoring at 220 nm. The major fractions derived 
from the column effluent were concentrated to dry 
residues under nitrogen and acetylated as before, 
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using" acetic anhydride and pyridine. The major 
acetylated fractions were once again subjected to 
HPLC using conditions outlined in the preceding 
section. 

gas was helium and the flow rate was 20 ml/min. 
The ionizing voltage was 70 eV and the inlet 
temperature was 250 C. The data were acquired on 
a DS 20 data system. 

Characterization of Sterol Acetates Derived From 
Sterol Ester and Free Sterol Fractions 

The H PLC fractions of the sterol acetates derived 
from both fractions B and C were analyzed by GLC 
on three glass columns (1.8 m • 3 mm id) containing 
the packings 3% SE-30, 1% QF-1, and 3% Hi-eft 
8BP, on a gas Chrom Q support (100-200 mesh, 
Applied Science Labs., State College, PA). The 
carrier gas was nitrogen, the flow rate was 20 
ml/min. Column temperatures were 220 C (QF-1), 
245 C (Hi-eff 8BP), and 250 C (SE-30). 

GLC of sterol acetates was done exclusively on a 
Hewlett Packard Model 5830A gas chromatograph 
equipped with a Model 7617A automatic sampler 
and a model 18850A GC terminal. The injection 
temperature was 275 C and the flame ionization 
detector (FID) was at 300 C utilizing hydrogen and 
air for combustion. The injection port was fitted 
with a low bleed septum (Stabiline, Pierce Chem. 
Co., Rockford, IL). The areas obtained from the 
GC terminal printout were calibrated to a known 
quantity of cholesterol acetate (1 #g=4 .0 •  10 -5 
units), which aided the quantitation of the other 
sterol acetates. The relative retention times (RRT) 
of the yeast sterols to cholesterol (as acetates) were 
calculated with the help of added internal standard 
(coprostanol acetate) using the formula: 

RRTsampl~ = (RTsample / RXcoprostanol) X RRTcop ....... I 

The RRTcopro~ta,o~ was obtained from values 
reported for coprostanol by Patterson (11). Tenta- 
tive identifications were made by comparing RRT 
of various sterol acetates on the three columns to 
reported values (10,11). The retention times for 
coprostanol acetate (reported in min) in this study 
were 5.21 +0.05 (QF-1); 8.51 +0.25 (Hi-eft 8BP) 
and 15.24 +-_ 0.58 (SE-30), respectively. 

Peaks obtained on the GC system were further 
identified by gas chromatography-mass spectrome- 
try (GC-MS) using a Finnigan Model 1015D GC- 
MS interfaced to a Model 6000 data system. The 
GC column contained 3% SE-30 on Gas Chrome Q 
(100-200 mesh), and helium was the carrier gas. 
Chemical ionization spectra were obtained using 
ammonia mixed with carrier gas. The ionizing 
voltage was 100 eV, source pressure and tempera- 
ture were 1 torr and 100 C, respectively. 

Selected samples were also analyzed by electron 
impact ionization GC-MS using a V.G. Micromass 
Model 7070F mass spectrometer coupled to a 
Perkin Elmer Sigma 3 gas chromatographic system. 
The column packing was 3% SP2340 or 3% SP2100 
on Supelcoport 100-200 mesh (Supelco, Belleforte, 
PA) in a glass column 1.5 mX2 ram. The carrier 

RESULTS 

The effects of the drug AY-9944 were investi- 
gated with respect to many possible sites of action 
in three separate experiments, all of which yielded 
similar results. NO significant inhibition of growth 
was observed on the basis of turbidimetric (A640) 
measurements over a 24-hr period, even at the 
highest drug concentration. In a representative 
run, a liter of culture gave a wet packed cell mass of 
15.69 g (2.091 g protein/liter) for the control, 14.73 
g (1.954 g protein/liter) for 10-4M AY-9944, and 
15.35 g (2.102 g protein/liter) for the 5X I0-4M 
AY-9944 treated cultures. Table 1 provides data on 
the total cellular lipid, as well as lipid recovered in 
fractions from Biosil A chromatography, from 
control and treated cultures. The fractional amount 
of sterol which is esterified increased in response to 
elevated drug concentration. 

Analysis of the fatty acids derived from the 
hydrolysis of sterol esters did not reveal any 
obvious differences in pattern between the treated 
and control cultures (Table 2). Over 90% of the 
fatty acids in the control and treated samples 
consisted of 14:0, 16:0, 16:1, 18:0 and 18: I carbon 
chains. However, the ratio of saturated to total 
fatty acids was significantly increased in the 5 • 
10 -4 M AY-9944 treated culture (Table 2). 

After GC of all sterol fractions (sterol and sterol 
ester fractions B and C as acetates), the major 
fractions were subjected to HPLC again, and the 
major peaks recycled internally in the hope of 
effecting sti~ll better resolution. The results were 
mixed, with some fractions showing better resolu- 
tion than others. 

The small size of some fractions precluded mass 
spectral analysis after GC analysis on three col- 
umns. In these few cases, RRT on three columns 
had to suffice for identification. Most often, how- 
ever, chemical ionization mass spectra were ob- 
tained and furnished the M+l-60 ion. Electron 
impact mass spectra were also carried out on 
several major fractions to identify the sterol in 
question. Sterols whose structure could not be 
supported by mass spectral data or information 
from three gas chromatographic columns were 
grouped together and reported .as miscellaneous 
sterols. 

The most obvious distinction between control 
and drug-treated cultures was the pattern of sterol 
ester and free sterol composition that emerged. The 
most abundant sterol seen in the free sterol fraction 
in all cultures was ergosterol. Ergosterol repre- 
sented 94.7% of the total free sterol in the control 
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TABI. E I 

The Amount~ of Lipid Recovered Before and After Biosil A Fractionation 
ol the Solvent Extracts from Yeast 

5 4 9  

Amounts as ~g g protein 

Before Biosil A Biosil A tractions ~ Ratio 
lractionation A B C Total SE total S+SE 

Control 32.4 2.6 10.1 14.5 27.2 41.0~ 

10-~M 48.8 2.4 174 21.8 41.6 44.4% AY-9944 

5X 10 ~M 48.4 3. I 21.9 21.6 46.6 50.3~ AY-9944 

~Fractionation was performed as described in Materials and Methods. I'1.(" indicated that fraction A v, as 
mostly hydrocarbon, fraction B v, as mainly stcrol ester (SE), and fraction C was mostl~ free stcrol (S). 

TABLE 2 

The Effect of AY-9944 on the Fatty Acid Composition of Yeast Sterol Esters 

ch of Total latty acids 

Fatty acid' Control (10-~M) 

AY-9944 treated 

(5• IO"M) 

14:0 2.0 2.8 
16:0 8.3 7.8 
16: I 39.6 46.6 
16:2 0.1 0.4 
18:0 5.3 3.5 
18: I 37.7 30.2 
1~,:2 1.3 06 

2.9 
12.1 
38.9 
0.7 
7.2 

30.9 
3.0 

Sum h 94.3 91.9 
Saturated fatty acids 15.6 14.1 
Unsaturated fatty acids 78.7 77.8 
Ratio:saturateditotal fatty acids (~) 16.5 15.3 

95.7 
22.2 
73.5 
23.2 

+The tatty acids were identified as their methyl esters (FAME). 
~'The remaining fatty acid methyl esters (FAME) consisted of up to 20 ditferent compounds. 

cu l ture ,  a n d  74.4% a n d  86.8%, respect ively ,  o f  the  
10 -4 M and  5 • 10 -4 M d r u g - t r e a t e d  cu l tu re s  (Tab le  
3). Di f fe rences  were  a p p a r e n t  in the  c o m p o s i t i o n  o f  
the  ester i f ied s te ro ls  be tween  the  con t ro l  a n d  d r u g -  
t rea ted  cu l tu res  (Tab le  4). In the  c o n t r o l  cu l tu re ,  
the  a m o u n t s  o f  e rgos t e ro l  a n d  z y m o s t e r o l  in the  
sterol  es ter  f rac t ions  were c o m p a r a b l e ,  r ep resen t ing  
45 .1% and  36.5%, respect ively ,  o f  the  to ta l  s te ro l  
ester .  T h e  a m o u n t  o f  e rgos t e ro l  dec reased  d r a -  
ma t ica l ly  wi th  inc reased  d r u g  c o n c e n t r a t i o n ,  25 .4% 
(10 -4 M)  a n d  2.4% ( 5 •  10 -4 M),  a n d  this  was  
a c c o m p a n i e d  by a c o r r e s p o n d i n g  inc rease  in feco-  
s tero l  levels, 7 .4% (cont ro l ) ,  36 .0% (10 -4 M),  a n d  
57.4% (5 • 10 -4 M). Z y m o s t e r o l  levels were s l ight ly  
dep re s sed  by inc reased  d r u g  c o n c e n t r a t i o n .  

Ergos te ro l ,  fecos tero l  a n d  z y m o s t e r o l  ace ta t e s  
were ident i f ied by m e a n s  of  gas  c h r o m a t o g r a p h y  
on th ree  c o l u m n s  as well as by bo th  chemica l  
i on i za t i on  a n d  e l ec t ron  impac t  m a s s  s p e c t r o m e t r y .  
E rgos t e ro l  ace ta te  had  R R T  very c lose  to t h o s e  
r epo r t ed  by P a t t e r s o n  (l l). C h e m i c a l  i on i za t i on  
M S  gave  peaks  o f  439 ( M + l )  a n d  379 ( M + l - 6 0 )  
c o r r e s p o n d i n g  to loss o f  ace ta te ,  T h e  e l ec t ron  
i mpac t  M S  d a t a  gavc  peaks  o f  m / e  (re la t ive 
intensi ty):  438 (M ' ,5 )  a n d  378(100), 363(35), 253(65) 
c o r r e s p o n d i n g  to M+-aceta te ,  M ' - a c e t a t e - m e t h y l ,  
and  M+-side chain .  Cha rac t e r i s t i c  peaks  o f  m / e  at  
211(20) a n d  143(50) f u r t he r  a u g m e n t e d  the  ident i -  
f ica t ion  o f  e rgos tero l .  T h e  R R T  va lues  o f  fecos tero l  
ace t a t e  a l so  agreed  well wi th  t hose  r epor t ed  by 
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TABLE 3 

The Effects of AY-9944 on the Free Sterol Composition of Yeast 

% of Total 

Concentration of AY-9944 

Sterol" MW" Control 10-4M 5 X 10 4M 

A8'-~4~-~ 8 LErg~176 398 7.6 3. I 
(fecosterol) 

A~'7-Ergostadienol 398 2.0 -- 

A5.7 m_ Ergostatrieno 1 396 94.7 74.4 87.8 
(ergosterol) 

"Cholesterol" 386 0.1 0.4 0.1 

A s,24_Cholestadienol 
384 0.2 -- -- (zymosterol) 

Unidentified 384 -- t 1.4 --  

Miscellaneous sterol mixture 5.0 4.2 9.0 

aThe sterols were identified by a combination of mass spectral data and values obtained from three GC 
columns (SE-30, QF-I, and Hi-elf 8BP). 

~The molecular weights were determined from chemical ionization mass spectrometry, and correspond to 
that of the free sterol. 

Pa t te rson  (11). The MS m / e  values: 440 (M*,60), 
425(40), 365(35), 313(40), 255(20), 227(70), and  
213(85) were also characterist ic  of fecosterol,  as 
previously reported (12). Zymosterol  acetate  was 
characterized on  the basis of R R T  (11) and  MS 
da ta  (13). The base peak m / e  69(100) is character-  
istic of many sterols (14). Other  identifying peaks 
and  cor responding  intensities were: m / e  426 
(M+,50), 411(40), 366(18), 351(35) and 313(20). 

The remaining sterol acetates, which comprised 
no more  than  15% of the total  sterol ester f rac t ion 
and  10% of the total  free sterol fraction,  were 
primarily identified by their  R R T  on three columns 
and  by the molecular  ion obta ined f rom chemical  
ionizat ion mass spectra. 

DISCUSSION 

Since cell proliferat ion,  as determined by wet cell 
weight and  prote in  determinat ion,  is not  markedly  
affected by the presence of AY-9944, it would seem 
tha t  the organism can indeed tolerate,  or adap t  to, 
changes in sterol metabol ism wi thout  obvious  
depression of growth rates. 

The free sterol and sterol ester profiles obta ined  
during this investigation show many points  of 
interest. For  instance, the tendency for yeast to 
retain ergosterol as the major  free sterol in the 
presence of an inhibi tor  of sterol synthesis suggests 
tha t  this sterol confers definite biological ad- 
vantage.  Re ten t ion  of ergosterol  in the free sterol 
f ract ion of yeast has been previously reported in 
the presence of the sterol synthesis inhibi tors  
t r iparanol  (8) and  3B-(B-dimethylaminoethoxy)-  

androst-5-en-  17-one ( D M A E - D H A )  (10). The fact 
tha t  sterol synthesis is indeed affected by the drug 
AY-9944 is conclusively shown by the dramat ical ly  
altered sterol ester profiles between control  and  
drug-treated cultures. Here ergosterol  is a lmost  
completely absent  at the highest drug concentra t ion  
( 5 •  l f f  4 M) used. Since growth rates are not  
affected by the drug, it would appear  tha t  the free 
sterols, especially ergosterol,  and  not  the sterol 
esters, are more  critical for main ta in ing  normal  
growth.  Alternatively,  the increased presence of A 8 
sterols in the sterol ester f rac t ion of the drug-  
treated cultures may reflect differences in specificity 
between A 8 sterols and  ergosterol for esterif ication 
(15). It is interesting to note tha t  a sterol similar to 
cholesterol  has been identified in all the samples. 

In the sterol ester fraction, the greatest  change in 
the sterol composi t ion  was the appearance  of the 
A 8 sterol fecosterol in the drug-t reated cultures. In 
the control  fractions,  ergosterol  comprised 45% of 
the esterified sterol, while the A 8 sterol zymosterol  
and fecosterol accounted for  36.5% and 7%, 
respectively. At  drug concent ra t ions  of 5 X 10 -4 M, 
the fecosterol levels increased and  accounted  for 
57.4% of the total  sterol, while zymosterol  and  
ergosterol comprised 21.4% and 2.4% of the total  
sterol, respectively (Table 4). The presence of 
fecosterol and other  A s sterols in AY-9944 t reated 
yeast indicates tha t  the pr imary  site of inhibi t ion of 
the drug is at the A 8 to A 7 isomerase stage. This is in 
direct contras t  to the effect of AY-9944 in an imal  
systems where the pr imary site of inhibi t ion is at 
the A 7 dehydrogenase  step (16). Inhib i t ion  of the A s 
to A 7 isomerase by AY-9944 has  also been reported 
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TABLE 4 

The Effects of AY-9944 on the Sterol Composition of Yeast Sterol Esters 
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% of Total 

Concentration of AY-9944 

Sterol a MW b Control 10 4M 5 X 10-4M 

4,4,14-Trimethyl AS"24-cholestadienol 426 0.1 0.1 (lanosterol) 

AS-Ergostenol 400 1.3 3.4 1.0 

AS'2412SI-Erg~176 398 7.4 36.0 57,4 
(feeosterol) 

A~'7-Ergostadienol 398 3.4 6.6 1.8 

As"7"22-Erg~176 396 45.1 25.4 2.4 
(ergosterol) 

As,22,2412Sl_Ergostatrieno I 396 1.5 

AS'7'2412SLErgostatrienol 396 0.6 --  0.2 

"Cholesterol" 386 1.1 0.4 0.2 
A 8,24_Cholestadienol 

384 36.5 24.3 21.4 (zymosterol) 

Miscellaneous sterol mixture 4.6 3.8 14.0 

aThe sterols were identified by a combination of mass spectral data and values obtained from three GC 
columns (SE-30, QF-1, and Hi-eft 8BP). 

bThe molecular weights were determined from chemical ionization mass spectrometry, and correspond to 
that of the free sterol. 

in the alga Chlorella ellipsoidea (17) and  in bramble  
cells grown in culture (18). Similar inhibi t ion has 
been observed in yeast in the presence of o ther  
hypocholesterolemic drugs like t r iparanol  (8) and  
tr if luperidol (19). 

Some side-chain modif icat ion occurs in the 
presence of AY-9944. The drug does not  seem to 
affect in t roduct ion  of  the C24 methyl  group; but  
oxidat ion at C22 and C23 seems to be inhibited,  as 
seen by a paucity of A 22 intermediates.  In addit ion,  
A 24128/ reduct ion also seems to be inhibited,  as 
shown by the accumula t ion  of fecosterol. These 
observat ions are in accordance with the schemes 
outlined by Fryberg  et al. (4) and  Parks  (6), 
wherein zymosterol  and fecosterol occupy pivotal  
positions. 

The presence of copros tanol  as an  added internal  
s tandard  allowed the calculat ion of the percent  
recovery of free sterol f rom the Biosil A column. 
Calculat ions based on GC values obta ined  on 3% 
SE-30 columns indicated recoveries in excess of 
60%. 

The fatty acid composi t ion  obta ined by the 
saponif icat ion of  the sterol ester fract ions was 
found to agree reasonably well with values reported 
by Sobus et al. (19). The effects of AY-9944 on the 
fatty acids obta ined f rom yeast cultures was studied 
by Gendelman (20), who noted a depression of the 
18:1 fatty acids and  an increase in the 14:0 and 16:0 
fatty acids in response to increased drug concent ra-  

tion. In this investigation,  a l though an  increase in 
the amounts  of 14:0 and  16:0 f a t t y  acids was 
observed, no correspondingly significant reduct ion 
in the 18:1 fatty acids was evident. The drug AY- 
9944 did seem to increase the rat io  of  sa turated to 
total  esterified acids (both  sa tura ted  and un-  
saturated).  

The percentage of esterified sterols to total  sterol 
increases with increased drug concentra t ion .  This 
effect parallels the more  p ronounced  effects seen 
with t r iparanol  (8) and tr if luperidol (19). 

The fact that  ergosterol is produced at all 
indicates tha t  AY-9944 does not  completely block 
ergosterol biosynthesis. The several routes avail- 
able for the fur ther  metabol ic  convers ion of feco- 
sterol (Fig. 1) must  certainly be under  the cont ro l  of 
specific enzymes which are p robab ly  affected to 
different extents  by the drug. The p roduc t ion  of 
ergosterol takes place, albeit  at a reduced rate, 
resulting in the accumula t ion  of fecosterol. The 
product ion  of increased total  sterol may indeed be 
a reflection of the cell's requirement  for a m i n i m u m  
amoun t  of  an  essential free s te ro l - -namely ,  ergo- 
sterol. Yeast sterols, once esterified, do not  undergo 
addi t ional  metabol ism very readily (21), and  esteri- 
f ication may be a protective measure  for  the 
removal  of biologically d isadvantageous  sterols; 
alternatively,  as suggested before (15), the A 8 
sterols may simply funct ion as bet ter  substra tes  for 
the sterol ester synthetase than  the A7 sterols. 
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Human Low Density Lipoprotein Structure: 
Correlations with Serum Lipoprotein Concentrations 1 
CHARLES A. NELSON* and M A N F O R D  D. MORRIS,  Department of Biochemistry and 
Pediatrics, University of Arkansas for Medical Sciences, Little Rock, AR 72205 

ABSTRACT 

Human low density lipoproteins (LDL) were isolated and purified from individuals having widely 
differing serum lipid concentrations. Very low density lipoproteins (VLDL) and high density lipoproteins 
(HDL) were also isolated and quantitated. HDL~ and HDL3 were separated by flotation velocity in the 
analytical ultracentrifuge and their relative weight percent determined. The mean density of LDL from 41 
individuals was determined by flotation velocity at two different solvent densities. The mean density of LDL 
was directly proportional to the triglyceride (r = 0.65) and V LDL (r = 0.50) concentrations and inversely 
proportional to the HDL (r = -0.55) and HDL2 (r -- -0.74) concentrations (all significant at P < 0.001). The 
mean molecular weight of LDL from 42 individuals was determined by flotation equilibrium centrifugation. 
The mean molecular weight of LDL was directly proportional to .the HDL (r = 0.49) and HDL2 (r = 0.48) 
concentrations and inversely proportional to the serum triglyceride (r=-0.60) and VLDL (r=-0.48) 
concentrations (all significant at P <  0.005 except triglyceride--P< 0.001). The molecular weight of LDL 
was inversely proportional to its density, and thus inversely proportional to its protein/lipid ratio which was 
confirmed by composition measurements. The density and molecular weight of LDL had no relationship to 
the concentration of LDL (r=0.04 and 0.03). 
Lipids 18:553-557, 1983. 

LDL concentration is highly correlated with 
atherosclerosis. We wished to determine how these 
concentration differences among individuals cor- 
relate with the mean LDL density and molecular 
weight differences among the same individuals. 
The variability in LDL flotation rate (1-4) can only 
be caused by 3 factors: lipoprotein molecular 
weight, density, and /or  conformational differences. 
We have studied the molecular weight and density 
of LDL and how it related to VLDL,  LDL, HDL,  
HDL2, and serum triglyceride concentrations of  
different individuals. In order to study further the 
interrelationships among serum lipoproteins, we 
have utilized quantitative methodology to isolate 
and characterize the major lipoproteins of human 
serum. These relationships may contribute to the 
understanding of  the cause of LDL structural 
differences. 

METHODS 

Individuals used in this study were simply un- 
selected healthy individuals whose serum lipid 
concentrations were determined over a 9-month 
period. They ranged in age from 22 to 65. Males 
predominated (N=38) ;  3 females were studied. 
The correlation of molecular weight vs triglyceride 
made use of additional data utilizing males and 
females. All serum lipoproteins were separated 
from other macromolecules by flotation at density 

JA preliminary report of this study was given at the American 
Society for Biological Chemists Meeting in St. Louis, June 1981. 

*To whom correspondence should be addressed. 
Abbreviations: low density lipoproteins, LDL; high density 

lipoproteins, HDL; very low density lipoproteins, VLDL; inter- 
mediate density lipoproteins, IDL. 

1.25 g /ml  KBr followed by 6% agarose (Bio-Rad) 
gel filtration (5) to separate VLDL,  Lp(a) plus 
IDL, which appear in the elution region between 
VLDL and LDL,  and HDL.  These fractions were 
pooled and their serum concentrations determined 
as cholesterol (6). The HDL concentration was, 
however, taken as that found by heparin-man- 
ganese precipitation (7) since it is more direct and 
thus more accurate. Other analyses were as follows: 
triglyceride (8), phospholipid (9), protein (10), and 
agarose electrophoresis (1 !). All solutions through- 
out conthined E D T A  and azide or thimerosal. 
Serum also contained dithio-bis (2-nitrobenzoic 
acid). 

LDI. Preparation 

L D L  from gel filtration was generally pure if the 
IDL fraction was low. If the amount  of IDL was 
great, the L D L  was contaminated by IDL. In those 
cases, the LDL peak was concentrated and ultra- 
centrifuged at density 1.019 to remove the con- 
taminating 1DL. Upon removal of this IDL, the 
LDL peak observed upon flotation velocity in the 
analytical ultracentrifuge lost its skewed leading 
edge, but retained the same flotation rate (SO. 

LDL densities were determined by flotation 
velocity rate measurements of 2-10 rag/ml  LDL at 
25 C in 2 solvents of densities very near 1.2 g / m l  
and 1.063 g /ml  KBr containing 10-4M E D T A  and 
0.01% sodium azide at pH 7.5. The exact densities 
were determined pycnometrically for each sample. 
Calculations were carried out according to the 
equation 

S? _ m ( 1 - ~ p ) ~  

S~ m(1 -~'p)2 
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as has been described (12), where I and  2 refer to 
measurements  in each solvent: % is the reciprocal of 
the l ipoprotein density, P the solvent density 
determined by pycnometry,  r / the  measured solvent  
viscosity, and  S ~ the f lotat ion rate coefficient 
ext rapola ted to zero l ipoprotein concen t ra t ion  (c) 
by means of s tandard  S vs c curves determined 
from a number  of samples for each of  the 2 
solvents. The hydrated v obta ined (0.9676 ml /g )  
was the same as the anhydrous  (0.967) (13). 
Fur thermore ,  Fisher  et al. (12) found that  no 
preferential b inding of KBr takes place, and  the 
value of ~ in I )20 was in agreement  (0.966). This 
method  has a very high precision. 

C.A. N E L S O N  A N D  M.D.  M O R R I S  

G 

LDL Molecular Weight 

Flota t ion  equil ibr ium molecular  weights of 0.3- 
0. 5 m g / m l  LDL were determined in KBr at densities 
near  1.3 at 6-7 C and  3400 rpm after equi l ibra t ion 
(48 hr) using cell sector volumes of  0.15 ml of 
solvent  and  0.15 ml of L D L  which had  been 
dialyzed against this solvent as previously described 
(14). Exact  solvent densities for each de te rmina t ion  
were measured at the tempera ture  employed with a 
Westphal  balance. 

HDLz and HDL~ 

H DL, upon  flotation velocity in density l. 2 g / m l  
KBr at 48,000 rpm in a double-sector cell, separated 
into 2 componen ts  which were clearly defined when 
HDL2 was high. HDL2 and HDL3 were est imated 
by deconvolut ion  of the H D L  double  or asym- 
metric peaks as shown in Figure 1. The photographs  
were enlarged 10• and traced on graph paper.  The 
peak tracings were redrawn to a s t raight  line. The 2 
componen ts  were estimated by complet ing t racing 
of the H D L  peak or peaks symmetrically. All area 
under  the H D L  peak can be accounted for by 2 
components .  The relative areas were corrected for 
the sector shape of the ul tracentr ifuge cell. no 
correct ion was made for the Johns ton -Ogs ton  
effect since it is ca. 2-3% (15). There  was no relative 
area change of HDL2 and  HDL3 upon  dilution. 
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MILUMETERS ON PHOTOGRAPH 

FIG. 1. Deconvolutions (closed circles) of tracings 
(solid lines with no points) of typical HDL photographs 
taken 96 rain after reaching top speed in the analytical 
ultracentrifuge at 48,000 rpm in a 1.2 g/ml KBr solvent. 
The points represent the tracings redrawn with linear 
baselines plus the symmetrical completion of each peak. 
The right side was occasionally foreshortened, being at 
the cell bottom, and was drawn in as shown by the dashed 
lines. 

Remixing purified HDL2 and HDL3 yielded the 
ratio expected. 

RESULTS 

Individuals Studied 

The range, mean  values, and s tandard  deviations 
of l ipoprotein parameters  studied are given in 
Table  !. Where occasional values were obta ined 

TABLE 1 

Mean and Range of Individual Lipoprotein Parameters Studied 

Serum Concentration of 

cholesterol triglyceride I D L +  LDL HDL HDL2 
(rag/dl) VLDL Lp(a) (rag/dl cholesterol) 

LDL 

Molecular 
Density weight 
(g/ml) (millions) 

Mean 215 163 23 14 136 
SD _+46 _+106 +_21 _+7 _+45 

Range 127-326 38-457 8-93 5-26 65-223 

44 6.6 1.0335 2.87 
_+16 _+7.4 +--0.0048 _+0.29 

23-77 0-31 1.026-1.042 2.3-3.5 

N = 40-43. 
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which lay 2 s tandard  deviat ions outside the mean,  
they were omit ted f rom analysis. The mean  serum 
cholesterol was above 200 mg/d l ,  reflecting an  
older popula t ion  (very few individuals under  30 
years) than  we studied previously (1) where the 
mean  age was 22. Likewise, the mean  triglyceride 
was high and  the mean  HDL2 was low, the lat ter  
since the popula t ion  studied was almost  all older 
males. 

D e n s i t y  o f  L D L  

The mean  density of L D L  is plot ted as a funct ion  
of triglyceride concent ra t ion  in Figure 2. The 
correlat ion coefficient was 0.65 and  was significant 
at P < 0 . 0 0 1 .  Samples of L D L  from individuals  
with a low serum triglyceride concent ra t ion  were 
heterogeneous in the analytical  ul t racentr i fuge in 
solvent of density 1.2 g/ml .  We reported this 
p h e n o m e n o n  previously (1). The maj or componen t  
in the heterogeneous LDL was reconf i rmed to be 
the faster. Thus,  the density measured of this type 
of LDL was tha t  of the faster component .  

The mean  density of L D L  is plot ted as a funct ion  
of H D L  concent ra t ion  for 41 individuals as shown 
in Figure 3. The correlat ion coefficient was -0 .55  
and  was significant at  P <  0.001. 

The mean  density of LDL was also correlated 
with VLDL,  LDL and HDL2 concent ra t ions  and  
all of these correlat ions and  levels of significance 
are shown in Table  2. L D L  concent ra t ion  exhibi ted 
no correlat ion (0.04) with L D L  mean  density. The 
mean  density was 1.0335 g / m l  with a range f rom 
1..029 to 1.040 g/ml .  

M o l e c u l a r  W e i g h t  o f  L D L  

The molecular  weight of L D L  is plot ted as a 
funct ion of  triglyceride concent ra t ion  for 42 in- 
dividuals in Figure 4. The correlat ion coefficient 
was -0 .60  and  was significant at P <  0.001. Most  of 
these values were determined by f lotat ion equilib- 
r ium in which the mean  of any heterogeneity in 
molecular  weight was obtained.  

The addi t ional  correla t ion of L D L  molecular  
weight with VLDL,  LDL, H D L  and  HDL2 concen-  
t rat ions are shown in Table 2 a long with levels of 
significance. LDL concentra t ion was not  correlated 
(0.03) with L D L  molecular  weight. The mean  
molecular  weight was 2.87 mill ion with a range of 
2.3-3.5 million. 

Since the density of LDL was correlated inversely 
with the molecular  weight of L D L  ( r = - 0 . 6 2 ;  
P < 0 . 0 0 1 ) ,  the larger the LDL,  the lower the 
percentage protein it should contain.  Measure-  
ments  of LDL composi t ion  of samples did conf i rm 
this. The correlat ion of weight percent  prote in  in 
LDL as an  inverse funct ion of molecular  weight 
was significant (r = -0 .51,  P < 0.005). 
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FIG. 2. The density of LDL from 41 individuals 
plotted as a function of their serum triglyceride con- 
centration. The closed circles are males and open circles 
are females, r=0.65; P<0.001. 
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FIG. 3. The density of LDL from 41 individuals 
plotted as a function of their HDL concentration in 
mg/dl of cholesterol. The closed circles are males, open 
circles are females, r=0.55; P<0.001. 
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FIG. 4. 'The molecular weight of LDL from 42 individ- 
uals plotted as a function of their serum triglyceride 
concentration. The closed circles represent determinations 
by flotation equilibrium, and the half-open circles repre- 
sent weights obtained from sedimentation plus diffusion. 
r =-0.60; P <  0.001. 
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TABLE 2 

The Correlation of LDL Density and Molecular Weight 
with Serum Lipid and Lipoprotein Concentrations 

Triglyceride VLDL LDL HDL HDL2 

LDL Density r=  0.65 0.50 
Significant at P<[ 0.001 0.005 
(N =41) 

LDL Molecular weight r =  -0.60 -0.48 
Significant at P<[ 0.001 0.005 
( N = 42) 

0.04 -0.55 -0.74 
N.S. 0.001 0.001 

0.03 0.49 0.48 
N.S. 0.005 0.005 

DISCUSSION 

This study clarifies and explains the changes we 
found in our previous observation that the LDL 
flotation rate, which is a function of LDL density, 
molecular weight and shape, was inversely cor- 
related with the serum triglyceride concentration of 
individuals ( r = - 0 . 7 t ;  P<0 .001 ;  n = 5 5 ) a n d  not 
correlated with their serum cholesterol concentra- 
tion (r = -0 .22 ;  n = 55) (1). Both males and females 
were studied, and all fell on the same line of 
regression, even though females tended to have 
lower serum lipid levels than males. Consequently,  
in the current study, we simply obtained serum 
from individuals without regard to sex in obtaining 
a wide range of serum triglyceride concentrations. 

We separately studied L D L  density and molec- 
ular weight, and individually correlated these with 
serum triglyceride, VLDL,  LDL,  H D L  and HDL2 
concentrations. Significant positive and inverse 
correlations were found between LDL structure 
and all of  the concentrations listed above, except 
serum LDL concentration. Serum LDL, surpris- 
ingly, had no correlation with LDL structure 
(r = 0.03, 0.04). 

Shen et al. (16) separated L D L  from 12 subjects 
by density gradients and subsequently analyzed the 
fractions. They also found a correlation in the L D L  
of an individual of a high amount  of a lower density 
LDL fraction (~2) with H D L  and negatively with 
V L D L  concentrations. Likewise, the presence of a 
high amount  of a higher densitY\LDL fraction (~4) 
correlated with VLDL and negatively with H D L  
concentrations. In addition, they found the L D L  
density inversely proportional with its molecular 
weight. We have confirmed these types of correla- 
tions for the mean LDL densities and molecular 
weights for different individuals, and have extended 
these correlations to HDL2 and to serum tri- 
glyceride concentrations. Our most significant or- 
iginal finding was the total lack of any relationship 
of serum LDL concentration with LDL molecular 
weight or density. It is a key to the cause of the 
disparity in L D L  size and percentage of lipid in the 
serum of one individual and between individuals. 
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The difference in densities (percentage lipid con- 
tent) in LDL populations is a consequence of the 
metabolic pathway of LDL prior to cell internaliza- 
tion. 

The correlation of L D L  density and molecular 
weight with V L D L  and H D L  concentrations but 
not LDL concentration must have a metabolic 
explanation. Since VLDL is normally the precursor 
of LDL, apparently the more V L D L  (triglyceride) 
present, the more thoroughly VLDL is catabolized 
to (a smaller) LDL,  possibly because of increased 
lipoprotein lipase. The major pathways by which 
LDL size is determined is the conversion of VLDL 
to L D L  by lipoprotein lipase which primarily 
removes triglyceride (17) and a factor in serum 
which removes excess cholesteryl esters (18). Lipo- 
protein lipase alone will remove triglyceride but 
leaves cholesteryl ester. There is twice as much 
cholesteryl ester per apo B in VLDL as in LDL 
(18). Incubation of  LDL with VLDL plus lipo- 
protein-free plasma yields a cholesteryl ester poor 
L D L  (18) indicating there is some mechanism or 
enzyme present in serum removing cholesteryl ester 
from LDL, perhaps a cholesteryl ester triglyceride 
exchange enzyme (19). A large amount  of VLDL 
brings about less HDL2 production as it takes all 
the available C peptides (which appea r  only in 
HDL2) and maintains the H D L  at a low concentra- 
t ion (only HDL3) (20). The following schemes are 
possibilities: a stimulation of t r ig lycer ide/VLDL 
on lipoprotein lipase and /o r  on a cholesteryl ester 
exchange enzyme, or an inhibition of LDL entry 
into cells by some fraction we have not measured, 
such as apo E. 

The finding that smaller L D L  molecules have a 
larger percentage of protein agrees with the general 
finding that as the surface/volume ratio increases 
(as lipoproteins decrease in size), a higher per- 
centage content of protein is found--s ince  protein 
is a surface constituent. This is also consistent with 
the results of Tanford and Reynolds' groups (21,22) 
that there is a natural protein subunit of LDL. Our 
apoprotein weight varied little for LDL and was 
675-725,000 daltons, which does not yield an 
integral number of subunits since their weights 
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were 255,000 d a l t o n s / s u b u n i t .  While ou r  present  
prote in  is based on the Har t ree  me thod  (10), with 
bovine se rum a lbumin  as a s t andard  ra ther  t han  an 
absolu te  method ,  we do agree with o ther  inves- 
t igators.  Recently, virtually full agreement  has 
been obta ined that  L D L  has a molecular  weight  of  
at least 2.7 mill ion (23). Ul t racentr i fugal  equil ib-  
r ium me thods  were shown  to be a super io r  me thod  
of de te rmining  molecular  weights  (23). 

Since high se rum cholesterol  and high L D L  
levels are related to a therosc leros is  and the levels 
are unrelated to L D L  density and molecular  weight,  
the process of  a theroscleros is  may  be unrela ted to 
the compos i t i on  or  size of  LDL.  C on t r a ry  to this, 
H D L  levels are related bo th  to a therosc leros is  and 
to L D L  compos i t i on  and size. 

The impor t ance  of  L D L  in a therosc leros is  has 
been studied in monkeys .  Choles terol  feeding 
increases m o n k e y  L D L  molecu la r  weight  and 
se rum L D L  concent ra t ion .  Rudel  et al. (24,25) 
found  se rum L D L  concen t ra t ion  was not  pro-  
por t ional  to co rona ry  a therosclerosis ,  while L D L  
molecular  weight was  correlated with c o r o n a r y  
atherosclerosis .  

These studies extend our  initial f inding of  the 
corre la t ion of  L D L  flotat ion rate wi th  se rum 
triglyceride concen t ra t ion  and lack of  corre la t ion  
with se rum cholesterol  concen t ra t ion  (1). The 
cholesterol  concen t ra t ion  is due most ly  to s e rum 
L D L  which was  not correlated with L D L  structure .  
The se rum triglyceride concent ra t ion ,  however ,  is 
due most ly  to V L D L ,  which was  correlated with 
L D L  structure.  

ACKNOWLEDGMENT 

We would like to acknowledge the valuable discussions of 
lipoprotein metabolism with Dr. Lawrence L. Rudel. 

REFERENCES 

I. Nelson. C.A., and Morris. M.D. (1977) Biochem. Med. 
18, I-9. 

2. Ewing, A.M.. Freeman, N.K., and Lindgren, F.T. (1965) 
in Advances in Lipid Research (Paoletti, R., and Kritchev- 
sky, D.. eds.] Vol. 3. pp. 25-61, Academic Press, Ne,o. York. 

3. Mills, G.L., and Wilkinson, P.A. (1963) Clin. Chim. Acta 
8, 701-709. 

4. Adams, G.H., and Schumaker, V.M. (1970) Biochim. 
Biophys. Acta 210, 462-472. 

5. Rudel, L.L., Lee, J.A., Morris, M.D., and Felts. J.M. (1974) 
Biochem. J. 139, 89-95. 

6. Rudel. L.L., and Morris, M.D. (1973) J. Lipid Res. 14, 
364-366. 

7. Burstein. M.. and Samaille, J. (1960) Clin. Chim. Acta 
5.609. 

8. Sardesai, V.M., and Manning, J.A. (1968) Clin. Chem. 
14, 156-161. 

9. Fiske, C.H., and Subbarow, Y. (1925) J. Biol. Chem. 
66, 357-400. 

10. Hartree, E.F. (1972) Anal. Biochem. 48, 422-427. 
I1. Nobel, R.P. (1968) J. Lipid Res. 9, 693-700. 
12. Fisher, W.R., Granade, M.E.. and Mauldin, J.L. (1971) 

Biochemistry 10, 1622-1629. 
13. Toro-Goyco, E. (1958) Physical-Chemical Studies of the 

.8,-Lipoproteins of Human Plasma, Ph.D. Thesis, Har~,ard 
University, Cambridge, MA. 

14. Nelson, C.A., Lee, J.A., Brewster, M., and Morris, M.D. 
(1974) Anal. Biochem. 59, 69-74. 

15. Anderson, D.W., Nichols, A.V., Forte, T.M., and Lindgren, 
F.T. (1977) Biochim. Biophys. Acta 493, 55-68. 

16. Shen, M.M.S., Krauss, R.M., Lindgren, F.T., and Forte, 
T.M. (1981) J. Lipid Res. 22, 236-244. 

17. Deckelbaum. R..L, Eisenberg, S.. Fainaru, M., Barenholz. 
Y., and Olivecrona. T. (1979) J. Biol. Chem. 254, 6079-6087. 

18. Deckelbaum. R., Eisenberg, S., Oschry, Y., Butbul, E.. 
Sharon. 1., and Olivecrona, T. (1982) J. Biol. Chem. 257, 
6509-6517. 

19. Chajek, T., and Fielding. C.J. (1978) Proc. Natl. Acad. 
Sci. USA 75, 3445-3449. 

20. Patsch, J. R.. Gotto, A.M.. Jr., Olivecrona, T., and Eisenberg, 
S. (1978) Proc. Natl. Acad. Sci. USA, 75, 4519-4523. 

21. Smith, R., Dav,son. J.R., and Tantord, C. (1972) J. Biol. 
Chem. 247, 3376-3381. 

22. Steele, J.C.H., and Reynolds, J.A. (1979) J. Biol. Chem. 
254, 1639-1643. 

23. Kahlon, T.S.. Adamson, G.L., Shen, M.M.S.. and Lindgren, 
F.T. (1982) Lipids 17, 323-330. 

24. Rudel. L.L., and Pitts, L.L., 11 (1978) J. Lipid Res. 19, 
992-1003. 

25. Rudel, L.L., Leathers, C.W., Bond, M.G., and Bullock. B.C. 
(1981) Arteriosclerosis I, 144-155. 

[Revis ion received May 13, 1983] 

LIPIDS, VOL. 18, NO. 8 (1983) 



558 

COMMUNICATIONS 

How Do Polyunsaturated Fatty Acids 
Lower Plasma Cholesterol Levels? 
DAVID F. HORROBIN*  and MEHAR S. MANKU, Efamol Research Institute, PO Box 818, 
Kentville, Nova Scotia, Canada B4N 4t-18 

ABSTRACT 

For 30 years it has been known that linoleic acid can lower elevated cholesterol levels. Large increases in 
linoleic acid have been widely recommended as a way of reducing the risk of cardiovascular disease. Such 
recommendations have resulted in major dietary shifts in some countries, including the USA. Yet the precise 
characteristics of the linoleic acid molecule which confer on it cholesterol-lowering properties are unknown. 
3,-Linolenic acid, the first essential fatty acid metabolite of linoleic acid, has been found to have cholesterol- 
lowering actions ca. 170 times greater than the parent molecule, suggesting that linoleic acid must be 
converted to y-linolenic acid to exert its desirable effects on cholesterol metabolism. Aging, sex, diabetes 
mellitus, alcohol, catecholamines and trans fatty acids and saturated fats can all modulate the A-6- 
desaturase enzyme which converts linoleic acid to 7-1inolenic acid. This provides a possible unifying 
explanation for the actions of these known risk factors for cardiovascular disease. 
Lipids 18:558-562, 1983. 

INTRODUCTION 

With all its limitations, total plasma cholesterol 
remains the best single predictor of  coronary heart 
disease risk in a population, especially if a time lag 
is introduced into the calculation (1). The predic- 
tive value of the total cholesterol may be improved 
slightly by consideration of the ratio between low 
density lipoproteins (LDL) cholesterol and high 
density lipoproteins (HDL) cholesterol. 

When the importance of cholesterol was first 
appreciated, a number of studies were carried out 
on the effects of various diets on blood cholesterol 
levels. These studies culminated in the publication 
of two equations, one derived by Hegsted et al. (2) 
and the other by Keys et al. (3), which summarized 
the effeqts of changes in saturated and poly- 
unsaturated fat intake on cholesterol. These effects 
were disappointingly small. A rise in polyunsat- 
urated fatty acid (PUFA)  intake equal to 1% of 
total calorie intake would produce a fall in plasma 
cholesterol of only 1.31 mg/100 ml (Keys) or 1.65 
mg/100 ml (Hegsted) (mean 1.48 ml/100 ml). A fall 
in saturated fat intake equal to 1% of total calorie 
intake would produce a fall in cholesterol of only 
2.74 mg/100 ml (Keys) or 2.16 mg/100 ml (Heg- 
sted). Thus, in order to produce changes in plasma 
cholesterol substantial enough to be worthwhile, 
very large changes in dietary patterns must be 
achieved. The magnitude of the required changes 
has led to bitter arguments among experts concern- 
ing the practicality of achieving them. Nevertheless, 
most organizations concerned with cardiovascular 
health have felt confident enough to recommend 
substantial increases in P U F A  intake and decreases 
in saturated fat intake. The arguments for this have 

*To whom correspondence should be addressed. 

been admirably summarized in the most recent. 
diet/ heart statement from the American Heart  
Association (4). The sustained campaign has led to 
large increases in P U F A  intake in some countries, 
such as the USA, and such increases may in part be 
responsible for the recent fall in coronary disease 
mortality (5,6). 

Given the importance of the issue and the 
number of investigators involved, astonishingly 
little attention has been paid to the question of how 
P U F A  lower plasma cholesterol. There has been 
some discussion of  this from the cholesterol end 
(7): effects of P U F A  on cholesterol synthesis, 
cholesterol excretion and cholesterol redistribution 
have all been considered. But there has been almost 
no discussion of the P U F A  aspect. Just what 
characteristics of a polyunsaturated fat molecule 
enable it to lower cholesterol levels? 

Almost all studies have been done with a single 
PUFA,  cis-linoleic acid (cLA). cLA has three 
major metabolic fates and there are thus 4 major 
possibilities by which the effect of  cLA may be 
explained. 

cis-linoleic ac id~- - -~  oxidation to provide energy 

\ ~ c o n v e r s i o n  y-linolenic acid to hydroxy-acids 

conversion to longer chain essential fatty acids 

(a) cLA itself, in an unmetabolized form, may 
be the relevant factor, perhaps as a result of 
becoming incorporated into lipoproteins and 
changing their characteristics. Although rarely 
explicitly stated, most investigators seem to assume 
this is the case. 
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(b) cLA may be oxidized to provide energy. It is 
highly improbable that this route of metabolism 
accounts for the cholesterol-lowering effect since as 
far as this route is concerned there is no obvious 
reason why cLA should differ from any saturated 
fat. 

(c) cLA may be metabolized to -,/-linolenic acid 
(GLA) and then on to other essential fatty acids 
and their metabolites (8). It is this route of 
metabolism which explains most of the essential 
fatty acid (EFA) effects of cLA. If the metabolism 
of cLA to GLA is blocked, as in eats in which the A- 
6-desaturase enzyme is genetically absent, cLA has 
few if any of its expected effects as an EFA (9). 
Sinclair has long argued that it is the E F A  prop- 
erties of cLA which are crucial for any action in 
reducing the risk of coronary heart disease (10). 
There is some experimental evidence for this since 
Kingsbury et al. found that arachidonic acid, an 
EFA metabolite of cLA, has a much greater 
cholesterol-lowering action than cLA itself (11). 

We have obtained evidence that the last of these 
possibilities may be the correct one. GLA in the 
form of evening primrose oil (Efamol) had a 
cholesterol-lowering effect far greater than that of 
linoleic acid as predicted by the Hegsted-Keys 
equations. 

PATIENTS AND METHODS 

Eighty-four patients were entered into trials of the 
effects of oil (evening primrose oil) extracted from 
the seeds of a strain of Oenothera biennis selected 
for its ability to produce oil of  constant composition 
(Efamol). Twelve patients were attending physi- 
cians for the treatment of hyperlipidemia and /o r  
hypertension and received either 6 or 8 0.5 g 
capsules of Efamol per day for not less than 12 
weeks. There were no controls for these patients. 
Twenty-seven patients were obese women attending 
Dr. J. Munro's clinic at the Eastern General 
Hospital, Edinburgh, Scotland. 1"hey were entered 
into a double-blind, placebo-controlled crossover 
trial in which they received 8 capsules of either 
Efamol or placebo for 12 weeks and then crossed 
over to the other treatment for a further 12 weeks. 
Their mean age was 42 years (range 16-69). Choles- 
terol measurements were made at the start, the 
crossover period and the end. The effects of Efamol 
and placebo on weight loss did not differ (12). 
Forty-five patients were attending Dr. S. Wright's 
eczema clinic at Bristol Royal Infirmary, England. 
The mean age of these patients was 26 (range 15- 
58). They were randomly assigned to receive 4, 8 or 
12 capsules per day in a placebo-controlled, 
double-blind, crossover study. They received Efa- 
tool or placebo for 12 weeks and then the opposite 
treatment for a further 12 weeks. Fifteen patients 
(I ! female) received 4 capsules per day, 16 patients 
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(7 female) 8 capsules per day, and 14 patients (6 
female) i 2 capsules per day. Cholesterol levels were 
measured at the beginning, the crossover point and 
the end. 

Total cholesterol levels were measured using 
SMA autoanalyzers. In all the Bristol patients and 
in some of the 12 patients attending physicians for 
hypertension, HDL and L D L  cholesterol levels 
were measured after separation by precipitation 
with heparin and manganese chloride and ultra- 
centrifugation. 

The Efamol was supplied as gelatin capsules 
containing 0.5 g of evening primrose oil by Efamol 
Ltd., London. Evening primrose oil contains ca. 
72% of cis-linoleic acid in the form of triglycerides 
but is unusual among polyunsaturates in also 
containing ca. 9% of GLA. The other major fatty 
acids present are oleic 9%, palmitic 8% and stearic 
1%. 

The patients attending the obesity clinic were 
given simple instructions about calorie restriction 
but such instructions were given equally to the 
Efamol and placebo groups. The other patients 
were given no dietary advice and Efamol was 
simply taken as a supplement to their usual diet. 
Blood samples were not taken in the fasting state 
but again this applied to patients taking both 
Efamol and placebo. 

RESULTS 

Initially male and female results were analyzed 
separately but, since there were no significant 
differences between them, the results from the 2 
sexes were grouped together. Table I shows the 
changes in serum cholesterol from the beginning to 
the end of Efamol treatment in all 84 patients 
divided according to the initial value for total 
cholesterol, The falls were significant in all groups 
of patients with starting values above 5 mmol/I.  
Patients with levels below 5 mmol/ l ,  accepted as 
normal by most authorities, showed no changes in 
response to Efamol. 

Table 2 compares the effects of the 3 doses of 
Efamol given in the Bristol study. Starting values in 
the 3 groups were not significantly different from 
one another. There was a dose-dependent effect 
with the 2 higher doses producing a progressively 
greater response. 

Patients in the Bristol and Edinburgh studies 
acted as their own controls. None of these patients 
had starting cholesterol levels above 8 mmol/l .  
Since Table I shows that Efamol had no effects 
when starting cholesterol values were below 5 
mmol/l ,  patients with cholesterol levels above 5 
mmol/I  were selected from the 2 groups and the 
effects of Efamol and placebo compared (Table 3). 
At the start of the placebo period, 36 patients had 
cholesterol levels of 5 mmol/I  and above. At the 
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TABLE 1 

The Effects of 3,-Linolenic Acid in the Form of Evening Primrose Oil (Efamol) 
on Total Plasma Cholesterol Levels 

All starting values: 
mmol/1 n 

Beginning 
mean+SD End Fall (mmol/l) Fall (mg/100 ml) p 

Above 8.0 7 
Above 7.0 15 
Above 6.0 31 
Above 5.0 50 
Below 5.0 34 

10.90+2.43 7.64+- 1.71 3.26 125.4 0.0001 
9.15+2.46 6.92-1-1.57 2.23 85.8 0.0001 
7.79+2.21 5.98--_1.54 1.81 69.6 0.0001 
6.94+_.2.07 5.58+1.37 1.36 52.3 0.0001 
4.32+0.56 4.27+0.69 0.05 1.9 ns 

TABLE 2 

Effects of 4, 8 and 12 Capsules/Day of a Special Variety of 
Evening Primrose Oil (Efamol) on Total Blood Cholesterol Levels" 

Dose(caps/day) n Starting value Finishing value Change p 

4 15 5.67+0.91 4.87+_l.12 -0.80 or 14.1% 0.05 
8 16 5.60__. 1.29 4.63_.+0.77 -0.97 or 17.3% 0.02 

12 14 5.88+ 1.19 4.55+0.82 -1.33 or 22.6% 0.01 

"Samples for analysis were taken at the beginning and the end of the Efamol treatment period. Values 
are means + SD. Statistical analysis was by Student's t test. 

TABLE 3 

Comparison Between the CholesteroMowering Effects of Efamol 
and Placebo in Patients with Starting Values above 5 mmol/l and below 8 mmol/l" 

Treatment n Starting value Finishing value Change p 

Efamol 43 6.20 + 0.78 5.17 + 0.87 -0. 82 0.0001 
Placebo 36 5.87 + 0.85 5.66 + 0.86 -0. 21 ns 

"Values are in mmol/l and indicate means-+ SD. Statistical analysis was b~, Student's t test. 

s t a r t  o f  the  E f a m o l  per iod ,  43 pa t i en t s  h a d  cho -  
les terol  levels o f  5 m m o l / 1  a n d  above .  T h e r e  were  
fewer  pa t i en t s  in the  p l acebo  g r o u p  b e c a u s e  ha l f  o f  
th is  g r o u p  h a d  received E f a m o l  first a n d  so h a d  
exper i enced  choles te ro l  lowering.  Cho les t e ro l  levels 
fell in b o t h  g r o u p s ,  bu t  the  fall was  0.61 m m o l / 1  
g rea t e r  in the  E f a m o l  g roup .  

I n  54 pa t i en t s ,  H D L  a n d  L D L  cho l e s t e ro l  levels 
were  m e a s u r e d  separa te ly .  E f a m o l  h a d  no  effect  on  
H D L  cho les te ro l  levels a n d  all the  cho les te ro l -  
l o w e r i n g a c t i o n  was  a t t r i b u t a b l e  to  a fall in L D L  
choles tero l .  As  a resul t ,  t h e r e  was  a fall  in the  
L D L / H D L  cho les t e ro l  ra t io  f r o m  4 .13 / 1 .29  (3.20) 
to  3 ,05 /1 .28  (2.38). T h e r e  was  n o  effect on  tri-  
g lycer ide  levels in these  ind iv idua l s .  

DISCUSSION 

E v e n i n g  p r i m r o s e  oil ( E f a m o l )  is c lear ly  an  
effective cho l e s t e ro l - l ower ing  a g e n t  in t h o s e  wi th  
p l a s m a  cho les t e ro l  va lues  a b o v e  5 m m o l / 1 ,  i.e., in 

all  bu t  the  lowest  qu in t i l e  o f  cho le s t e ro l  levels a n d  
of  r isk in the  F r a m i n g h a m  s t u d y  (13). T h e  fa i lure  o f  
even ing  p r i m r o s e  oil to  lower  cho l e s t e ro l  in t h o s e  
w h o s e  va lues  a re  u n e q u i v o c a l l y  n o r m a l  s u g g e s t s  
t ha t  it is ac t ing  phys io log ica l ly  to r egu la t e  cho -  
les terol  m e t a b o l i s m  a n d  is n o t  h a v i n g  a p h a r -  
m a c o l o g i c a l  effect. 

If  one  a s s u m e s  t h a t  the  c h o l e s t e r o l - l o w e r i n g  
effects  o f  even ing  p r i m r o s e  oil a re  d u e  to its k n o w n  
c o n s t i t u e n t s ,  t h e n  on ly  c L A  a n d  G L A  are  rea-  
s o n a b l e  cand ida t e s .  T h e  o the r  m a j o r  c o n s t i t u e n t s ,  
oleic, pa lmi t i c  a n d  s tear ic  acids ,  a re  un l ike ly  to  
h a v e  a n y  effects  on  cho les te ro l ,  espec ia l ly  at the  
doses  given.  T h e  oil c o n t a i n s  ca. 1% o f  n o n -  
s apon i f i ab l e  ma t t e r ;  this  has  been  a n a l y z e d  in 
deta i l  by  Dr .  B. H u d s o n  of  R e a d i n g  Un ive r s i t y  a n d  
f o u n d  to have  n o  c o n s t i t u e n t s  n o t  p r e s e n t  in 
saf f lower ,  co rn  o r  s u n f l o w e r  oils. I f  one  f u r t h e r  
a s s u m e s  t ha t  the  H e g s t e d / K e y s  s tud ie s  a re  b r o a d l y  
correct ,  as  m a n y  fo l l ow-up  s tud ies  have  s h o w n  
t h e m  to  be, t h e n  on ly  a very  sma l l  pa r t  o f  the  effect  
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can be attributed to cLA and most must be due to 
GLA. Taking the mean of the Hegsted and Keys 
values for the effect of polyunsaturate supple- 
mentation on cholesterol, a 1% rise of kilocalorie 
intake as polyunsaturated fatty acids should lower 
plasma cholesterol by 1.48 rag/100 ml. The ma- 
jority of the patients took 4 g of  evening primrose 
oil per day, containing 2.88 g of linoleic acid and 
0.36 g of 7-1inolenic acid. If one assumes a daily 
calorie intake of 2700 kcal, then 1% of that would 
be 27 kcal which would be provided by 3 g of fatty 
acids. The predicted fall due to the linoleic acid in 
Efamol is therefore 2.88/3 • 1.48 or'1.4 mg/100 ml. 
At a kcal intake of 1800/day, the predicted fall 
would be 2.1 mg/100 ml. The actual fall produced 
by Efamol over and above that produced by 
placebo was 0.61 mmol/1 or 31.5mg/100 ml. Thus, 
a fall in cholesterol of ca. 30 mg/100 ml could not 
be explained by the linoleic acid content of the 
evening primrose oil. 

Given the assumptions made in the calculationsl 
GLA is ca. 170 times more potent than cLA in the 
group with starting cholesterol levels above 5.0 and 
below 8.0 mmol/1. Changing the assumptions (e.g., 
by changing the total daily calorie intake) would 
change the precise result but not its order of 
magnitude. Table 1 suggests that the cholesterol- 
lowering effect of GLA becomes greater the higher 
the starting cholesterol level. In the group with 
starting values between 5.0 and 6.0 mmol/1, GLA 
was ca. 80 times more potent than the predicted 
effect of cLA. In the group with starting cholesterol 
levels above 8.0 mmol/1, GLA had a potency ca. 
700 times greater than the predicted cLA effect. 
The following conclusions can therefore be drawn. 

(a) The cholesterol-lowering effect of cLA is 
probably not due to linoleic acid itself but to that 
fraction which is converted to GLA and beyond. 
No conclusions can be drawn from this study as to 
whether GLA, dihomo-y-l inolenic acid, arachi- 
donic acid, or any other GLA metabolite is finally 
responsible for the effect. 

(b) If endogenous GLA formed from cLA and 
exogenous GLA provided as a supplement or in the 
diet are equipotent in their cholesterol-lowering 
effects, then it is possible to draw conclusions 
about the proport ion of dietary cLA which is 
converted to GLA. In the individuals with starting 
cholesterol levels below 5.0 mmol/1 in whom GLA 
as a supplement has no cholesterol-lowering effect, 
substantial amounts of endogenous GLA are pre- 
sumably being formed from the 5-15 g of linoleic 
acid in the daily diet. In those with cholesterol 
levels between 5.0 and 6.0 mmol/1 in whom GLA 
was ca. 80 times more potent than the expected 
effect of  cLA, only ca. 1/80th of  dietary cLA must 
be converted to GLA. As starting cholesterol levels 
rise, the relative potency of GLA increases, so that 
at cholesterol levels above 8 mmol/1 only ca. 

1/700th of dietary cLA seems to be converted to 
GLA. Thus, in spite of taking substantial amounts 
of cLA in the diet, it is possible to b~ functionally 
EFA-deficient as a result of defective conversion of 
cLA to GLA, An elevated level of  plasma cho- 
lesterol may be one indicator of such defective 
c o n v e r s i o n . .  

(c) In those with elevated cholesterol levels, the 
A6-desat urase enzyme which converts cLA to GLA 
appears to be functioning inefficiently. This enzyme 
is therefore likely to be of major importance in 
understanding risk of cardiovascular disease. Bren- 
ner and others have found that aging, sex, diabetes 
mellitus, alcohol, catecholamines, trans fatty acids 
found in processed vegetable oils and probably 
saturated fatty acids can all lead to reduced A6- 
desaturase activity (14-16). The actions of these 
agents on this enzyme may provide a biochemical 
basis for their known status as risk factors for 
cardiovascular disease. Independent evidence of 
weak desaturase activity in humans is provided by 
the failure of very large doses of t~-linolenic acid 
(18:3n-3) to be converted to eicosapentaenoic acid 
(17). Since the desaturase system has a higher 
affinity for n-3 than for n-6 fatty acids, its failure to 
metabolize 18:3n-3 is good evidence for only weak 
enzyme activity in adult humans. 

(d) The desirable effects of an increased amount  
of P U F A  in the diet may be achievable without any 
drastic change in dietary habits by using GLA 
rather than cLA as the supplement of choice. 
Human milk, but not cow's milk, contains sub- 
stantial amounts and on a per-kg basis breast-fed 
infants are receiving GLA doses several times 
higher than those used in the present study (18). 

In view of the very large numbers of  people 
currently taking high levels of linoleic acid as a 
result of publicity about the importance of the ratio 
of dietary polyunsaturated to saturated fats, the 
question of the precise mechanism of action of 
linoleic acid in lowering cholesterol deserves careful 
investigation. Our studies suggest that it is not 
linoleic acid itself which is active, but y-linolenic 
acid or some further metabolite. 
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The Effect of Developing Solvents on Lipid Class 
Quantification in Chromarod Thin Layer Chromatography/ 
Flame Ionization Detection 
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ABSTRACT 

Undeveloped lipids on Chromarods give peaks of variable shape and of variable area when scanned 
through the flame ionization detector (FID). With a brief exposure to developing solvents of suitable 
polarity, it is possible to produce sharp peaks of less variable area without appreciably moving peak axes. 
Longer developments or developments in more polar solvent systems result in broader-based peaks of lower 
area. These observations, based on many analyses of a triglyceride and of a ketone, suggest that the FID 
response of lipids can be modified according to their distribution around or along Chromarods. 
L~ids 18:563-565, 1983. 

INTRODUCTION 

The Chromarod thin layer chromatography/  
flame ionization detector ( T L C / F I D )  system sep- 
arates and measures low concentrations of lipids 
with reliability and rapidity. Despite the many 
successful quantitative applications of T L C / F 1 D  
(1-6 and references therein), it has recently been 
stated that "we need a much better understanding 
of the manner in which all tested compounds 
behave under analysis conditions before quantita- 
tion can become feasible" (7). 

In this communication, we examine one of the 
factors which affects the F ID  response of two lipid 
compounds. A triglyceride was chosen for in-depth 
study because of the widespread occurrence of 
triglycerides in lipid samples. Parallel experiments 
were conducted with a ketone which, in this case 
because of its lack of occurrence, has been suggested 
as a possible internal standard for marine lipid 
class analyses (1). Also, the use of both these lipids 
as references for the relative responses of  several 
compounds (1,2) means a greater understanding of 
factors affecting their F ID response is obviously 
desirable. We believe, however, that the observa- 
tions described here extend beyond these two 
compounds, and that they apply to a greater or 
lesser extent to all lipid classes. Preliminary results 
f rom further experiments indicate that this is 
indeed the case. 

MATERIALS AND METHODS 

Solutions of tripalmitin (Supelco, Belleforte, 
PA) in chloroform/methanol ,  2:1 (5 #g/#l )  and of 
hexadecan-3-one (K and K Laboratories,  Plain- 
view, NY) in chloroform (3 #g /# l )  were prepared. 
All the quantitative data presented in this com- 
munication are from the tripalmitin solution. How- 
ever, data from the hexadecanone solution are 

*To whom correspondence should be addressed. 

entirely analogous. Standards were spotted on 
Chromarods-SII  with disposable 1-~1 pipettes 
(Drummond Scientific Co., Broomall,  PA) with a 
minimum of 5 spotting actions per t~l. A set of 10 
rods was spotted at the origin and usually at 4 other 
places along each rod (Fig. 1). The rods were then 
developed, dried for 2 min at 120 C, and transferred 
to an Iatroscan TH-10 Mark III analyzer (Iatron 
Laboratories, Tokyo). In some experiments, the 
rods were not developed and were transferred 
directly to the Iatroscan after the spots had dried. 

The air flow on the latroscan was 2000 ml/min,  
the hydrogen pressure was 0.73 kg /cm z, and the 
scan speed was 3.1 mm/sec.  Peak areas were 
obtained from a Spectra-Physics SP4200 com- 
puting integrator and, in some cases, a comparison 
was made with peak areas obtained manually using 
a Technicon integrator/calculator.  

After each day's analyses, the rods were trans- 
ferred to numbered test-tubes containing 60% 
H2SO4, and placed in a sonic bath for 15 min. Each 
rod was then washed thoroughly in distilled water, 
replaced in its original position in the frame, and 
stored in a constant humidity chamber (32% 
relative humidity). 

RESULTS AND DISCUSSION 

Undeveloped Rods With 5 Separate Spots Per Rod 

The F ID scan of undeveloped rods gave peaks of 
variable shape and of variable area (Figs. la  and 2). 
The peaks were generally broad for their entire 
height and they were often split near the top (Fig. 
I a). Peak broadening or separation in undeveloped 
spots has already been noted (3). This peak shape is 
undoubtedly the resulf of the spreading of the 
solvents in which the standards were dissolved; the 
outer limits of the peaks -must be close to the limits 
to which solvents used for spotting have moved. 

The inter- and intrarod precision for the un- 
developed tripalmitin spots was 13% or better 
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F IG.  1. Chromatograms fo r  5 #g o f t r i p a ] m i t i n  spotted 
at 5 places along a Chromarod. (a) Rod transferred 
directly to the latroscan and burnt without development. 
(b) Rod developed for 40 min in hexane/diethyl ether 
(99:1) from right to left in the figure and then dried and 
scanned. Note the slight proportional shift of peaks with 
time in solvent. 
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FIG. 2. Mean peak areas for 5 #g of tripalmitin 
spotted at 50 places on a set of 10 Chromarods. Error bars 
are one standard deviation from the mean. The upper 
curve in both graphs is for undeveloped rods and the 
lower curve is for rods developed in hexane/diethyl ether 
(99:1). (a) Mean peak areas and intrarod variability 
(n=5) for 10 Chromarods. (b) Mean peak areas and 
interrod variability (n= 10) for 5 places along each 
Chromarod. 

(standard deviation expressed as a percentage of 
the mean; Fig. 2). This experiment has been 
repeated many times with the tripalmitin solution 
and with the solution of hexadecanone, and no 
pattern to the distribution of peak areas within the 
10 rods has been found. The lack of any consistent 
pattern in peak areas implies that the variability in 
peak areas obtained on undeveloped rods is mainly 
a function of spotting and of the distribution of 
material around and along the rod and is not, as 
claimed (7), a problem of rod "nonuniformity."  

Developed Rods with 5 Separate Spots Per Rod 

After a 40-rain development of tripalmitin in 
hexane/diethyl  ether, 99: 1, the peaks rarely show 
any signs of splitting, even though none of the 
peaks has migrated appreciably (Fig. l b). The 
intrarod precision is improved (better than 12%; 
Fig. 2a) and the interrod precision is improved 
significantly (better than 10%; Fig. 2b). The im- 
provement in intrarod precision was less than 
anticipated. The reason for this is that with de- 
velopment, a pattern in the distribution of peak 
areas emerges. This pattern is consistent and 
applies to repeated experiments with the tripalmitin 

solution as well as to experiments with hexa- 
decanone spots developed in a less polar solvent 
system. 

A comparison of Fig. la with peaks from spots 
that have spent the least amount  of time in the 
developing solvent (Fig. lb: 10 cm and 7.5 cm) 
indicates that development causes a more even 
distribution of material on Chromarods.  The areas 
are slightly smaller and the precision is improved 
(Fig. 2b). For these spots, development,  in effect, 
causes solvent focusing which has already been 
described as a method for obtaining more repro- 
ducible peak areas (3). 

Developed rods show a gradation in peak 
heights, in peak widths and in peak areas (Figs. lb 
and 2b). The lipid material is affected in proport ion 
to the extent of exposure to solvent, so that the 
shortest and broadest-based peak is located at the 0 
cm mark (Fig. 1 b). This corresponds to the familiar 
band spreading found in other chromatographic 
techniques. However, what was not anticipated 
was the concomitant  reduction in F ID  response for 
tripalmitin (Fig. 2b). 

Since the interrod precision for the 10 cm spots 
and for the 0 cm spots is similar (Fig. 2b), it would 
appear that the apparent differences in solvent 
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mobility on different rods of a set (7) are not a 
major contributing factor to interrod differences in 
F ID  response. 

Experiments were performed to ensure that none 
of the patterns in peak areas were caused by a bias 
resulting from experimental technique. Different 
spotting orders were used for different rods; stan- 
dard solutions were frequently renewed from stock 
solutions; rods were reburnt after every experiment; 
integrations were performed manually and com- 
pared with areas obtained on the computing inte- 
grator; and rods were scanned by the F I D  in 
different directions. 

It should be noted that if a less polar solvent 
system (e.g., 100% hexane) is used to develop the 
tripalmitin spots, then the pattern produced is 
intermediate between that described in Figure la  
and that described in Figure lb. Hexane is pre- 
sumably not polar enough to redistribute evenly all 
the tripalmitin around and along Chromarods.  
However, if hexadecanone spots are developed in 
hexane, then the situation is similar to that de- 
scribed in Figures l b and 2. Development of 
hexadecanone in hexane/diethyl  ether, 99:1, or 
else of either compound in more polar solvent 
systems (e.g., hexane/diethyl  ether, 80: 20) causes a 
significant migration of material spotted at 0 cm. 
As would be anticipated, the peaks produced under 
these circumstances are broad-based and have a 
lower area than in Figures 1 and 2. 

The fact that development causes a reduction in 
peak areas and in their variability means tha t  it is 
unwise to draw inferences from data obtained on 
undeveloped rods (7) unless they are routinely used 
in this way. One of the less obvious examples where 
rods may be routinely used in this way is in the 
analysis of  total phospholipids after neutral lipids 
have been eluted along the rod (1,2). The solvent 
systems used for neutral lipid separations leave 
polar lipids at the point of application and are 
unlikely to be polar enough to cause an even 
distribution of polar material around or along 
Chromarods.  The more polar and less volatile the 
solvents used for spotting, the more likely it is that 
the polar lipid peak will be split. 

The interrod precision of 10% obtained in this 
study is similar to published values for analyses on 
5-10 rods of a set (2-6). These data cover a wide 
range of compounds and a wide range of sample 
loads: a precision of 10% or better has been 
obtained for loads as low as 0.5 #g (3) and for loads 
as high as 100 #g (4). Thus, any concern with a 
narrow working range on Chromarods (7) is not 
warranted. 

In the set of rods used in these experiments, rods 
l, 6 and l0 gave the highest responses after 
development (Fig. 2a). Since the difference between 
rods 4 and 6, for instance, is significant at the 98% 
confidence level (paired or 2 sample t-tests), an 

improved precision may be obtained if samples are 
analyzed on rods which give similar responses. The 
necessity of grouping rods has already been noted 
(8). The significant difference between rods 4 and 6 
also indicates that, if one peak on a Chromarod is 
notably larger than the average at that position 
over a set of 10 Chromarods,  then all the peaks are 
likely to be larger than the average at each position. 
Since 5 separate spots have been applied to each 
rod, then it is unlikely that the main reason for 
interrod differences is small differences in volume 
or in the standard solution concentration delivered 
to each spot. The difference in response between 
Chromarods may be due, in part, to small dif- 
ferences in the overall characteristics of the silica 
gel coatings. However, it should be possible to 
compensate for interrod differences by using an 
internal standard for lipid class analyses. Data 
from different Chromarod lots with rods of  dif- 
ferent ages and of different types (S and SII; [I]) 
and a detailed statistical analysis of rod to rod and 
lot to lot variation (5) show that variability can 
indeed be significantly reduced in this way. Even 
greater precision is possible if each rod is used as an 
individual analytical unit and only intrarod pre- 
cision is considered (6). 

The data shown in Figure 2 are from the 28th and 
29th scans of this set of 10 Chromarods.  The 
interrod precision for the developed rods (29th 
scan) is good and comparable with the precision 
obtained from other compounds scanned on rods 
of different ages (2-6). Figure 2 and data from rods 
which have been used many more times than this 
(1,3,9) suggest that any concern about a short 
working life for Chromarods  (7) is unwarranted. 
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Fatty Acid Metabolism and Cell Proliferation: IV. 
Effect of Prostanoid Biosynthesis from Endogenous 
Fatty Acid Release with Cyclosporin-A 
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ABSTRACT 

Cyclosporin-A (Cyc-A) stimulates prostanoid (PGi:) synthesis in confluent smooth muscle cells 
from guinea pig aorta through the release of endogenous fatty acid. Cyc-A, like other stimulatory agents for 
prostanoids, promotes smooth muscle cell proliferation and prostanoid synthesis in these proliferating cells. 
Indomethacin, a cyclooxygenase inhibitor, and exogenous arachidonic acid block the Cyc-A effect on cell 
proliferation. 
Lipids 18:566-569, 1983. 

INTRODUCTION 

Cyclosporin-A (Cyc-A) is a potent immuno- 
suppressive agent used clinically to prevent tissue 
rejection lollowing transplantation. Initial studies 
showed that Cyc-A inhibits T-cell mediated events 
such as graft-vs-host disease, yet Cyc-A has no 
effect on B-cell mediated events (I). A number of 
studies show that Cyc-A has an inhibitory effect on 
peripheral blood and bone marrow T-cell colony 
formation (2-5). T-cell colony formation is sup- 
pressed by PGE~ and PGF2, level in the 0.001-0. I 
#M range (2-4) and T-cell mitogenesis is promoted 
by cyclooxygenase inhibitors (6). B-cell mitogenesis 
is unattected by prostaglandins and cyclooxygenase 
inhibitors (2-4,7). These data suggest that Cyc-A 
may affect T-cells by promoting prostanoid syn- 
thesis. 

We have previously studied prostanoid synthesis 
in aorta smooth muscle cells (4,8-12). Agents that 
stimulate endogenous fatty acid release enhance 
prostanoid synthesis in these cells. The proliferation 
of smooth muscle cells, unlike the proliferation of 
T-cells, is promoted by increased prostanoid syn- 
thesis. In the present study, we have examined the 
hypothesis that Cyc-A stimulates prostanoid bio- 
synthesis by studying its effect on aorta smooth 
muscle cells. 

MATERIALS AND METHODS 

Materials 

Arachidonic acid [20:4(n-6)] (NuChek, Elysian, 
MN) was shown to be peroxide-free by thin layer 
chromatography (8). Cyc-A was kindly supplied by 
Sandoz Pharmaceuticals (East Hanover, N J). In- 
domethacin was purchased from Sigma Chemical 
Co. (St. Louis, MO). Antiscrum for the radio- 
immunoassay (RIA) of PGI2 (mcasured as 6-keto- 

*1o whom correspondence should be addressed. 

PGFt~) was kindly supplied by Dr. L. Levine. 
Medium for growing cells to confluency (growth 
medium) was prepared from IX Eagle's minimum 
essential medium which contains Hank's salts and 
25 mM HEPES buffer (GIBCO, Grand Island, 
NY) supplemented with 50 #g/ml gentamycin 
sulfate (Schering, Kenilworth, N J), 2 mM glu- 
famine, I• nonessential amino acids (Microbio- 
logical Associates, Walkersville, MD), 1 mM py- 
ruvate and 1.3 mg/ml of sodium bicarbonate. This 
medium was supplemented with 10% fetal bovine 
serum (FBS) (Sterile Systems, Logan, UT; Hyclone 
lot 100348). 

Tissue Culture 

Primary cultures of smooth muscle cells were 
established from the dissected medial layer of 
guinea pig aorta from prepubertal males (13). 
Smooth muscle cells were identified by their reac- 
tivity to antibodies prepared from smooth gizzard 
muscle (14). Cells were maintained in growth 
medium. 

Prostanoid Synthesis 

Cells were used at passage level 3 and were 
2 seeded at 1.3 • 104 cells/cm in CorningT-25 flasks 

containing 4 ml of experimental medium (growth 
medium supplemented with IX essential vitamins, 
I• essential amino acids and 20% FBS). The cells 
were allowed to grow to conflucncy and then 
treated with ethanol solutions of Cyc-A and/or 
20:4(n-6). Control cultures were treated with equal 
quantities of ethanol. The 6-keto-PGFt, (I'GI2) in 
the media was measured after a 24-hr incubation 
period by a standard RIA procedure (15). The 
cross-reactivity of 6-keto-PGF~ antibody was: 
PGE:, 0.15%; PGD.~, 0.02%; PGF~o, 0.10%; 20:4 
(n-6), 0.005%. The 6-keto-PGF~, antiserum did not 
cross-react with Cyc-A. 
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Cell Proliferation 

Smooth  muscle cells, passage 3 and  3-5 days 
postconfluent ,  were seeded at low density (80 
cel ls /cm 2) on Costar..tissue culture dishes (60 • 15 
mm). Cells were allowed to a t tach  to the plastic 
petri plates for one day and  then t reated with 
e thanol  solutions of Cyc-A a n d / o r  indomethac in  
in fresh exper imental  media conta in ing 10% FBS. 
Cont ro l  cultures were t reated with equal quant i t ies  
of ethanol.  Cells we re  retreated with a media  
change on  day 5 of the incuba t ion  period. After  an  
8-day incubat ion  period, cells were fixed with 3.7% 
phospha te  buffered formal in  and  stained with 
filtered Giemsa. Pr ior  to fixing, al iquots of media  
were removed for R IA  analysis of 6-keto-PGFl~.  

Total  cell area was measured by image analysis 
using the Op tomax  visual analysis system and  
reported in arbi t rary  area units (5361 units/cm2).  A 
relative cell count  was obta ined f rom the to ta l  cell 
area on the plate. The relat ionship between cell 
area and  cell n u m b e r  has been validated with a 
microscope and  with a Coul ter  counter  (10,11,16). 
Cells f rom the same pr imary culture and  the same 
batch of growth  medium were compared  in each 
t rea tment  group. 

Statistics 

The significance of differences between means 
was determined by an  analysis of variance including 
a t rend analysis and  a multiple range test (Tukey- 
HSD procedure)  for the significance level. 

TABLE 1 

Effect of Cyclosporin-A on Prostacyclin Synthesis 
(6-keto-PGF la) in Aorta Smooth Muscle Cells 

: 5 6 7  

RESULTS AND DISCUSSION 

Effects of Cyc-A on PGI2 Biosynthesis 

The effect of varying concent ra t ions  of Cyc-A on 
pros tanoid  biosynthesis was measured in confluent  
cultures of smooth  muscle cells. Fol lowing 24 hr  
incubat ion  with Cyc-A, media were removed f rom 
the cultures and  analyzed for 6-keto-PGFl~ by 
R1A. The results of these studies are summarized in 
Table 1. Cyc-A shows a concent ra t ion-dependent  
s t imulatory effect on the synthesis of  PGI2 in these 
confluent  cultures. The s t imulatory effect reaches a 
m a x i m u m  at 50 # M  Cyc-A. Less pros tanoid  is 
generated and  f loating cells (dead cells) are seen in 
cultures when the Cyc-A concent ra t ion  is increased 
to 100 #M.  

Prel iminary studies showed that  Cyc-A was, like 
m a n y  other  agents (8-12), toxic in cultures of 
prol iferat ing cells seeded at  low densities. Thus,  it 
was necessary to work at lower concent ra t ions  of 
Cyc-A in proliferat ing cultures than  in confluent  
cultures. When  cultures were incubated  with Cyc- 
A dur ing an 8-day period of cell prol i ferat ion,  Cyc- 
A showed a concent ra t ion-dependent  s t imulatory 
effect on the synthesis of 6-keto-PGFl~ (Table  l). A 
trend analysis showed a highly significant correla-  
t ion between Cyc-A concent ra t ion  and  the 6-keto- 
PGFI~ yield (F  ratio 40.615). Enhanced  pros tanoid  
yields in this exper iment  could merely reflect 
enhanced cell proliferation.  This quest ion is ad-  
dressed in a subsequent  section. 

Cyc-A does not  have a s t imulatory effect on the 

Prostanoid 
Treatment (nmol/culture) 

Mean _+ SEM 

1. Confluent cells 

Media 0.90 - 0.11 
Media + 0.1 tt M Cyc-A 0.86 _+ 0.08 
Media+ 1.0 pM Cyc-A 0.93-+0.08 
Media+ 10 pM Cyc-A 1.45_+0.15 P<0.02 
Media+ 50 #M Cyc-A 2.41_+0.17 P<0.001 
Media + 100 #M Cyc-A 1.57+0.19 P< 0.02 

120 pM 20:4 (n-6) 4.21 +0.23 
120 #M 20:4 (n-6)+ 0.1 pM Cyc-A 4.14_+0.30 
120 #M 20:4 (n-6)+ 1.0 #M Cyc-A 4.23_+0.35 
120 #M 20:4 (n-6)+ 10 pM Cyc-A 4.40_+0.31 
120 #M 20:4 (n-6)+ 50 #M Cyc-A 4.86_+ 1.01 
120 pM 20:4 (n-6)+ 100 #M Cyc-A 4.22_+0.46 

I1. Proliferating cells 

Media 0.0215 _+ 0.0005 
Media + 0.005 #M Cyc-A 0.0227 _+ 0.0004 
Media+ 0.01 pM Cyc-A 0.0232_+0.0008 
Media+ 0.02 pM Cyc-A 0.0253_+0.0006 P<0.001 
Media+ 0.05 #M Cyc-A 0.0269_+0.0009 P<0.001 

LIPIDS, VOL. 18, NO. 8 (1983) 



568 C O M M U N I C A T I O N S  

synthesis of 6-keto-PGF~o when both Cyc-A and 
exogenous arachidonic acid [20:4(n-6)] are added 
to the cultures (Table I). lhese data show that Cyc- 
A stimulates prostanoid synthesis through en- 
dogenous 20:4(n-6) release rather than the conver- 
sion of free 20:4(n-6) to prostanoids (4,12). 

Effects of Cyc-A on Cell Proliferation 

Previous studies from our laboratory have shown 
that prostanoid synthesis from either low concen- 
trations of exogenous arachidonic acid or the 
action of  agents that stimulate endogenous fatty 
acid release, promotes the proliferation of aorta 
smooth muscle cells (4,8,12). These studies involve 
cultures seeded at low cell densities (80 ceils/cm"). 
The second aspect of our studies with Cyc-A 
investigated its effect on smooth muscle cell pro- 
liferation. Cyc-A showed a concentration-depen- 
dent inhibition of  cell proliferation in the 0.1-10 
#M concentration range (Table 2A) and a concen- 
tration-dependent stimulation of cell proliferation 

in the 0.005-0.05 ~M concentration range (Table 
2B,C,D). Two experiments supported the concept 
that Cyc-A stimulated cell proliferation through 
prostanoid synthesis, indomethacin, at concentra- 
tions that block prostanoid synthesis (8,11,12), 
abolished the stimulatory effect of Cyc-A on cell 
proliferation (Table 2B,C). 20:4(n-6), at a concen- 
tr.ation that would overwhelm endogenous 20:4(n- 
6) release and begin to generate inhibitory lipid 
peroxides (4,10,12), abolished the stimulatory effect 
of Cyc-A on cell proliferation (lable 2D). 

Prostanoid data for proliferating cells in Table 1 
and cell number data for proliferating cells in Table 
2C were obtained from the same experiment. A 
trend analysis showed that cell number, like the 6- 
keto-PGFto yield, was correlated with increasing 
Cyc-A concentration (F ratio 15.390). If the pros- 
tanoid increment only reflects increased cell num- 
ber, then the ratio of 6-keto-PGF~o to cell number 
will not show a significant trend. When the 6-keto- 
PGFt, content of each plate was divided by the cell 
number for the plate, a trend analysis showed that 

TABLE 2 

Effect of Cyclosporin-A on the Proliferation of Aorta Smooth Muscle Cells 

Primary Treatment Cell number + 

A. 

B. 

C. 

D. 

Media 
Media+ 0.1 taM Cyc-A 
Media+ 1.0 taM Cyc-A 
Media+ 10 taM Cyc-A 

Media 
Media+ 0.005 tam Cyc-A 
Media+ 0.01 taM Cyc-A 
Media+ 0.02 taM Cyc-A 

I taM lndomethacin 
I taM lndomethacin+ 0.005 ,aM Cyc-A 
I ,aM Indomethacin+ 0.01 taM Cyc-A 
I ,aM Indomethacin+ 0.02 taM Cyc-A 

Media 
Media+ 0.005 taM Cyc-A 
Media+ 0.01 taM Cyc-A 
Media+ 0.02 ,aM Cyc-A 
Media+ 0.05 taM Cyc-A 

10 taM lndomethacin 
10 #M Indomethacin+ 0.005 taM Cyc-A 
10 #M Indomethacin+ 0.01 ,aM Cyc-A 
10 ,aM lndomethacin+ 0.02 ,aM Cyc-A 
10/aM lndomethacin + 0.05 taM Cyc-A 

Media 
Media+ 0.005 tam Cyc-A 
Media+ 0.01 taM Cyc-A 
Media+ 0.02 taM Cyc-A 

60 taM 20:4 (n-6) 
60 taM 20:4 (n-6)+ 0.005 taM Cyc-A 
60taM 20:4(n-6)+ 0.01 taM Cyc-A 
60 taM 20:4 (n-6)+ 0.02 taM Cyc-A 

M e a n + S E M  

32,100 + 2,340 
27,000 _+ 1,730 
22,700 + 1,330 

no cells 

14,800 + _ 908 
15,700+ 807 
15,600+ 782 
18,600+ 1,050 

15,000 - + 1,130 
13,000+ 1,140 
13,000 + 1,500 
13,200 + _ 590 

18,300+ 525 
20,000 +_ 457 
19,700 + 605 
19,800_ + 312 
21,800_+ 772 

18,000+ 396 
19,000 + 660 
19,300-+ 410 
19,200+_ 559 
18,300+- 755 

5,470 + 554 
6,830 _+ 544 
7.830 + 506 
6,220 + 196 

3,490 + 215 
3,030 +_ 243 
2,940 _+ 298 
3,200 _+ 201 

P <  0.01 

P <  0.03 

P<O.OI 

P <  0.01 

'Arbitrary area units. 
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the ratio inc reased  significantly with increasing 
Cyc-A concen t ra t ion  (F ratio 4.735, P <  0.04). 

Many  invest igators  show that  Cyc-A has a 
selective effect on T-cell mediated,  as opposed  to B- 
cell mediated,  i m m u n e  responses  (17-20). O u r  
exper iments  with conf luent  and g rowing  s m o o t h  
muscle cells demons t ra te  that  the biological activity 
01 Cyc-A in these systems may be expla ined by the 
s t imula tory  effect of  this agent on fatty acid release 

and subsequen t  p ro s t ano id  synthesis.  We suggest  
that  the effect of  Cyc-A on p ros t ano id  synthesis  in 
o ther  cell lines is wor t hy  of  fu r ther  study. 
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ABSTRACT 

The free sterols of the gorgonian Lephogorgia subcompre.~'.~'a were isolated and characterized by means ot 
gas chromatography (GC) and gas chromatography-mass spectrometry (GC-MS) techniques. The mixture 
contains C2- derivatives as the major sterols besides minor quantities ot C.-t,, C~, C.,~ compounds and also a 
C~o compound, gorgosterol. 
Lipids 18:570-572, 1983. 

Gorgonians have been normally characterized 
by their content of C~c~ sterols, the principal one 
being gorgosterol, which was first isolated by 
Bergmann et al. in 1943 (I). Later studies of the 
sterols of various coelenterates have demonstrated 
that C~. sterols are not always present in this type of 
marine organism (2-8). 

We have studied by gas chromatography (GC) 
and gas chromatography-mass spectrometry (GC- 
MS) the constituents of the sterol fraction of the 
gorgonian l.ephogorgia subconwressa and the 
results are presented and discussed in this report. 

MATERIALS AND METHODS 

Fresh specimens of Lephogorgia subcompressa 
(phylum cnidaria, class anthozoa,  subclass octo- 
corallia, orden gorgonacea) (5 kg) collected at La 
Boca, VI Region, Chile, were ground and extracted 
with acetone for 36 hr. The extract was evaporated 
under reduced pressure and the remaining aqueous 
residue was extracted with chloroform. The organic 
extract was washed with water, dried over mag- 
nesium sulfate and evaporated. Ehe syrup obtained 
(55 g) was chromatograpbed on a silica gel column 
by elution with mixtures of petroleum ether/ethyl  
acetate of increasing polarity. The crude sterol 
mixture was recrystallized from acetone (9.97 g). 

The mixture was analyzed by GC using a 
Hewlett-Packard 5840 instrument equipped with a 
12 m • 0.2 mm fused silica capillary column coated 
with methyl silicone lluid (Hewlett-Packard). The 
steroids were chromatographed between 200 and 
280C at a rate of 8C/min  with helium as the carrier 
gas. Quantification was made by automatic integra- 
tion of the peaks before and after the addition of a 
known amount  of stigmasterol used as internal 
standard. Detector relative responses were deter- 
mined using an artificial mixture of  the most 
common sterols (C27, C2~ and C:~). The identity of 
the steroids was assigned by GC-MS using a Varian 

" 1 o  w h o m  cor rc ' spondence  shou ld  be add re s sed .  

MAT CH7-A MS coupled to a Varian 1440 GC 
and interfaced to a Varian M A T  Data System 166 
computer. Analysis of the acetate (acetic anhydride/ 
pyridine, 1: I, v/v)  and trimcthylsilyl ether deriva- 
tives (hexamet hyldisilazane/trimetbylchlorosilane/ 
pyridine, 3:3: 10, v / v / v )  were performed with the 
same conditions. The relative amounts  of 24- 
methylcbolest-5-en-3fl-ol and 24-methylcholesta- 
5,24(28)-dien-3/3-ol were discerned by single ion 
monitoring (SIM) of the sterol's base peaks in the 
mass chromatogram of the mixture. Data accuracy 
were checked by SIM quantification of artificial 
mixtures of the two sterols. 

RESULTS AND DISCUSSION 

The sterol mixture was analyzed by GC and 
characterized by GC-MS of the free sterol mixture 
and of their acetylated derivatives as summarized 
in Table I. A GC diagram of the frec sterol mixture 
is shown in Figure I. MS analysis of the trimethyl- 
silyl ether derivatives allowed unequivocal assign- 
ments of A t sterols (9,10), which were done in all 
cases by comparison with authentic samples. As 
shown in 1able 1, we identified various mono- and 
diunsaturated A ~ compounds in the sterol mixture, 
cholesterol being the most abundant of them. 

5 7, 2g Among the diunsaturated sterols, A "-- and A ~':~ 
are ubiquitous in marine invertebrates (11,12)and 
this is not exceptional. The presence of A ~'7 sterols 
have never been reported in Cnidaria which, to the 
best of our knowledge, contain mainly A ~ sterols 
(11). In this case, cholesta-5,7-dien-3fl-ol may be 
the precursor to cholesterol, as it is in other types of 
marine invertebrates, e.g., molluscs, which are 
supposed to use A ~': sterols as precursors of the A ~ 
analogs (I 1). The previously unusual 22-trans-24- 
norcholcsta-5,22-dien-3fl-ol (13) is now recognized 
as being widespread in the marine environment and 
has been already reported from other gorgonians 
(14,15). 22-trans-24-Methyl-27-norcholesta-5,22- 
dien-3fl-ol (occelasterol) and 22-cis-cholesta-5,22- 
dien-3/3-ol have identical retention times and mass 
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I ABLE I 

Sterol Composition ol the Gorgonian I,ephogorgta ~ubcompn'.~.~a 

571 

Sterols MS Characteristic RRT' Estimated % 
fragments by GI,C bySIM 

22-tral~.~-24-Norcholesta-5,22-dicn-3,6-ol 

22-trart~-24-Methyl-27-norcholesta-5,22-dicn-3B-ol 

22-tranx-Cholcsta- 5,22-dien-31~-ol 

Cholest-5-en-3.8-ol 

22-trarr,~-24-Methylcholcsta-5.22-dien-3[3-ol 

C hoh-~t a- 5,7-d ion- 3/~- ol 

24- Met hylcholest-5-cn-3B-ol 

24- Met hylcholcst a-5.24(28)-dien-3/J-ol 

22-trarts- 24-Ethylcholesta- 5,22-dicn-3fl-ol 

24- Ethylcholest-5-cn-3/3-ol 

24- Et hylcholesta-5,24(28)-dicn-3fl-ol 

22,23-Methylene- 23,24-dimethylcholcst-5-en- 3[3-ol 

370( M'),355,352,300,271.255, 0.82 1.03 
213.97.55 

384( M').366,351,300.273,271, 0.94 1.76 
255,213.111,69.55 

384( M'),366,351,300,273,27 I, 0.95 5.3 I 
255,213.111,69.55 

386( M'),371,368,301,275,273. 1.00 51.49 
255,231,213,145,43 

398( M' ),380.365,300.271,255, 1.02 2.57 
213,69,55 

3841M' ),366,351,271,253,21 I, 1.03 7.25 
43 

400( M'),385,382,367.315,289, 1.08 
273.213,105,43 20.26 

398( M'),383,380,314.299.28 I. 1.08 
271,255,229.213,55 

412( M'),397.394.379,351,300, I. 12 0.89 
273.271,255,69,55 

414( M'),396.381,368.329.303, I. 18 5.08 
255,213.91,55 

412( M" ),397,394,314,299, 28 I. I. 19 3.70 
273,271,255.229,213,55 

426( M').41 1,408.337.314,3(~), 1.26 0.64 
283,281,271.255,229.215,213 

12.56 

7.70 

~Relative retention times (RR'I) ot the free stcrols to cholest-5-en-3fl-ol. 

spec t r a  (16) m a k i n g  it i mposs i b l e  to d i s t i n g u i s h  
be tween  t h e m  by these  m e t h o d s .  As  the  o c c u r r e n c e  
o f  the  last  one  as  a a a t u r a l  p r o d u c t  has  been 
ques t i oned  (16), we are  here  p r o p o s i n g  tha t  the  
c o m p o u n d  wi th  relat ive r e t en t i on  t ime  0.94 is 
indeed occe las te ro l  a n d  not  its i somer .  

G o r g o n i a n s  are  cha rac t e r i zed  by the i r  c o n t e n t  o f  
go rgos t e ro l  (1,17) a n d  related C~. s te ro ls  wi th  a 
c y c l o p r o p a n e  r ing  in the  side cha in ,  a l t h o u g h  Block 
(14) ha s  po in ted  ou t  tha t  g o r g o n i a n s  did no t  a l ways  
c o n t a i n  it. In o u r  case,  on ly  g o r g o s t e r o l  was  
de tec table .  A l t h o u g h  it is k n o w n  tha t  g o r g o n i a n s  
m a y  play hos t  to a large n u m b e r  o f  in t r ace l lu l a r  
s y m b i o t i c  a lgae  ( z o o x a n t h e l l a e )  (18), it m u s t  be 
cons ide red  a pr ior i  tha t  s tcrols  i sola ted f r o m  th is  
type  o f  coe l en t e r a t e  m a y  have  been p r o d u c e d  by 

the  a lgae,  by the  a n i m a l  itself, by  the  a s s o c i a t i o n  o f  
bo th ,  or  they  cou ld  have  been  o f  e x o g e n o u s  origin.  
T he re  a re  e x a m p l e s  whe re  the  o c c u r r e n c e  o f g o r g o -  
s terol  was  pa r t i cu la r ly  a s soc i a t ed  wi th  s y m b i o t i c  
, , ooxan the l l a e  f r o m  wh ich  it was  isola ted (17), 
a l t h o u g h  K o k k e  et al. (19) r epo r t ed  tha t  the  
g o r g o n i a n  L o p h o g o r g i a  c u s p i d a t a  l acks  b o t h  
go rgos t e ro l  and  z o o x a n t h e l l a e .  
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I 

FIG. 1. GC analysis of free sterols f rom Lephogorgia 
subcompressa. 
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Reduction of Hepatic StearoyI-CoA Desaturase Activity 
in Rats Fed Iron-Deficient Diets 
G. ANANDA RAO*, R. THOMAS CRANE and EDWARD C. LARKIN, Hematology Research Laboratory, 
Veterans Administration Medical Center, 150 Muir Road, Martinez, CA 94553 

ABSTRACT 

The effect of feeding iron-deficient diets to rats on the hepatic stearoyI-CoA desaturase activity was 
examined since iron is present in the A9 desaturation system. Separate groups of rats were fed low iron diets 
without fat (FF-Fe) or containing either 14% hydrogenated coconut oil (HCNO-Fe) or 14% corn oil (CO- 
Fe) for 10 weeks. Diets supplemented with iron ( F F +  Fe, H C N O +  Fe and C O +  Fe) were fed to the 
corresponding control groups. StearoyI-CoA desaturase activity in the liver microsomes of rats in the 
C O + F e  group (2.55+0.17 nmol oleate produced/min/mg protein) was about half of that in the 
HCNO + Fe (4.76 _+ 0.15) and FF + Fe (5.38 + 0.18) diet groups. In rats which were fed iron-deficient diets, 
hepatic desaturase levels were reduced significantly as compared to those of controls (1.0 + 0.06, CO - Fe; 
2.11 +0.13, HCNO-Fe; 3.65+0.1, FF-Fe). The hemoglobin (Hb) and hematocrit (Hct) levels in blood 
showed moderate iron depletion only in the CO-Fe group. Hence, dietary polyunsaturated fat promotesthe 
onset of iron deficiency. Furthermore, even before the blood Hb and Hct values express iron depletion, the 
effect of feeding low iron diets was observed by the reduction of hepatic A9 desaturase activity in rats fed 
HCNO-Fe and FF-Fe diets. 
I.ipids 18:573-575, 1983. 

INTRODUCTION 

Rats  main ta ined  on a low iron corn  oil diet (CO-  
Fe) become  iron deficient ,  as ev idenced by the 
reduced  h e m o g l o b i n  (Hb)  and hema toc r i t  (Hct)  
levels in b lood ,  but  those  fed low iron fa t - f rce  diet  
(FF -F e )  for  the  same du ra t i on  do  no t  (1). The  
present  s tudy  conf i rms  this f inding and shows  that  
not  only the exc lus ion  of  diet  fat but also the 
presence of  sa tu ra ted  fat in the  diet  rc ta rd  the onse t  
of  i ron deficiency.  

A l though  rats fed F F - F e  diet  did not  become  
iron deficient ,  the ratio of  the m o n o e n o i c  to 
sa tura ted  fatty acids (16:1/16:0;  18:1/18:0)  in 
their  t issue lipids was reduced  when  c o m p a r e d  to 
that  in con t ro l s  which  were  fed i r o n - s u p p l e m e n t e d  

*To whom corrcspondencc should be addresscd. 
t Fat-free diet contained vitamin-free casein (21.1~,~.), alphacel 

(16.45%), sucrose (58.45%), salt mixture U.S.P. XIV (4.0ek) and 
ICN vitamin diet fortification mixture with choline chloride 
(6.008 g/kg). Low iron diet contained vitamin-free casein (27.0e,~), 
corn starch (56.0%), salt mixture H.M.W. without ferric phos- 
phate (3.0%), fat (14.0%) and ICN vitamin diet fortification 
mixture. Thc vitamin mixture contained vitamin A concentrate 
200,000 units/g, 4.5 g; vitamin D concentrate 400,000 units:g, 
0.25 g; alpha tocopherol, 5.0 g; ascorbic acid, 45.0 g; inositol, 5.0 
g; choline chloride, 75.0 g; menadione, 2.25 g; p-aminobenzoic 
acid, 5.0 g; niacin, 4.5 g; riboflavin, 1.0 g; pyridoxine hydro- 
chloride, 1.0 g; thiamine hydrochloride, 1.0 g; calcium pantothen- 
ate, 3.0 g; biotin, 20 rag; folic acid, 90 mg; and vitamin Bk:, 1.35 mg 
in 100 lb. The ingredients were tit urated in dextrose and I kg of the 
mixture was added to 100 Ib of dict. 

U.S.P. XIV salt mixture contained calcium carbonate, 6.86%; 
calcium citrate, 30.83%; calcium biphosphate, 11.28~ magne- 
sium carbonate, 3.52oA, magnesium sulfate, 3.83%; potassium 
chloride, 12.47%; potassium phosphate dibasic, 21.88o~; sodium 
chloride, 7.71o~ and 1.62~ ofa mincral mixture containingcupric 
sulfate 0.48o~; terric ammonium citrate, 94.33t~/.; manganese 
sulfate, 1.24~; ammonium alum, 0.57%; potassium iodide 0.25%: 
and sodium fluoride, 3.13~. 

Salt mixture H.M.W. was formulated as st, ggested by Hubbell, 
Mendel and Wakcman (J. Nutr. 14, 273, 1937). 

F F  diets ( l) .  This  obse rva t ion  had sugges ted  that  
the A9 desa turase ,  which  con ta ins  i ron (2-4), was 
less act ive in t issues o f  an imals  c o n s u m i n g  iron- 
deficient  diets. Resul ts  f rom the assay of  hepat ic  
mic rosomal  s t ea roy l -CoA desa tu rase  act ivi ty re- 
por ted  in the  present  s tudy s h o w  that  the enzyme  
activity is indeed reduced  marked ly  in rats which  
were fed low i ron diets as c o m p a r e d  to that  in rats 
fed i r on - supp l emen t ed  diets. 

MATERIALS AND METHODS 

Thir ty-s ix  male  S p r a g u e - D a w l e y  rats weighing  
ca. 75 g were  pu rchased  f rom Char les  River,  
Wi lming ton ,  M D. They were  divided into 6 g roups  
of  6 each and  housed  in plastic cages wi th  plastic 
vent i la ted covers.  Each g roup  was  fed ad l ib i tum 
one o f  the fo l lowing low iron diets: fat-free ( F F -  
Fe), 14% hydrogena t ed  coconu t  oil ( H C N O - F e ) ,  
14% corn  oil (CO-Fe)  or  the  c o r r e s p o n d i n g  i ron-  
s u p p l e m e n t e d  diets ( F F + F e ,  H C N O + F e ,  CO 
+ Fe). Rats  had free access to de ionized-dis t i l led  
water  fed t h rough  glass s ipper  tubes.  Cages  had 
sawdus t  bedd ing  which  was changed  twice a week. 
The animal  r o o m  had a 12-hr light and  12-hr da rk  
cycle. It was ma in ta ined  at 24 C with 40-50% 
relative humidi ty .  Diets  were c u s t o m - m a d e  by ICN 
Nutr i t iona l  Biochemicals ,  Cleve land ,  OH.  The  
c o m p o s i t i o n  of  F F - F e  diet was the  s ame  as that  o f  
the fat-free diet  given in the  ICN an imal  research 
diet manua l  ~ except  tha t  fer rous  a m m o n i u m  ci t ra te  
was exc luded  f rom the  U S P  salt  m ix tu re  XIV.  The  
c o m p o s i t i o n s  o f  the C O - F e  and  H C N O - F e  diets 
were s ame  as the  low i ron diet given in the  1CN diet  
manua l  ~ except  tha t  the  vegetable  oil was replaced 
wi th  corn  oil and  h y d r o g e n a t e d  c o c o n u t  oil, re- 
spectively. Low i ron diets con ta ined  13 ~tg F e / g  
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diet. The supplemented diets contained 80/~g F e / g  
diet. 

Determination of Hb and Hct 

After 10 weeks, rats were anesthet ized b y  an 
intraperi toneal  injection of sodium pentobarb i ta l  
(50 m g / m l / 3 0 0  g rat) and exsanguinated  using 
heparin-washed syringes and needles. Whole blood 
was transferred wi thout  pressure. imo heparinized 
vacutainer tubes. Hemoglobin determinat ions were 
carried out by the cyanmethemoglobin  method.  
Packed red cell volumes were measured .us ing  a 
Phi l l ips-Drucker  hematocr i t  centrifuge and an l e e  
microcapillary reader. 

Preparation of Liver Microsomes 

Immediately after the removal  of blood, livers 
were excised, blotted and washed with ice cold 
saline. Pieces of liver (ca. 1.5 g) were homogenized 
in 5 vol of 0.25 M sucrose at 0-2 C using a Pot ter-  
Elvehjem homogenizer.  All subsequent  preparat ive  
procedures were performed at 0-2 C. "l'he homog-  
enate was centrifuged at 1000•  for 15 min to 
separate cell debris and f loating fat. The resulting 
superna tan t  fraction was centrifuged at 15,000 X g 
for 20 min and the pellet was discarded. The 
microsomal  fraction was obta ined  by centrifuga- 
t ion of the superna tan t  at 100 ,000•  for I hr. 
Microsomal  pellet was washed with 0. 154 M KCI 
and a suspension was prepared (5 mg pro te in /ml )  
in 3 ml 0.154 M KCI using a Pot ter-Elvehjem 
homogenizer  by a few up and down gentle strokes 
of the pestle. 

Assay of Stearoyl-CoA Desaturase Activity 

Incubat ion condit ions for the de te rmina t ion  of 
s tearoyl-CoA dcsaturase activity were essentially 
those described by Raju and Reiser (5). React ion 
medium contained the potassium salt of [I-~4C] 
stearic acid (0.2 mM),  C o A S H  (0.2 raM), N A D H  
(2 mM),  A T P  (5 raM), GSH (10 mM),  MgCI2 (10 
raM), DL-glyccrol 3-phosphate  (10 raM),  potas- 
sium phosphate  buffer (pH 7.4, 0. I M) and micro- 
somal protein,  all in a total  volume of 1 ml. With 
each liver, two assays wcrc performed using ca. 0.5 
mg and I mg microsomal  protein,  respectively. 

Reactions were carried out at  37 C in a Dubnof f  
metabolic shaker  for 5 min with air as gas phase. 
They were stopped by the addi t ion of 5 ml chloro-  
fo rm/  methanol  (2: l, v /v)  and lipids were extracted 
(6). Fatty acid methyl esters of lipids were prepared 
by transesterif ication catalyzed by sulfuric acid (7). 
Methyl oleate was separated from methyl stearate 
by AgNO~-impregnated silica gel thin layer chro- 
matography  (TLC) (5). Plates were sprayed with a 
0.2% solution of 2 ' ,7 '-dichlorofluorescein in meth-  
anol  and visualized under  UV. Spots conta in ing 

the 18:1 and 18:0 fatty acid methyl  esters were 
scraped. The esters were extracted with diethyl 
ether. The ether extracts  were passed th rough  a 
small column conta ining KHCO3, collected into 
scintillation vials and they were evapora ted  to 
dryness. After the addi t ion of scintil lation fluid, the 
[t4C] activity was determined using a Mark II 
scintillation spectrometer.  The radioactivity in the 
18: I and 18:0 fractions accounted for more than  
98% of the activity in the total  fatty acid methyl 
esters. 

Microsomal  protein concent ra t ion  was deter- 
mined by the method of Lowry et al. (8) using 
bovine serum a lbumin  as a s tandard.  The stearoyl- 
CoA desaturase activity was expressed as nmol  
oleate produced / m i n / m g  microsomal  protein.  

Pure stearic acid was obta ined from Applied 
14 �9 " 

Science, State College, PA. [I-  C]S tcanc  actd was 
purchased from New England Nuclear  Corp. ,  
Boston, MA, and  purified by TLC.  ATP,  C o A S H ,  
N A D H ,  GSH and bovine serum a lbumin  were 
obtained from Sigma, St. Louis, MO. 

RESULTS A N D  D ISCUSSION 

Determinat ion  of the Hb content  and Hct values 
of blood from various diet groups showed that  
moderate  iron deficiency was produced only in the 
rats which were fed corn oil (Table 1). In the 
animals  which were fed either the F F  or HCNO 
diet, iron deficiency was not apparent .  It would, 
therefore,  appear  tha t  either the absence of fat or 
the presence of saturated fat in the diet can retard 
the onset of iron deficiency. The mechanism by 
which the type of dietary fat intluenccs iron 
deficiency is not unders tood at the present time. 

TABLE I 

Hemoglobin and Hematocrit Values of Blood from Rats Fed 
Iron-Deficient and Iron-Supplemented Diets" 

Hb Hct 
Diet h (g~) (%) 

FF + Fe 14.1 _+ 1.3 43.7 "4- 1.8 
FF- Fe 12.7• 41.8+2.0 

HCNO+ Fe 14.0• 1.0 44.2_ + 1.7 
HCNO- Fe 12.7• 42.5_+ 1.4 

CO+ ~e 12.9_+0.7" 42.7 • 2.4 J 
CO- Fe 8.4_+ 1.2' 3 4 . 1  q 4 . 6  't  

'Values are given as mean• These were obtained by 
duplicate determinations with blood from each of the 6 animals 
in the various diet groups. 

hDiet abbreviations are: FF, fat-free; HCNO, 14% hydrogenated 
coconut oil diet; CO. 14% corn oil diet. Iron-deficient and iron- 
supplemented diets are designated as - Fe and + Fc. res. pectively. 
'p< 0.001. 
dp< O.OI. 
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In  the  pas t ,  n u m e r o u s  i nves t i ga t i ons  h a v e  been  
c o n d u c t e d  o n  the  a l t e r a t i ons  o f  A9 d e s a t u r a s e  
ac t iv i ty  d u e  to  d ie t a ry  f ac to r s  s u c h  as fat  (9-15) a n d  
c y c l o p r o p e n e  fa t ty  ac ids  (16-18) to  p a t h o l o g i c  
c o n d i t i o n s  s u c h  as  d i abe t e s  (19,20),  obes i ty  (21), 
p h e n y l  k e t o n u r i a  (22) a n d  n e o p l a s i a  (12-15,23,24),  
or  to c h a n g e s  in the  phys io log ica l  c o n d i t i o n s  in the  
a n i m a l  s u c h  as s t a r v a t i o n  (10) a n d  l a c t a t i on  (25). 
T h e  e n z y m e  c o m p l e x  w h i c h  ca ta lyzes  the  d e s a t u r a -  
t i on  o f  s t e a r o y l - C o A  cons i s t s  o f  c y t o c h r o m e  bs, 
N A D H - c y t o c h r o m e  b5 r e d u c t a s e ,  t e r m i n a l  de-  
s a t u r a s e  e n z y m e  w h i c h  is a n o n h e m e  i ron  p r o t e i n  
a n d  l ipids (2-4). T h u s ,  a l t h o u g h  i ron  is a c o m -  
p o n e n t  o f  t he  d e s a t u r a t i o n  sy s t em,  to o u r  k n o w l -  
edge,  effect  o f  d i e t a ry  d e p r i v a t i o n  o f  i r on  on  t he  
t i s sue  d e s a t u r a s e  ac t iv i ty  h a s  n o t  been  r epo r t ed .  

W h e n  a n i m a l s  a re  fed a fa t - f ree  diet ,  t h e  ac t iv i ty  
o f  s t e a r o y l - C o A  d e s a t u r a s e  in the i r  t i s sues  is 
inc reased  (9-15). H o w e v e r ,  if d i e t a ry  i r on  is ex -  
c luded  f r o m  the  fa t - f ree  diet  fed to  ra t s ,  t he  re la t ive  
level o f  m o n o e n o i c  to s a t u r a t e d  fa t ty  ac ids  is 
dec reased  as c o m p a r e d  to the  i r o n - s u p p l e m e n t e d  
con t ro l s ,  s u g g e s t i n g  t ha t  d e s a t u r a s e  ac t iv i ty  m a y  be 
r educed  in t i s sues  (1). T h e  specif ic  activitY o f  
hepa t i c  m i c r o s o m a l  A9 d e s a t u r a s e  f r o m  a n i m a l s  
fed v a r i o u s  diets  s h o w  t ha t  the  o m i s s i o n  o f  d i e t a ry  
i ron  cause s  m a r k e d  r e d u c t i o n  o f  th is  e n z y m e  
ac t iv i ty  (Tab le  2). A s  o b s e r v e d  ear l ier  (15), de-  
s a t u r a s e  act iv i ty  was  s ign i f i can t ly  dep re s sed  in 
a n i m a l s  fed the  c o r n  oil diet  as c o m p a r e d  to t h o s e  
fed a fa t - f ree  or  s a t u r a t e d  fa t  c o n t a i n i n g  diet  (Tab le  
2). W h e n  ra t s  were fed a diet  c o n t a i n i n g  fa t  ( C O  or  
HC.NO)  bu t  no  i ron,  d e s a t u r a s e  ac t iv i ty  was  low- 
ered by ca. 60%. In  a n i m a l s  fed ne i the r  fa t  n o r  i ron,  
the  d e s a t u r a s e  ac t iv i ty  was  a lso  lowered  s ignif i -  
can t ly  (30%), b u t  no t  to  the  s a m e  e x t e n t  as  in t h o s e  
fed the  i ron-def ic ien t  C O  a n d  H C N O  die ts  (Tab le  
2). 

TABLE 2 

Specific Activity of Stearoyl-CoA Desaturase 
in the Microsomal Fractions of Livers of Rats Fed 

Iron-Deficient and Iron-Supplemented Diets a 

Diet b nmol oleate produced/min/mg protein 

FF+Fe 5.38+0.18 ~ 
FF - Fe 3.65 + 0.10 

HCNO+Fe 4.76+0.15 ~ 
HCNO- Fe 2.11+0.13 

CO+Fe 2.55+0.17 c 
CO - Fe 1.00 _+ 0.06 

"Enzyme specific activity is given as mean+SD. These were 
obtained by separate determinations with livers from 6 rats 
in each diet group. Enzyme activity was determined as described 
in the text. 

"See Table 1 for diet abbreviations. 
~Value is significantly different (p < 0.001) as compared to that 

obtained with rats fed the corresponding iron-deficient diet. 

Reduction of hepatic microsomal stearoyl-CoA 
desaturase activity may be due to a decrease in the 
content either of the enzyme complex or of  its iron- 
containing components--cytochrome b5 and ter- 
minal enzyme. Earlier studies have shown that the 
lack of stearoyl-CoA desaturation in Novikoff 
hepatoma microsomes is due to a complete absence 
of cytochrome b5 and terminal desaturase (24). 
Additional studies on the quantitation of the 
components of the A9 desaturase enzyme are 
needed to understand the mechanism by which 
dietary iron regulates hepatic monoenoic acid 
synthesis. 
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The Distribution of Cholesterol and Phospholipid Composition 
in Submitochondrial Membranes from Bovine Adrenal Cortex: 
Fundamental Studies of Steroidogenic Mitochondria 
BEHLING CHENG* and TOKUJI KIMURA, Department of Chemistry, Wayne State 
University, Detroit, M148202 

ABSTRACT 

The cholesterol contents and phospholipid compositions of mitochondria, microsomes and sub- 
mitochondrial membranes from bovine adrenal cortex have been analyzed quantitatively. From our 
results, the following cholesterol contents were obtained: mitochondria, 6.2 +_ 0.9 tool %; microsomes, 
18.4 _+ 2.8 mol %; mitochondrial inner membrane, 2.8 -+ 0.6 mol %; and mitochondrial outer mem- 
brane, 8.3 -+ 1.3 mol %. In addition, the phospholipid compositions of the mitochondrial inner and 
outer membranes were determined for the ftrst time. Cardiolipin was found to be enriched in the inner 
membrane, whereas phosphatidylinositol was richer in the outer membrane. The general features of 
phospholipid compositions in the submitochondrial membranes resembled that of rat fiver mitochondria. 
Lipids 18:xxx-xxx, 1983. 

INTRODUCTION 

The intramitochondrial cholesterol move- 
ment is believed to be the rate-limiting step in 
adrenocortical steroidogenesis regulated by 
ACTH (l). The topological studies of the en- 
zyme system in bovine adrenocortical mito- 
chondria revealed that cytochrome P-450sc c 
and P-45011/3 were located in the matrix side 

h of t e inner membrane (2,3). Many experiments 
have been done to elucidate the catalytic func- 
tion of cytochrome P-450scc, .showing that the 
availability of cholesterol to the cytochrome 
depends on membrane cholesterol (1). More- 
over, the mitochondrial cholesterol was never 
utilized completely by the cytochrome P-450sc c_ 
dependent enzyme system. Thus, steroidogenic 
and nonsteroidogenic pools of cholesterol were 
suggested in the mitochondria (4,5). In this 
context, it is important  to study the submito- 
chondrial localization of  cholesterol molecules 
for understanding the action of ACTH. In addi- 
tion, recent work by Farese's group indicates 
that in adrenal cortex phospholipid metabolism 
is closely related to the ACTH influence (6,7). 
Under these circumstances, we decided to in- 
vestigate cholesterol distribution and phospho- 
lipid composition in mitochondria and submito- 
chondrial membranes from bovine adrenal cor- 
tex. 

*To whom correspondence should be addressed. 
Abbreviations and trivial names: ACTH, adreno- 

corticotropic hormone; BSA, .bovine serum albumin; 
Cholesterol, cholest-5-en-3~-ol; EDTA, ethylenedia- 
minetraacetic acid ; EGTA, ethyleneglycol-bis-([3-amino- 
ethyl ether)-N,N'-tetraacetic acid; cytochrome P- 
45011/3, adrenocortical mitochondrial cytochrome 
P-450 which functions in the steroid 11/3-hydroxyla- 
tion reaction; cytochrome P-450scc, adrenocortical 
mitochondrial cytochrome P-450 which functions in 
the cholesterol side-chain cleavage reaction. 

METHODS AND MATERIALS 

Preparation of Adrenocortical 
Mitochondria, Microsomes and Cytosol 

Adrenocorticai mitochondria were prepared 
according to Churchill et al. (3) with slight 
modifications. Bovine adrenals from animals 
which had just been slaughtered were collec- 
ted and trimmed to remove fat and immediately 
placed into a beaker containing 10 mM Tris- 
HC1 buffer (pH 7.6), and 0.32 M mannitol at 
0 C, and brought back to the laboratory within 
1.5 hr following the death of  the animals. Sub- 
sequent manipulations were carried out at 5 C. 
The glands were bisected longitudinally and the 
adrenal medulla was scraped away and dis- 
carded. The cortical tissue obtained was im- 
mersed into the buffer and rinsed several times 
to remove blood. The suspension was homogen- 
ized with a teflon pestle. The homogenate was 
centrifuged at 750 • g for 10 min in a SorvaU 
centrifuge (model RC 2-B) with an SS-34 rotor. 
The pellets were discarded and the resulting 
supernatant fluid was centrifuged at 1940 x g 
for 3 min and then at 9750 • g for 10 min. The 
centrifuged tubes were rapidly inverted, allowing 
the fluffy layer to slough off  the pellet. The 
pellets containing mitochondria were gently re- 
suspended in buffer. The supernatant fluid was 
saved for further fractionation. The mitochon- 
drial suspension was washed 3 times with buffer 
by centrifugation at 7710 x g for 10 rain to re- 
move POssible microsomal contamination. The 
final pellet was resuspended in buffer at ca. 20 
mg protein/ml. 

The supernatant fluid obtained after the 
sedimentation of mitochondria was centrifuged 
at 12,100 x g for 15 min. The pellet was dis- 
carded and the supernatant fluid was then cen- 
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trifuged at 105,000 • g for 60 min to sediment 
the microsomes using a Beckman centrifuge 
(model L2-65B) with a type 65 rotor. The solu- 
t ion remaining after removal of the microsomes 
was called cytosol. 

In some experiments, the washed mitochon- 
dria were further purified by centrifugation 
through a discontinuous 2-layer sucrose density 
gradient in a Beckman centrifuge with a type 
SW41 rotor: 39.0% (w/v) and 44.3% (w/v) of 
sucrose in 50 mM Tris-HC1 (pH 7.4) buffer. 
After centrifugation at 70,000 x g for 2 hr, the 
mitochondrial fraction was collected from the 
interface between 2 layers of the sucrose solu- 
tion. This mitochondrial fraction was washed 
with buffer and centrifuged at 7710 • g for 15 
min in a Sorvall centrifuge. 

Submitochondrial Membrane Preparation 

The separation of the outer membrane and 
mitoplast fractions was based on the method of 
Greenawalt (8) with some modifications. The 
isolated mitochondria were washed with I 0 mM 
Tris-HC1 buffer (pH 7.6) containing 8.6% (w/v) 
sucrose, and 0.1 mM EDTA. To this washed 
mitochondrial suspension (20 mg/ml), an equal 
volume of hypertonic solution containing 10 
mM Tris-HC1 (OH 7.6), 21.4% (w/v) sucrose, 
0.1 mM EDTA and BSA 1 mg/ml, was slowly 
added and the suspension was allowed to stand 
at least 20 min. About 5-10 ml of the mito- 
chondrial suspension was loaded into a pre- 
cooled French press cell (Carver Inc., Model B) 
and pressure was applied at 4800 psi. Pressed 
mitochondria were slowly extruded through the 
cell into a precooled test tube and then diluted 
by the solution containing 10 mM Tris-HC1 (pH 
7.6), 15% (w/v) sucrose, 0.1 mM EDTA and 
BSA 0.5 mg/ml, at a 1 : 1 ratio (v/v). The pressed 
mitochondrial suspension was centrifuged at 
27,000 x g for 15 min in a Sorvall centrifuge 
to sediment the pellet. After washing, the 
pellet was identified to be mitoplast. The super- 
natant fluid after sedimentation of mitoplast 
was centrifuged at 105,000 x g for 1 hr by a 
Beckman centrifuge to collect the supernatant 
fraction. After further centrifugation of this 
fraction at 150,000 x g for 90 min, the outer 
membrane was obtained from the pellets, and 
the supernatant fluid was called soluble phase 
of mitochondria. 

Inner membrane was prepared by means of 
controlled sonication of the mitoplast fraction 
as follows. The mitoplast sample was diluted to 
1.5 mg/ml and sonicated for 7 min at 1-min 
intervals with a Bronwill-Biosonik III with low 
power (50%) in an ice bath. The sonicated 
mitoplasts were then centrifuged at 12,100 • g 

for 10 min to remove unbroken mitoplast. The 
supernatant fluid was further centrifuged at 
59,000 x g for 1 hr to sediment the inner mem- 
brane from matrix. All the submitochondrial 
samples were kept in the 10 mM Tris-HC1 buf- 
fer (pH 7.6) containing 15% (w/v) sucrose, 0.1 
mM EDTA and BSA 0.5 mg/ml. 

Determinations of Cholesterol and Phospholipid 

The samples for lipid determination were ad- 
justed to 0.45% (w/v) by NaC1 and then extrac- 
ted wi th  methanol/chloroform at saline/meth- 
anol/chloroform (3:4:8, v/v/v) (9). Cholester- 
ol contents were determined at 37 C by the 
cholesterol oxidase (Nocardia) method accor- 
ding to Deacon and Dawson (10), with some 
modifications. The reaction mixture contained 
100 mM sodium phosphate buffer (pH 6.9), 
1.5% Triton X-100, 6 mM sodium cholate, 7.5 
mM phenol, 0.8 mM 4-aminoantipyrine, 0.2 
units of cholesterol oxidase, and 5 units of per- 
oxidase. Recrystallized cholesterol was used as 
standard. Phospholipid contents were deter- 
mined according to the method as described by 
Hallermayer and Neupert (11) with L-~-dipal- 
mitoylphosphatidylcholine as standard. The 
concentration of cholesterol in membrane was 
expressed as mol %: 

moles of cholesterol X 100 moles of cholesterol + moles of phospholipid 

The quantitative determination of phospho- 
lipid composition after 2-dimensional thin layer 
chromatography were performed as described 
previously (11). Briefly, the lipid extracts were 
taken in chloroform/methanol (2:1, v/v) and 
applied to a silica gel 60 thin layer plate. The 
solvent systems were chloroform/methanol/28% 
aqueous ammonia (65:35:5, v/v/v) in the first 
dimension and chloroform/acetone~methanol~ 
acetic acid/water (56:20:10:10:4,  v/v/v/v/v) in 
the second dimension. The spots detected by 
iodine vapor were scraped out for phosphorus 
assay. 

Assays of Marker Enzyme Activities 

The enzyme activities of lysosomal acid phos- 
phatase (12), endoplasmic reticulum glucose-6- 
phosphatase (13), and plasma membrane 5'- 
nucleotidase (14) were determined as described 
previously. Glucose-6-phosphate dehydrogenase 
activity, a marker for cytosol, was determined 
by monitoring NADPH formation (e = 6.22 
cm -1 mM -x) at 340 nm (15). Succinate dehy- 
drogenase activity, a marker for mitochondria, 
was assayed according to the method of King 
(16) with minor modifications: 100 mM sodium 
phosphate buffer (pH 7.8), 0.1% BSA, 40 mM 
succinate, 150/a M phenazine methosulfate and 
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50 mM 2,6-dichlorophenolindophenol (e = 19.1 
cm -1 mM -1, at 600 nm). Monoamine oxidase 
activity, a marker for the mitochondrial outer 
membrane, was assayed at 37 C according to 
the method of We{ssbach et al. (17) with kynu- 
ramine as substrate. Cytochrome oxidase activ- 
ity, a marker for the mitochondrial inner mem- 
brane, was determined at 37 C in 100 mM so- 
dium phosphate buffer (pH 7.0), 0.03% Lubrol 
WX, and 45 /.t M reduced cytochrome c (e = 
19.6 cm -1 mM -1, at 550 nm) (18). The assay 
of malate dehydrogenase activity, a marker for 
the mitochondrial matrix, was similar to the 
reported method (19): 50 mM sodium phos- 
phate buffer (pH 7.8), 0.4 mM NAD § 140/.tM 
2,6-dichlorophenolindophenol, 0.3% Triton X- 
100, 77/~ M phenazine methosulfate and 7 mM 
malate. 

Determination of Cytoehrome 
P-450 and Protein Content 

Cytochrome P-450 was estimated from the 
difference spectra between the sodium dithio- 
nite-reduced and the reduced and carbon mon- 
oxide treated samples. An extinction coeffi- 
cient of 91 cm -1 mM -1 for the difference be- 
tween 448 and 490 nm was used (20). Protein 
was determined by the biuret method ( 2 1 ) i n  
the presence of 0.33% sodium deoxycholate. 
Spectrophotometric determinations were carried 
out with a Cary 118 spectrophotometer with an 
end-on photomultiplier. 

MATERIALS 

BSA (essentially fatty acid free), cholesterol, 
2,6-dichlorophenolindophenol, EGTA, glucose- 
6-phosphate, kynurami.ne dihydrobromide, L-a- 
dipalmitoylphosphatidylcholine, Lubrol WX, 
mannitol, NADP § peroxidase (type VI horse- 
radish), phenazine methosulfate, rotenone, tri- 
ethanolamine, and Triton X-100 were purchased 
from Sigma (St. Louis, MO). EDTA was pur- 
chased from Aldrich (Milwaukee, WI). Choles- 
terol oxidase (Nocardia) was purchased from 
either Sigma or Calbiochem (La Jolla, CA). 
Other reagents were obtained from the best 
commercial sources. 

RESULTS 

Purity Criteria of the Mitochondrial Samples 

As shown in Figure 1, the mitochondrial 
samples prepared by the conventional method 
are rich in succinate dehydrogenase activity and 
very low in 5'-nucleotidase and glucose-6-phos- 
phate dehydrogenase activities, indicating that 
plasma membrane and cytosolic components 
are not significantly contaminated in mitochon- 

dfial samples. However, a relatively small 
amount of glucose-6-phosphatase and acid 
phosphatase activities were found in the mito- 
chondrial fraction. The contaminating enzyme 
activities did not decrease on further purifica- 
tion using discontinuous sucrose density gra- 
dient centrifugation. This fact suggests that the 
mitochondrial sample contains some endoplas- 
mic reticulum and lysosomal fragments bound 
to the mitochondrial membranes. Alternatively, 
the densities of the contaminants might be simi- 
lar to those of mitochondria, so that they can- 
not be removed by gradient centrifugation. In 
fact, there is evidence that rough endoplasmic 
reticulum are physically associated with mito- 
chondria (22,23). Moreover, Taguchi et al. (24) 
reported that in rat adrenal cortex both lyso- 
somes and mitochondria showed unimodal dis- 
tr ibution profiles of marker enzymes with iso- 
pycnic density of 1.165. We estimated a density 
of bovine adrenocortical mitochondria to be ca. 
1.156. At present, we have not carried out den- 
sity perturbation procedures to separate lyso- 
somes from mitochondria. Because Ca 2§ and 
detergents may cause redistribution of choles- 
terol and phospholipid in membranes, it was 

7 5 0 -  

E 
E 

E 500- 

; = 25o- 
) -  

U l 

i* 

E 240- 50~ 
'S 
E 
c 120- 25C 

i_ | 
obc  

A 150 - B '~176 
50- 

abc d 

D 150C 

~ L ~  IO0~ 

5 0 O  

abc d 

E 

abcd 

Fig. 1. The distribution of marker enzyme activi- 
ties glucose-6-phosphate dehydrogenase (A), succinate 
dehydrogenasc (B), glucose-6-phosphatase (C), 5'- 
nucleotidase (D), and acid phosphatase (E), in the 
fractions of cytosol (a), microsomes (b), mitochondria 
(c), and mitochondria after discontinuous sucrose 
density gradient centrifugation (d). The enzyme activ- 
ity assays were peJfformed as described under Methods 
and Materials. "n.d." refers to "not detectable." 
Results are expressed as means +_ SD from 3-8 indepen- 
dent preparations. 
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not suitable to use either Triton WR-1339 (25) 
or calcium chloride (26) for separation of 
mitochondria from lysosomes. 

Cholesterol Contents and Phospholipid 
Compositiolls in Bovine Adrenocortical 
Mitochondria and Microsomes 

The cholesterol content of each fraction has 
been expressed as cholesterol mol % relative to 
phospholipid unless specified otherwise. The 
extraction efficiency of cholesterol was more 
than 96%. As shown in Table 1, the mitochon- 
drial cholesterol content was 6.2 -+ 0.9 mol % 
and further purification by gradient centrifu- 
gation did not significantly change this value. 
By comparison, the cholesterol content of  the 
microsomal fraction was found to be relatively 
high, 18.4 +- 2.8 mol %. As shown in Figure 1, 
microsomal fractions are highly contaminated 
with plasma membranes. According to Colbeau 
et al. (27), the cholesterol content in rate liver 
is highest in plasma membrane (ca. 43 mol %), 
intermediate in smooth endoplasmic reticulum 
(ca. 19 mol%) and relatively low in rough endo- 
plasmic reticulum (ca. 6 tool %). In our mito- 
chondrial preparation, there was negligible con- 
tamination by plasma membrane. The fact that 
a residual amount of  glucose-6-phosphatase 
activity existed in the mitochondrial fraction 
might be due to the mitochondria associated 
rough endoplasmic reticulum. Furthermore, the 
cholesterol/cytochrome P-450 molar ratio in 
the mitochondrial fraction was found to be ca. 
29. This value is similar to the literature value 
of  30 reported by Boyd et al. (28). The amount 
of lysosomal cholesterol in our mitochondrial 
samples is unknown due to the difficulty in 
purifying lysosomes from either mitochondrial 

or plasma membrane fractions. However, the 
ratio of mitochondria to lysosomes in the mito- 
chondrial preparation is higher than 3 : 1 in terms 
of their relative enzyme activities based on our 
calculation. Therefore, the cholesterol concen- 
tration of mitochondria reported here is reason- 
ably close to that for pure mitochondria. 

The phospholipid compositions of mitochon- 
'drial and microsomal fractions were found to 
be very different. In the mitochondrial fraction, 
the 2 main phospholipids, namely, phosphatidyl- 
choline and phosphatidylethanolamine, ap- 
peared to be in equal amounts. The mitochon- 
dria-specific phospholipid cardiolipin was found 
to be 13% of total phospholipids. These results 
were entirely consistent with our previous 
finding (29). Moreover, our results on the phos- 
pholipid composition from the bovine adreno- 
cortical mitochondria together with the data 
reported from guinea pig and cat adrenal mito- 
chondria (30), suggest that the adrenal mito- 
chondria do not contain unusually high amounts 
of  phosphatidylethanolamine. This is inconsis- 
tent with that from previous reports (31,32). 
By comparison, the microsomal fraction from 
bovine adrenal cortex was rich in phosphatidyl- 
choline and phosphatidylinositol but poor in 
cardiolipin. Furthermore, the phospholipid 
composition of bovine adrenocortical micro- 
somes was close to that of bovine liver micro- 
somes (33). 

Separation of the Mitochondrial Outer and 
Inner Membrane from Bovine Adrenal Cortex 

Although the use of digitonin is suggested 
to be preferable over the hypotonic swelling 
method for the preparation of  purer inner 
membrane fractions (27,34), some inner mere- 

T A B L E  1 

Choles tero l  C o n t e n t  and Phosphol ip id  C o m p o s i t i o n  of  
Bovine Adrenoco r t i c a l  Mi tochondr ia  and Microsomes  

Mitochondria Microsomes 

Cholesterol 6.2 + 0.9 18.4 • 2.8 
mol % (n= 10) mol % (n=4) 

Phospholipid composition 
Cardiolipin 12.5 +- 1.1%a 1.9 -+ 1.8% 
Phospha t idy lcho l ine  39.7 +- 2.6 50.9 • 3.4 
P h o s p h a t i d y l e t h a n o l a m i n e  34.3 • 2.S 26.9 +- 1.5 
Phospha t idy l inos i to l  6.0 +- 0.2 I 1.9 -+ 1.4 
Phospha t idy lse r ine  3.5 -+ 1.3 6.9 -+ 2.1 
O t he r  4.0 +- 2.6 1.5 +- 1.7 

(n=3) (n=3) 

The determination of lipids were performed as described under Methods and Materials. 
D a t a  a r e  expressed as means • SD, (n) is represented as the number of independent prep- 
aration. 

aValues of phospholipid composition are expressed as percentage of total phospho- 
lipid phosphorus. 
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brane-bound cholesterol may be removed by 
the digitonin treatment. For our purposes, the 
French press method was used for the dissec- 
tion of  the outer membrane from mitochondria. 
In our preliminary experiments, the pressure 
applied to release outer membrane from mito- 
chondria was examined from 1600 psi to 5000 
psi according to suggested pressure for the separ- 
ation of  outer membrane from rat liver (8) and 
yeast (35) mitochondria. Unlike rat liver mito- 
chondria (8), adrenocortical mitoplast prepared 
at 1600 psi and 10 mg protein/ml contained a 
large amount of the monoamine oxidase activity. 
Increase in the protein concentration to 30 rag/ 
ml did not release outer membrane any further. 
However, the monoamine oxidase activity sig- 
nificantly decreased in the mitoplast at a high 
pressure of 4800 psi. The decrease is not due to 
inactivation of monoamine oxidase by pressure. 
In contrast, inner membrane marker enzyme 
activities were retained in the mitoplast fraction. 
Therefore, we used the French press at 4800 psi 
together with differential centrifugation to sep- 
arate the outer membrane from mitoplast. 

Figure 2 shows typical De Duve's plots of 
the partition of marker enzymes by submito- 
chondrial fractionation. It is clear from this 
figure that the mitoplast sample is rich in cyto- 
chrome P-450, cytochorme oxidase and malate 
dehydrogenase but poor in monoamine oxidase. 
The so-called mixed membrane fractions were 
found to be composed of apparent outer and 
inner membrane markers and were not studied 
further for lipid analysis. 150,000 x g pellets 
appeared to contain the outer membrane mar- 
ker as the major component,  judged from the 
relatively high content of  monoamine oxidase 
activity and low content of cytochrome oxidase 
acitivity. In agreement with Greenawalt (8), 
there were significant activities of monoamine 
oxidase and malate dehydrogenase in the solu- 
ble phase (150,000 • g supernatant fluid). A 
high monoamine oxidase activity in supernatant 
fluid might be due to incomplete sedimentation 
of  outer membrane vesicles. In contrast, there 
was a small amount of cytochome P-450, and 
cytochrome oxidase activity could be detected 
in the soluble phase. We found no appreciable 
cytochrome P-420 (a denatured form of cyto- 
chrome P-450) during the entire process of prep- 
aration (Fig. 3), and total recoveries of cyto- 
chrome P-450 and malate dehydrogenase activ- 
ity were ca. 95%. The recoveries of protein con- 
tent and monoamine oxidase were ca. 90%. 
However, the recovery of  cytochrome oxidase 
was relatively low at ca. 75%. 

The matrix was separated from the inner 
membrane by sonicating the mitoplast fraction. 
Under our experimental conditions, ca. 55% of  
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FIG. 2. De Duve's plot of the partition of marker 
enzymes after fractionation of French pressed mito- 
chondria: cytochrome I)-450 content (A), cytochrome 
oxidase activity (B), monoamine oxidase activity (C), 
and malate dehydrogenase activity (D); mitoplast frac- 
tions (1), mixed membrane fractions (inner + outer) 
(2), outer membrane fractions (3), soluble phase frac- 
tions (4), and washing pools (5). Relative specific ac- 
tivities or content are expressed as follows: percent of 
total specific activities or contents detected in the 
fraction/percent of total protein content recovered in 
the fractions. 100% was assigned as total recovery of 
marker enzyme activity or content after fractionation. 

protein and 79% of malate dehydrogenase ac- 
tivity were released from inner membrane with- 
out denaturing cytochrome P-450 (Fig. 3). In a 
typical experiment, cytochrome P-450 content 
was found to be enriched from 1.8 nmol/mg in 
mitoplast fraction to 3.4 nmol/mg in inner 
membrane fraction. 

Distribution of Cholesterol and Phospholipid 
Composition in Submitochondrial Membranes 

As shown in Table 2, after removal of the 
outer membrane, the cholesterol and phospha- 
tidylinositol contents decreased in the mito- 
plast fraction ; cardiolipin, in contrast, was found 
to be enriched significantly in this fraction 
rather than in the intact mitochondria (Table 1). 
The cholesterol content and phospholipid com- 
position of the inner membrane fraction were 
about the same as those in mitoplast, suggesting 
that most of  these lipids in mitoplast were con- 
centrated in the membrane. By comparison, the 
outer membrane contained a relatively high 
content of  cholesterol and phosphatidylinositol 
but a low content of cardiolipin. The general 
feature of the phospholipid composition of  the 
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FIG. 3. Carbon monoxide difference spectra of cy- 
tochrome P-450 from bovine adrenal cortex mito- 
chondria (0.95 mg/ml) (A), outer membrane (0.28 
mg/ml) (B), mitoplast (1.02 mg/ml) (C), and inner 
membrane (0.37 mg/ml) (D). 

o u t e r  and  inne r  m e m b r a n e s  f rom bov ine  adreno-  
cort ical  m i t o c h o n d r i a  resembled  t h a t  of  rat  
liver s u b m i t o c h o n d r i a l  m e m b r a n e s  (27).  Pre- 
viously,  Yago et al. (36)  r epo r t ed  t ha t  the  cho-  
les terol  c o n t e n t  in the  m i t o c h o n d r i a l  ou t e r  and  
inne r  m e m b r a n e s  f rom hog  adrenal  co r t ex  was 
a b o u t  equal  in t e rms  of  the i r  choles tero l -  
phospho l ip id  mola r  ratio.  We prepared  the  
i nne r  m e m b r a n e  f rac t ion  f rom the  mi top la s t  
which  was largely r emoved  of  the  ou t e r  mem-  
brane ,  whereas  they  prepared  the  inne r  mem-  
b rane  f rac t ion  di rect ly  f rom the  in t ac t  mi to-  
chondr ia .  I t  is r easonab le  to  assume f rom our  

p resen t  results  tha t  the i r  ou t e r  and inner  mem-  
b rane  samples  c o n t a m i n a t e d  each o t h e r  to  some 
ex ten t .  

Recent ly ,  Hall et  al. (31)  r epor t ed  t ha t  the  
isolated c y t o c h r o m e  P-450 c o n t a i n e d  caridio- 
l ipin at ca. 4% of  the  to ta l  c y t o c h r o m e  P-450- 
b o u n d  phosphol ip ids ,  in our  p resen t  work,  we 
observed t ha t  in the  inne r  m e m b r a n e  ca. 18% of  
to ta l  phospho l ip ids  was cardiol ipin.  Cardio l ip in  
is k n o w n  to be loca ted  p r e d o m i n a n t l y  in the  
mat r ix  side of  the  i nne r  m e m b r a n e  (37 ,38) ,  
which  is the  same side as c y t o c h r o m e  P-450 
(2,3).  These  facts suggest t ha t  the  cardiol ip in  
molecules  might  be r emoved  f rom c y t o c h r o m e  
P-450 dur ing  the  pur i f i ca t ion  process  if  the  car- 
d iol ip in  molecules  are h o m o g e n o u s l y  dis t r ibu-  
ted  in the  ma t r ix  side of  the  inne r  m e m b r a n e .  
Al terna t ive ly ,  cardiol ip in  might  be p o o r  as 
annu la r  phospho l ip id  of  c y t o c h r o m e  P-450 if  
t he  cardiol ip in  molecules  are he t e rogenous ly  
d i s t r ibu ted  in this  mono layer .  

DISCUSSION 

It was previously impl ica ted  in the  adrenal  
co tex  t ha t  upon  the  ac t ion  o f  ACTH choles- 
teryl  es ter  hydro la se  act ivi ty of  l ipid d rop le t s  
is s t imula ted ,  supp ly ing  unes ter i f ied  choles- 
terol  to  the  m i t o c h o n d r i a l  s t e ro idogen ic  reac- 
t ion  (39).  Mahaffee  et  al. (40)  and  Crivello and  
Je fcoa t e  (41)  d e m o n s t r a t e d  t ha t  choles tero l ,  
b u t  no t  choles te ry l  ester ,  a ccumula t ed  in mi to-  
chondr i a  a f te r  admin i s t r a t i on  of  ACTH and 
a m i n o g l u t e t h i m i d e  (an i n h i b i t o r  for  choles te ro l  
s ide-chain cleavage react ion) .  The  accumula t ed  
choles te ro l  can t hen  be ut i l ized by  the  mi to-  
chondr ia i  s te ro idogenic  sys tem af te r  the  removal  
of  a m i n o g l u t e t h i m i d e .  These  facts  suggest t h a t  
the  p r imary  subs t ra t e  for  the  s te ro idogenic  en- 
z y m e  is unes ter i f ied  choles te ro l  in the  mem- 
brane .  In this  c o n t e x t ,  t he  d e t e r m i n a t i o n  of  the  

TABLE 2 
Cholesterol Content and Phospholipid Composition of 

Submitochondrial Membranes from Bovine Adrenal Cortex 

Inner Outer 
Mitoplast membrane membrane 

Cholesterol 3.8 -+ 1.2 2.8 +- 0.6 8.3 • 1.3 
(n=6) (n=6) (n=6) 

Phospholipid composition 
Cardiolipin 17.4 -+ 0.8% 18.1 -+ 0.8% 7.9 +- 3.8% 
Phosphatidylcholine 36.1 • 2.4 37.4 • 5.7 43.2 • 6.2 
Phosphatidylethanolamine 37.8 • 2.5 37.3 • 1.8 30.2 t 4.2 
Phosphatidylinositol 3.6 • 1.5 3.1 • 2.0 I 1.1 • 1.0 
Phosphatidylserine 3.0 -+ 2.5 0.6 • 0.5 5.1 +- 2.0 
Other 2.1 • 1.3 3.5 +- 1.8 2.5 • 2.4 

(n=3) (n=3) (n=3) 

Data are expressed  as described under Table 1. 
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e n d o g e n o u s  choles te ro l  c o n t e n t  in  cel lular  and  
s u b m i t o c h o n d r i a l  f r ac t ions  has  f u n d a m e n t a l  im- 
p o r t a n c e  for  u n d e r s t a n d i n g  t h e  com pl ex  phe-  
n o m e n o n  of  ACTH-med ia t ed  t r ans fe rence  of  
cho les te ro l  f rom lipid d rop le t s  to  m i t o c h o n d r i a .  
In this  s tudy,  we d e t e r m i n e d  t he  unes te r i f i ed  
cho les te ro l  c o n t e n t  in  bov ine  ad renocor t i ca l  
m i t o c h o n d r i a  to  be  6.2 mol  %. We es t ima ted  
choles te ry l  es ter  c o n t e n t  to  be  ca. 0.2 mol  %. 

The  cho les te ro l  c o n c e n t r a t i o n s  of  m i t o c h o n -  
dria f rom bov ine  have been  previously  r e p o r t e d  
as 2, 1 1, 6 and  23 mol  % for  hear t ,  k idney ,  l iver 
and  adrenal  medul la ,  respect ively,  by  Fle ischer  
et  al. (42)  and  Blaschko et al. (43).  These  mi to-  
chondr i a l  p r epa ra t i ons  were h ighly  pur i f ied  by  
d i f fe rent ia l  c en t r i f uga t i on  (42)  or  by  sucrose  
dens i ty  g rad ien t  c en t r i f uga t i on  (43).  We f o u n d  
t ha t  tile cho les te ro l  c o n t e n t  in bov ine  ad reno-  
cor t ical  m i t o c h o n d r i a  is close to  bov ine  liver 
m i t o c h o n d r i a .  In add i t ion ,  the  m i t o c h o n d r i a l  
i nne r  m e m b r a n e  f rom bov ine  adrena l  co r t ex  is .  
p o o r e r  in cho les te ro l  t h a n  t h a t  of  the  ou t e r  
m e m b r a n e ,  in ag reemen t  wi th  the  fea tu re  of  
general  m a m m a l i a n  m i t o c h o n d r i a  (27,44) .  

Based on  the  l iposomal  s t u d y  (45) ,  choles- 
te ro l  be low 30 mol  % in p h o s p h a t i d y l c h o l i n e  
vesicles d i s t r ibu ted  equal ly  in  b o t h  i n n e r  and  
o u t e r  mono layer s ,  whereas  above 30 mol  % 
cho les te ro l  the  d i s t r i bu t ion  in 2 m o n o l a y e r s  be- 
comes  u n e v e n  wi th  p r e d o m i n a n t  loca l i za t ion  of  
cho les te ro l  in the  inside monolayer s .  F r o m  the  
p re sen t  results,  t he  cho les te ro l  c o n t e n t  of  t he  
i nne r  m e m b r a n e  is ca. 3 mol  %. There fore ,  cho-  
les terol  molecules  of  the  m i t o c h o n d r i a l  i n n e r  
m e m b r a n e  b i layer  shou ld  d i s t r ibu te  equal ly  in 
b o t h  the  ou t e r  and  inne r  mono layer s .  We have  
previously  d e m o n s t r a t e d  t h a t  b o t h  c y t o c h r o m e  
P-450sc c and  P-45011/3 are loca ted  on  the  
m a t r i x  surface  o f  the  i nne r  m e m b r a n e  (2,3).  tn  
add i t ion ,  we f o u n d  t ha t  the  cho les te ro l -cy to-  
c h r o m e  P-450 mola r  ra t io  in the  i n n e r  mem-  
b r a n e  was 10-16. We can t h e n  ca lcula te  t h a t  ca. 
1.5 mol  % or  5-8 molecules  cho les te ro l  per  mol-  
ecule of  c y t o c h r o m e  P-450 are p resen t  in  the  
ma t r ix  side of  the  inne r  m e m b r a n e .  Previously,  
S impson  et  al. (4)  d e m o n s t r a t e d  t h a t  only  a 
p o r t i o n  of  cho les te ro l  in ra t  adrena l  m i t o c h o n -  
dria could  be dep le ted  by  i soc i t r a t e - suppor t ed  
s te ro idogenic  reac t ion .  We c o n f i r m e d  th is  fin- 
d ing in bov ine  ad renocor t i ca l  m i t o c h o n d r i a  
w i th  ma la t e - suppor t ed  s te ro idogen ic  r eac t ion  
( u n p u b l i s h e d  results) .  We suggest  t h a t  the  size 
o f  the  available poo l  of  cho les te ro l  for  s te ro ido-  
genesis mus t  be be low 3 mol  %. 

The  la teral  d i f fus ion  of  cho les te ro l  mole-  
cule is fast, ca. 10 -6 cm2/ sec  in a d i lu ted  m o n o -  
l ayer  (46)  and  its t r a n s m e m b r a n e  m o v e m e n t  is 
s low wi th  a ha l f - t ime  more  t h a n  90 rain  at  37 C 
(47) ,  a l t hough  some e x c e p t i o n s  are k n o w n  (48,  

49).  I f  t he  fl ip-flop ra te  of  cho les te ro l  mole-  
cule in the  i n n e r  m e m b r a n e  of  adrenal  mi to-  
c h o n d r i a  is i ndeed  slow, readi ly  available cho-  
les terol  molecules  mus t  be  local ized in the  ma-  
tr ix side of  the  i n n e r  m e m b r a n e .  We specula te  
f rom our  results,  t oge the r  wi th  previous  r epo r t s  
(1), t h a t  the  ac t ion  of  ACTH makes  cho les te ro l  
available to  c y t o c h r o m e  P-450sc c f rom e i the r  
the  o u t e r  m e m b r a n e  a n d / o r  the  ou t e r  m o n o l a y e r  
of  the  i nne r  m e m b r a n e  of  adrena l  m i t o c h o n d r i a .  
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ABSTRACT 

The skin, skeleton and a fat-filled swimbladder of the orange roughy (Hoplostethus atlantT"cus) each 
contained greater than 20% lipid by wet weight which was almost entirely wax esters. These had 
carbon numbers of 34-40 consistent with the major fatty acid being 18:1 and the major fatty alcohols 
being 16: 0, 18: 1, 20:1 and 22:1. In contrast, the liver and the roe contained appreci able quantities of 
glycerolipids with 18:1 and 22:6 as the major fatty acids. 
Lipids 18:xxx-xxx, 1983. 

Orange roughy (Hoplostethus atlanticzts) (1) 
is a deep sea fish that has recently become of 
commercial importance both as a food source 
and as a source of an oil containing very high 
concentrations of wax esters (2). In this report 
we describe the lipid composition of selected 
orange roughy tissues. 

METHODS 

Fish were caught at a depth of ca. 1000 m, 
frozen directly on board ship and stored at 
-20 C until  thawed for dissection and lipid 
analysis. Lipids were extracted from the tissues 
using the method of Bligh and Dyer (3) and 
stored as chloroform solutions. 

A preliminary qualitative analysis was per- 
formed using thin layer chromatography (TLC) 
with plates of Silica Gel G developed in hexane/ 
diethyl ether/acetic acid (80:20:1) or choloro- 
form/methanol/water (65:35:4). 

Wax esters were estimated following gas 
liquid chromatography (GLC) of the total 
lipid in a glass column containing 3% OV-1, 
(Applied Sciences, State College, PA) with the 
temperature programmed from 120 C to 355 C 
at 10 C/rnin. The peaks with carbon numbers of 
32-46 were summed to give the total content 
of wax esters. A correction for the presence of 
phospholipids was made for the lipid samples 
which contained greater than 2% phospholipid 
determined as described below. 

Total lipid cholesterol was measured color- 
imetrically (4). A preliminary separation using 
TLC was performed for those samples which 
contained high concentrations of wax ester. 
Phospholipid was measured as lipid phosphorus 
(5) and converted to ~g phosphatidylcholine 
equivalent by using bovine phosphatidylcholine 
(Sigma Chemical Co., St. Louis, MO) as a 
standard. Pooled samples of liver and roe lipids 

*To whom correspondence should be addressed. 

were also separated into lipid classes by chrom- 
atography on Florisil (6). 

For analysis of the fatty acid and fatty alco- 
hol compositions, lipid samples were transes- 
terified in 6% HC1 in methanol at 80 C for 20 
min. Chromatography of the fatty acid methyl 
esters and fatty alcohols was performed using a 
glass column of 10% SP-2300 (Supelco, Bel- 
lefonte, PA) operated either isothermally at 
195 C, or programmed from 175 C to 230 C 
at 3 C/min. With either condition, the fatty 
acid methyl esters and fatty alcohols were suf- 
ficiently well resolved to allow analysis of both 
on the same chromatogram. Peaks were identi- 
fied using a combination of methods. For 
selected samples, the fatty alcohols were se- 
parated from the fatty acid methyl esters 
using TLC and then chromatographed separately 
before and after hydrogenation. Cochromato- 
graphy with standard fatty acids or alcohols 
and semilogarithmic plots of the retention 
times against carbon numbers were also used. 

RESULTS AND DISCUSSION 

The fish examined had a mean wet weight of 
1.1 kg and ranged from 0.5 to 1.9 kg. The skin, 
the skeleton, and an organ located anatomically 
in the position of the swin bladder of other 
teleost fish all had lipid contents of ca. 20% or 
greater (on a wet weight basis) with the swim 
bladder containing over 60% lipid (Table 1). 
The lipid content of the other tissues examined 
was lower, ranging from 2 to 5% wet weight for 
the muscle, liver, testes and roe. 

The tissues fell into 2 groups depending on 
their lipid compositions. Those with the greatest 
lipid content had over 90% of their lipid as 
wax esters, whereas in other tissues the wax 
content  was 20% or less of the total lipid 
(Table 1). Of the tissues examined, the muscle 
was the only exception to this pattern where, 
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TABLE 1 

Lipid Content and Composition of Orange Roughy 
(H. atlanticus) Tissues 

Total lipid Wax ester Cholesterol 

mg/g wet weight mg/g lipid 
Phospholipid 

Liver 55-+ 24 (6) a 185 b 46 b 
Swim bladder 620 + 120 (6) 983 5.8 
Muscle 39• 10 (4) 931 22 
Skin 290 • 5'7 (6) 992 12 
Roe 35 -+ 16 (6) l lO 40 
Testes 19 -+ 10 (3) 254 37 
Skeleton 212 d 978 _c 

230 b 
2.7 
48 
7.0 
187 
199 

..C 

aMean -+SD for number of observations in parentheses. 
bMean of  triplicate estimations on pooled samples from 2-6 fish. 
CNot determined. 
dFrom ref. 2. 

despite a lower  total  lipid conten t ,  the lipid was 
mainly wax esters. The compos i t ion  of  e i ther  
the unhydro lyzed  wax esters or  the fat ty acids 
and fat ty alcohols derived f rom the wax esters 
was similar f rom tissue to tissue and f rom fish 
to fish (Tables 2 and 3), and also similar  to 
previously published analyses of  the  bulk orange 
roughy oil (2). The p redominan t  wax esters had 
carbon numbers  o f  34, 36, 38 and 40 consistent  
with the major  fat ty acids being 18: I and 20: 1, 
and the major  alcohols conta ining 16, 18, 20 
and 22 carbon a toms (Table 2). 

TABLE 2 

Carbon Number Analysis of Intact Waxes from 
Orange Roughy (H. atlanticus) Tissue Lipids 

Weight% 

Swim 
Carbon number bladder Muscle Skin Skeleton 

32 5 4 5 4 
34 17 15 17 17 
36 21 20 20 22 
38 22 22 23 24 
40 18 24 19 19 
42 9 8 9 10 
44 3 3 2 2 

The lipids o f  the liver, roe and testes differed 
f rom those of  the o ther  tissues in that  they 
conta ined  appreciable concent ra t ions  o f  tr iacyl- 
glycerols,  nonester i f ied fat ty acids, cholesterol  
and phospholipids.  Separat ion o f  a pooled l iver  
lipid sample by chromatography  on Florisil (6) 
showed the tr iacylglycerol  and nonester i f ied 
fatty acid contents  to be, respect ively,  6% and 
53% of  the total  lipids. A similar separat ion o f  

the pooled  roe lipids gave figures of  36% and 
10% (Table 4). In each case, ca. 20% of the 
total  lipid was recovered as phosphol ipid  re- 
f lect ing the results of  the lipid P de te rmina t ion  
on the total  lipid (Table 1). 

Nonesterif ied fat ty acids do not  occur  in 
nature  in high concent ra t ions  in normal  tissues. 
Therefore ,  the high levels found in the liver 
part icularly,  and to a lesser ex ten t  in the roe, 
suggest that  they may result f rom lipolysis dur- 
ing storage and thawing. Hydrolysis  of  lipids 
during storage of  fish tissues has been repor ted  
previously (7,8). The marked similarity o f  the 
fat ty acid composi t ions  of  the nonesterif ied 
fa t ty  acids and the tr iacylglycerols from the 
liver lipids and roe (Table 4)  is consistent  with 
this. 

The role o f  the wax esters in Hoplostethus 
atlanticus is not  well unders tood  at present,  
but  the finding of  large amounts  of  wax in a tis- 
sue equivalent  to the swim bladder  suggests 
that  one funct ion  might  be to provide buoyancy  
for the fish. The fish lives at depths o f  1000 m 
or  more where the low dissolved gas concen-  
t rat ions and the ex t reme pressures would make 
lipid an ideal f lo ta t ion  agent. The liver oils of  
e lasmobranchs are also thought  to assist in flo- 
ta t ion for this group of  fish (9-11). In some 
species, these liver oils contain appreciable 
concent ra t ions  of  wax esters and even, o f  the 
hydrocarbon ,  squalene.  The high wax con ten t  
o f  the boney tissues (Table 1, also ref. 2) will 
also aid to provide f lota t ion.  Lee et at. (9) have 
discussed the role o f  skeletal lipids with respect 
to buoyancy .  Interest ingly,  2 deep sea species 
they examined,  Coryphaenoides acrolepis and 
Antimora rostrata, both  have lipid-filled swim 
bladders and only low concent ra t ions  of bone  
lipid. The castor oil fish, Ruvettus pretiosus, 
on the o the r  hand,  has high concent ra t ions  of  
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T A B L E  3 

F a t t y  A c i d  a n d  F a t t y  A l c o h o l  C o m p o s i t i o n  o f  T o t a l  
L i p i d s  o f  O r a n g e  R o u g h y  (H. atlanticus) T i s s u e s  

587 

S w i m  
L i v e r  b l a d d e r  S k i n  M u s c l e  R o e  

F a t t y  ac id  1 4 : 0  1.6 -+ 0 .3  a 1.7 -+ 0 .8  1.3 + 0 .6  1.4 • 0 .5  1.7 -+ 0 .5  
m e t h y l  14 :1  0 . 4 - + 0 . 1  0 . 9 - + 0 . 6  0 . 5 + 0 . 2  0 . 5 - + 0 . 3  0 . 4 - + 0 . 3  
es te r s  1 6 : 0  13 .2  -+ 0 .5  2 .0  + 0 .6  2 .6  -+ 0 .5  3 .6  • 0 . 6  14 .6  • 1.4 

1 6 : 1  7 . 3 •  1 3 . 0 + 1 . 8  1 3 . 2 + 0 . 6  1 1 . 0 •  5 . 5 - + 1 . 2  
1 8 : 0  2 .3" -+0 .4  0 . 8 •  0 . 8 - + 0 . 3  1 . 3 •  2 . 4 - + 3 . 2  
1 8 : 1  3 1 . 1 - + 3 . 3  5 4 . 0 - + 3 . 0  5 7 . 4 - + 5 . 3  5 1 . 7 •  2 2 . 0 - + 0 . 2  
20:1 9.2 -+ 1 .9  17.1 -+ 3 .5  14 .5  -+ 2 .6  18 .4  • 3 .7  5.2 -+ 1.5 
2 0 : 4  1.6 -+ 0 .5  ..c _ -- 2 .5  -+ 0 .7  
2 2 : 5  3.4-+ 1.5 -- -- -- 1.0 -+ 0 .5  
2 2 : 1  4 . 6  -+ 0 .9  7 .9  -+ 2.1 6.2 -+ 1.7 7 .8  • 2.1 7 .2  -+ 0 .3  
2 2 : 6  16 .9  -+ 5.7 -- -- -- 2 6 . 5  -+ 5 .2  
2 4 : 1  -- 2 .0  -+ 1.0 3.3 -+ 0 .8  4 .2  • 1.8 -- 

O t h e r  b 7 8 + 1.6 -- -- -- 9.5 -+ 1.3 

F a t t y  1 4 : 0  -- 1.7 -+ 0 .5  1.9 -+ 0 .4  11 .9  -+ 0 .3  -- 
a l c o h o l s  1 6 : 0  -- 2 4 . 2  -+ 3 .9  2 3 . 3  -+ 4.1 2 0 . 6  • 5 .8  -- 

1 6 : 1  -- 3 .6  -+ 0 .9  3.0 -+ 0 .9  3 .3  • 0 .5  -- 
1 8 : 0  -- 7 .3  -+ 1.1 8 .4  -+ 1.5 8 .8  • 1.6 -- 
1 8 : 1  -- 17 .4  -+ 4 .3  16 .4  -+ 4 .4  16 .6  -+ 4 .7  -- 
2 0 : 1  -- 2 6 . 7  -+ 6 .3  2 6 . 5  -+ 7 .6  2 6 . 2  -+ 10 .3  -- 
2 2 : 1  -- 1 6 . 0 - + 3 . 3  1 6 . 8 - + 3 . 8  1 9 . 3 - + 3 . 7  -- 
2 4 : 1  -- 3 .0  -+ 1.0 3 .8  -+ 1.3 3 .3  -+ 1 .0  -- 

a A l l  v a l u e s  are w e i g h t  p e r c e n t a g e  o f  t o t a l  f a t t y  ac ids  o r  a l c o h o l s  a n d  a m e a n  -+ S D  o f  
i n d i v i d u a l  a n a l y s e s  o n  t i s s u e s  f r o m  4 f i sh  fo r  roe  a n d  6 f i sh  fo r  o t h e r  t i s sues .  

b l n c l u d e  1 5 : 0 ,  1 5 : 1 ,  1 7 : 0 ,  1 7 : 1 ,  1 8 : 2 ,  2 0 : 2 ,  2 0 : 3 ,  2 2 : 2 ,  2 2 : 3 ,  2 2 : 5 .  
CNot  d e t e c t e d .  

T A B L E  4 

F a t t y  A c i d  C o m p o s i t i o n  o f  L i p i d  Classes  O b t a i n e d  
F o l l o w i n g  F l o r i s i l  C h r o m a t o g r a p h y  o f  O r a n g e  R o u g h y  

(H. atlanticus) R o e  a n d  L i v e r  L i p i d s  

T r i acy l -  
A c i d  gly ce ro l s  

R o e  L i v e r  

Free Free  
f a t t y  P h o s p h o -  T r i acy l -  f a t t y  P h o s p h o -  
ac ids  l i p i d s  g l y c e r o l s  ac ids  l i p i d s  

1 4 : 0  1.9 
1 6 : 0  14 .8  
1 6 : 1  9 .8  
1 8 : 0  1.9 
1 8 : 1  31 .9  
1 8 : 2  1.1 
2 0 : 1  8 .9  
2 0 : 4  5 .4  
2 2 : 1  2 .2  
2 2 : 6  16 .3  
O t h e r s  a 6.1 

% o f  t o t a l  
r e c o v e r e d  31 
f r o m  F l o r i s i l  
c h r o m a t o g r a p h y  

2 .6  1.0 2 .6  1.7 2 .2  
19 .8  9 .2  13 .6  12 .6  14 .8  
11 .4  2 .5  11 .4  9 .8  6.5 

2 .4  4 .8  2.1 1.4 4 .4  
32 .5  14.1 36 .7  36 .9  18 .3  

1.7 0.4  0 .9  1.5 1 .6  
5.5 5.5. 13 .0  9 .6  6 .6  
7.1 5 .4  1.2 3 .0  4 .2  
0 .9  6 .4  8 .0  5 .9  2 .6  

10 .0  4 0 . 7  3.0 11 .7  2 6 . 7  
6 .0  9 .9  6.2 5 .0  12 .0  

10  36  6 5 3  2 9  

aSee  T a b l e  2. 
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skin and  b o n e  l ipid (main ly  wax es ters )  and n o  
swim b l adde r  (13) .  

It is possible t ha t  the  wax esters  in H. 
atlann'cus might  also func t i on  as an energy 
s tore .  In p re l iminary  expe r i m en t s ,  the  swim 
b l a d d e r  t issue f rom f rozen  fish was h o m o g e n i z e d  
and  mic rosomes  were p repa red  by d i f fe rent ia l  
cen t r i fuga t ion .  These mic rosomes  c o n t a i n e d  
b o t h  a c y l - C o A s y n t h e t a s e a c t i v i t y  and  acyl-CoA: 
fa t ty  a lcohol  acyl t ransferase  act iv i ty ,  i nd ica t ing  
tha t  this  t issue is metabo l ica l ly  active (M.R. 
Grigor,  u n p u b l i s h e d  observa t ions) .  To da te ,  it 
has  no t  been  possible  to  ob ta in  se rum samples  
f rom the  orange roughy  to see w h e t h e r  the  
se rum l i pop ro t e in s  also t r a n s p o r t  wax esters.  

At this  stage, i t  is no t  k n o w n  w h e t h e r  the  
a lcohol  c o m p o n e n t  of  the H. atlanticus wax 
esters  is der ived f rom the  diet  or  syn thes ized  
de novo.  Wax esters  figure p r o m i n e n t l y  in the  
mar ine  food chain  be ing  syn thes ized  by  the  
calanoid  z o o p l a n k t o n  where  they  a p p e a r  to  act  
as an  energy  s tore  (14-17) .  Most  animals  con-  
suming  these calanoid copepods  conver t  the  
a lcohols  to  f a t ty  acids and  s tore  t r iacylglycerols  
(18) ,  whereas  o the r s  (e.g., the  m y c t o p h i d s )  re- 
ta in  the  abi l i ty  to  s tore wax esters  in t he i r  
t issues (19) .  However ,  K a y a m a  and Nevenzel  
(20)  have s h o w n  tha t  the  m y c t o p h i d s  have the  
abi l i ty  to  syn thes ize  fa t ty  a lcohols  de novo  
f rom ace ta te ,  ind ica t ing  t ha t  the  a lcohols  need  
no t  be o f  d ie ta ry  origin.  The  a lkyl -chain  l eng th  
d i s t r i bu t i on  we repor t  for  the H. atlanticus 
waxes differs  f rom tha t  o f  the  m y c t o p h i d s  (19)  
and  is m u c h  more  s imilar  to  those  o f  the  co- 
pepods  (14 ,15) .  A l though  this  would  n o t  neces-  
sarily imply  t ha t  the  H. atlanticus alcohols  are 
der ived f rom copepods  which  migh t  f o rm par t  
of  the  diet ,  th is  obse rva t ion  would  n o t  be in- 
cons i s t en t  wi th  such  an origin.  
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1 

ABSTRACT 

The proportions of the cyclopropenoid fatty acids (CPA) esters, malvalate and sterculate, varied 
little in lipids from individual cottonseeds. Coefficients of variation were 10% and 20% for seeds from 
a lock and 13 varieities, respectively. Within the seed, variations in CPA concentrations were very large. 
Cyclopropenoid fatty acid concentration in the lipids decreased from 28% in the root tip to 2% in the 
top of the axis, and to 0.02% in the portion of the cotyledons nearest to the hull. The axial portion 
was only ca. 5% of the kernel, yet it contained 75% of the CPA. Distribution of dihydrosterculic acid, 
the precursor of CPA, was similar to that of CPA. High concentrations of CPA were found in immature 
seeds, root tip and radicle of germinated seeds, and root tips of cotton plants. 
Lipids 18:xxx-xxx, 1983. 

Al though they probably  pose l i t t le  potent ia l  
danger to  humans  because proper  processing 
tends to des t roy  them (1), i t  is well known that  
cyc lopropenoid  fat ty acids (CPA), present in 
cot tonseed as malvalate (18 :CE) and sterculate  
(19:CE) esters,  cause adverse physiological  
effects when  ingested (2-4). These effects  and 
their  under lying causes have recent ly been re- 
viewed (5). Carter  et al. (6) ident i f ied CPA as 
one of  the factors affect ing the  value of  co t ton-  
seeds and r ecommended  lowering or el iminating 
them by selective breeding. They stressed the 
need for good quant i ta t ion  methods,  a data 
base for current  cultivars, and an unders tanding 
of  any morphologica l  or physiological  factors 
affect ing composi t ion  as prerequisi tes for 
a t tempts  to lower  or el iminate CPA content .  

The  large samples required for classical anal- 
yses of  CPA in oils l imi ted studies of  their  
variabilities in co t tonseed  to pooled samples 
(7,8). Deve lopment  o f  new reliable gas chroma-  
tographic (GC) me thods  for  CPA quant i ta t ion  
(9) make possible studies on variations among 
individual seeds and tissues wi thin  a seed. This 
paper  reports  the  results o f  such studies. 

MATERIALS AND METHODS 

Cottonseed 

Variat ions among seeds f rom a lock, the 

1presented at the 73rd annual AOCS meeting, 
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or endorsement  by the U.S. Department of Agriculture. 

*To whom correspondence should be addressed. 

locks of  a boll, and bolls f rom a plant were 
studied with seed f rom mature  bolls of  a glan- 
ded variety.  Immature  seeds were f rom bolls on 
the same plant that  had no t  opened  before  the 
first freeze. Variat ions among varieties were 
evaluated with sound mature  seed lef t  over  
f rom other  studies ( I0) .  Seeds were acid de- 
linted, i f  necessary, and dehulled by hand. 
Kernels were dissected by slicing of f  most  o f  
the co ty ledon  and then extract ing the  axis wi th  
a dissecting needle  or by soaking them in warm 
water  for a few minutes  and separating the 
swollen co ty ledons  f rom the axis wi th  a dissec- 
ting needle. The la t ter  technique  gave cleaner 
separat ions wi thou t  detectable  changes in lipid 
composi t ion ,  but  involved redrying of  the separ- 
ated parts. Roo t  tips were excised as carefully 
as possible, but  conta ined varying amounts  of  
adjacent  tissue. Seeds were germinated by 
rolling them in mois tened paper  towels  which 
were placed in plastic bags and kep t  in the dark 
at r o o m  tempera ture  for several days. 

Extraction 

Seeds or  their  different  tissues were ground 
with a glass rod  in a test tube or conical centri- 
fuge tube under  5 vol o f  ether.  Af te r  centrifu- 
gation, the extract  was transferred to another  
conta iner  and the residual meal similarly re- 
ext rac ted  twice. For  12 kernels, oil con ten t  
was 33 + 3%. Very small samples were extrac- 
ted once with 50/21 of  ether. Fo r  wet  tissue, an 
equal  weight  of  a drying agent, such as 4A 
molecular  sieves, was added during extract ion.  
The combined  ether  extracts  were evaporated 
to about  one-third their  original volume,  giving 
about  a 5% solut ion of  lipids in ether.  

Esterification 

The lipids were conver ted to  methy l  esters 
by the m e t h o d  of  Metcalf  (11). Typically,  5 pl  
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of  t e t r a m e t h y l a m m o n i u m  h y d r o x i d e  ( T M A H ;  
20% in m e t h a n o l ,  Aldr ich  Chem.  Co., Milwau- 
kee, WI) was added  to  0.1 ml of  e t h e r  ex t r ac t  
con t a in ing  5 nag o f  oil. The  m i x t u r e  was agita- 
t ed  on a v ib ra t ing  mixer  for  2 ra in  and  a l lowed 
to  s tand  at r o o m  t e m p e r a t u r e  for  5 rain. Af t e r  
add i t i on  of  0.05 ml of  decane  to  faci l i ta te  separ- 
a t ion ,  t h e  m i x t u r e  was cent r i fuged .  Occas ional ly  
t h e  e the r -decane  layer  was c loudy or  gave ex- 
t r aneous  GC peaks. In these  cases, t he  so lu t ion  
of  esters  was mixed  wi th  neu t r a l  a l um i na  (5- 
10 mg) for  1-2 min.  I f  esters  were s tored ,  the  
so lu t ion  was t r ans fe r red  to  a screw-capped vial, 
50  # g  of  p ropy l  gallate added,  and the  samples  
p laced u n d e r  n i t rogen  at  2 C. 

Gas Chromatography 

The  m e t h y l  esters were ana lyzed  by  GC wi th  
10- or 50-m fused silica co l um ns  coa ted  w i th  
OV-101.  C o n c e n t r a t i o n s  were ca lcula ted  by 
peak-area  no rma l i za t ion .  In general ,  analyses 
were t e r m i n a t e d  as soon  as a rach ida te  ( 2 0 : 0 )  
emerged  and  the  c o l u m n  t e m p e r a t u r e  raised to  
250 C to  e lute  small  a m o u n t s  of  h igher  esters.  

RESULTS AND DISCUSSION 

The  m e t h o d s  used for  e x t r a c t i o n  of  t he  l ipids 
and  the i r  convers ion  to  m e t h y l  esters were n o t  
cri t ical  i f  acidic c o n d i t i o n s  were avoided.  Pre- 
l iminary  compar i sons  of  the  f a t t y  acid c o m p o -  
s i t ion  of  l ipids ex t r ac t ed  w i th  hexane ,  e ther ,  or 
c h l o r o f o r m / m e t h a n o l  ( 9 5 : 5 )  showed  n o  ma jo r  

differences.  E t h e r  was chosen  for  t he  e x t r a c t i o n  
step because  the  c rude  ex t rac t s  could  be  used 
di rect ly  for  me thano ly s i s  wi th  T M A H - m e t h a n o l .  
F a t t y  acids p resen t  as esters,  e i the r  polar  or  
nonpo la r ,  were conve r t ed  to  m e t h y l  esters. Free  
f a t ty  acids were convered  to  TMAH salts and 
r e m o v e d  wi th  the  lower  polar  layer.  In a few 
cases, free f a t t y  acid c o m p o s i t i o n  was deter-  
m ined  b y  pyrolysis  of  these  salts, in  t he  injec-  
t ion  por t ,  to  fo rm m e t h y l  esters. B roadened  GC 
peaks were ob ta ined ,  bu t  the  c h r o m a t o g r a m s  
were adequa te  to  show t h a t  the re  were  no  gross 
d i f ferences  in t he  c o m p o s i t i o n  of  t he  free and  
ester i f ied f a t ty  acids. 

Analyses  of  single seeds f rom 13 variet ies 
gave var ia t ions  for  mos t  c o m p o n e n t s  t h a t  were 
s ignif icant ly  grea ter  (P=0.01)  t h a n  the  1-3% 
coeff ic ien ts  of  va r ia t ion  (CV) for  repl ica te  anal- 
yses of  l ipids f rom the  same seed;  b u t  the  vari- 
a t ions  were still fairly small  and  18:CE, 19:CE, 
and  the i r  p recurso r  d i h y d r o s t e r c u l a t e  (19 :CA) ,  
were n o t  s ignif icant ly  more  var iable  t han  o t h e r  
m i n o r  c o m p o n e n t s  (Table  1). Ranges for  18 :CE, 
19:CE, and  19 :CA were 0 .291-0 .536%,  0 .157-  
0.322%, and  0 .143-0 .402%,  respect ively .  Mean 
to ta l  CPA c o n t e n t  was 0 .66% (CV=14%)  wi th  a 
d i f fe rence  of  0 .33% b e t w e e n  the  h igh  and  low 
values. This is in good  ag reemen t  wi th  pub l i shed  
values of  0 .75% (CV=14%)  wi th  0 .40% range 
for  25 U.S. variei t ies (7),  and  0 .83% (CV=I  1%) 
w i th  0 .33% range for  12 Ind ian  variei t ies (8) 
o b t a i n e d  by  h y d r o g e n  b r o m i d e  t i t r a t i o n  of  sev- 
eral g of  oil. 

TABLE 1 

Varietal a Variation in Concentration of Fatty Acids in Lipids 

Mean CV d 
Acid b ECL c (%) (%) 

14:0 Myristic 14.00 0.725 15 
15:0 15.00 0.031 23 
16:1 Palmitoleic 15.77 0.602 13 
16:0 Palmitic 16.00 22.72 8 
17:2 16.66 0.103 28 
17:1 16.75 0.121 12 
17. :0 17.00 0.085 10 
18 :C E Malvalic 17.42 0.410 15 
18:2 Linoleic 17.73 51.96 5 
18:1 Oleic 17.78 18.6 10 
18:0 Stearic 18.00 2.16 t0 
19:CE Sterculic 18.40 0.246 19 
19 :CA Dihydrosterculic 18.82 0.244 28 
19:0 19.00 0.033 76 
18:2 Epoxide 19.31 0.770 24 
18:1 Epoxide 19.52 0.246 15 
20:0 Arachidic 20.00 0.322 17 

aOne seed of each of 13 varieities. 
bCarbons: double bonds (name). CE = cyclopropene, CA = cyclopropane, epoxide 

monoepoxide of unsaturated fatty given. 
CEquivalent chain length. 
dCoefficient of variation. 
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TABLE 2 

Seed-to-Seed Variation in Concentration of  Fatty Acids in Lipids 

591 

5 Runs 4 Seeds 5 Seeds 1 Seed 
1 seed 1 lock 1 plant 13 varieties 

Mean CV a Mean C V  Mean C V  Mean C V  
Acid (%) (%) (%) (%) (%) (%) (%) (%) 

16 : 1 0.544 3 0.486 6 0.550 11 0.602 13 
17:0 0.091 2 0.089 4 0.090 7 0.085 9 
18 :CE b 0.450 1 0.501 8 0.464 6 0.410 15 
18:0 2.02 1 2.12 3 2.07 3 2.16 10 
19:CE b 0.319 1 0.428 12 0.332 10 0.246 19 
19:CA b 0.405 1 0.331 7 0.382 8 0.244 28 
20:0 0.282 1 0.234 7 0.270 14 0.322 17 

aCoefficient of variation. 
bCE = eyclopropene, CA = cyclopropane. 

The  da ta  p resen ted  in Table  2 are for  single 
seeds of  each var ie ty  so the  va r ia t ions  inc lude  
all sources  of  var ia t ion ,  n o t  jus t  varietal  differ-  
ences. In fact ,  m u c h  of  t he  var ia t ion  was n o t  
re la ted  to  var ie ty .  C o n c e n t r a t i o n s  o f  CPA and  
mos t  o t h e r  c o m p o n e n t s  were s ignif icant ly  (P= 
0 .01)  more  var iable  even for  l ipids f rom seeds 
f rom the  same lock  t h a n  for  repl icates  for  l ipids 
f rom the  same seed. However ,  c o m p a r e d  to  
l ipids f rom seeds f rom the  same lock,  variabil- 
i ty  did n o t  increase  s ignif icant ly  (P=0 .05)  for  
l ipids f rom seeds f rom each lock  of  a boll ,  f rom 
d i f fe ren t  bol ls  on  a p lan t ,  or f rom commerc ia l ly  
g inned  seed o f  a single var ie ty .  A m o n g  16 seeds 
f rom the  same plant ,  CV of  18:CE (7%) and  
19 :CA (8%),  b u t  n o t  of  19:CE (14%), were sig- 
n i f ican t ly  lower  t h a n  a m o n g  seeds f rom differ- 
en t  varieit ies.  There  p r o b a b l y  are d i f fe rences  in  
t he  CPA c o n t e n t  of  l ipids f rom d i f fe ren t  var- 
ieties o f  co t t onseed ,  b u t  t hey  are small. 

Since a b o u t  ha l f  of  the  to ta l  va r i a t ion  of  
CPA c o n c e n t r a t i o n  is a m o n g  seed w i t h i n  a 
var ie ty ,  m a x i m u m  progress in a b reed ing  pro- 
gram a imed at r educ ing  CPA c o n t e n t  shou ld  be  
achieved by  se lec t ion of  ind iv idual  seeds t h a t  
are low in CPA. This  t echn ique ,  wh ich  involves 
ana lyz ing  a p o r t i o n  of  the  seed and  p lan t ing  t he  
res t  of  it, p layed  a ma jo r  role in  the  develop-  
m e n t  of  erucic aicd-free rapeseed  oil (12) .  
With  co t tonseed ,  n o  p r o b l e m  was e n c o u n t e r e d  
in slicing a few mg of  t he  c o t y l e d o n s  f rom t he  
t op  or side o f  a seed, ex t r ac t i ng  the  l ipids and  
ana lyz ing  them.  However ,  t he  l ipids o b t a i n e d  in 
this  way were no t  r epresen ta t ive  of  the  whole  
seed ; t he i r  CPA c o n t e n t  was m u c h  t o o  low. 

Within-Seed Variations 

Analyses  of  the  u p p e r  and  lower  halves  of  a 
seed c o n f i r m e d  the  n o n u n i f o r m  d i s t r i bu t i on  of  
CPA-con ta in ing  l ipids w i th in  a seed. Lipids 

f rom the  lower  ha l f  of  the  seed were several 
t imes  r i cher  in CPA t h a n  those  f rom the  u p p e r  
half.  Separa te  analyses of  t he  3 readi ly  dist in- 
guishable  par t s  of  a seed revealed strikh~g dif- 
fe rences  in  l ipid c o m p o s i t i o n  (Table  3). Compo-  
s i t ion was no t  even c o n s t a n t  wi th in  t he  m a j o r  
par t s  of  t he  seed (Table  4). There  was a s t eady  
increase  in t he  c o n c e n t r a t i o n s  of  18 :CE, 19 :CE 
and  19:CA b e t w e e n  t he  roo t  t ip and  the  edges 
o f  the  co ty ledons .  The  3 cyclic acids are f o r m e d  
at  t he  expense  of  oleic and l inoleic  acid. This  
p a t t e r n  of  loca l iza t ion  of  CPA was observed  in 
seeds of  glandless as well as g landed  varieties.  
Af t e r  this  work  was comple t ed ,  Berry  (13)  
r epo r t ed  a similar p a t t e r n  for  CPA in Dur ian  
seed, wh ich  con t a in s  ca. 2% oil t h a t  is 50% 
CPA. Dif ferences  in c o m p o s i t i o n  of  l ipids f rom 
germs and  f rom c o t y l e d o n s  or e n d o s p e r m  have  
b e e n  observed in o the r  seeds, inc lud ing  co rn  
(14)  and  p e a n u t s  (15),  b u t  these  d i f fe rences  are 
small. 

The  weights  and  l ipid c o n t e n t s  of  t he  var ious  
par ts  o f  the  seed need  to be  d e t e r m i n e d  to  eval- 

TABLE 3 

Within-Seed Variation in Concentration of 
Fatty Acids in Lipids 

Cotyledon Axis a Root tip 
Acid (%) (%) (%) 

18:CE b 0.050 5.23 21.10 
18:2 56.37 39.96 20,27 
18:1 14.60 15.80 9.27 
18:0 2.24 2.93 3.44 
19 :CE b 0.068 3.33 7.69 
19:CA b 0.090 3.66 6.60 
20:0 0.257 0.360 0.600 

aWith root  tip removed. 
bCE = cyclopropene, CA = cyclopropane. 
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TABLE 4 

Variation in Concentration of Fatty Acids in Lipids Within Cotyledon and Axis 

Cotyled on Axis 

Top Bottom Top Middle Bottom a 
(%) (%) (%) (%) (%) 

18:CE 0.015 0.073 1.56 7.16 12.78 
18:2 56.0 58.9 42.4 33.6 31.1 
18:1 16.6 13.8 24.8 17.4 9.2 
19:CE 0.005 0.042 2.37 5.17 5.26 
19:CA 0.066 0.091 1.53 5.47 5.10 

alncludes root tip. 

TABLE 5 

Distribution of Weight, Oil and CPA in the Kernel 

Weight Oil a CPA b 
Part (%) (%) (%) 

Cotyledon 95.1 96.4 24 
Axis c 3.8 2.7 42 
Root tip 1.1 0.9 34 

aOil contents were cotyledon 33%, axis 23%, and root tip 28%. 
bCyclopropenoid acid contents of the oils were cotyledon 

0.184%, axis 11.4%, and root tip 26.6%. 
cWith root tip removed. 

ua te  the i r  c o n t r i b u t i o n  to  the  overall  CPA con- 
t e n t  o f  c o t t o n s e e d  oil. Roo t  tips, r ema inde r s  of  
the  axes, and c o t y l e d o n s  f rom 10 kernels  were 
poo led  to ob ta in  these  da ta  (Tab le  5). A l t h o u g h  
they  are only  ca. 1% of  the  kernel ,  r oo t  t ips 
c o n t r i b u t e  one - th i rd  of  the  to ta l  CPA. The  
c o t y l e d o n s  tha t  make  up 95% of  the  kernel  
c o n t r i b u t e  on ly  one - fou r th  of  the  CPA. 

A few cursory  checks  ind ica ted  t ha t  the  CPA 
c o n t e n t s  of  the  n o n p o l a r  l ipids ex t r ac t ed  by  
h e x a n e  and  the  polar  l ipids s u b s e q u e n t l y  ex- 
t r ac t ed  by  m e t h y l e n e  c h l o r i d e / m e t h a n o l  were 
s imilar ;  e.g., 0 .184  and  0.166%, respect ively,  
for  co ty ledons ,  and 26.5 and  18.3% for roo t  
tips. Detai led inves t iga t ion  was no t  made  of  the  
CPA c o n t e n t  of  var ious polar  l ipid classes. 

The  loca l iza t ion  of  CPA in the  axis helps  
expla in  increases  in CPA c o n t e n t  of  l ipids ob-  
t a ined  wi th  successive h e x a n e  ex t r ac t i ons  of  
c o t t o n s e e d  (16).  These  increases were a t t r ib -  
u ted  to  c o n c e n t r a t i o n  o f  CPA in "speci f ic  areas 
o f  the  seed which  are no t  readi ly  accessible to  
so lven t , "  w i t h o u t  any  iden t i f i ca t ion  of  these  
areas. It is n o w  clear  t ha t  they  are gross struc- 
tura l  areas, namely  the  axes, no t  polar-l ipid 
areas, such as m e m b r a n e s ,  in cells. The  axes 
are s o m e w h a t  dense r  and ha rde r  t han  the  cote-  
l ydons  and  t end  to  remain  in t ac t  du r ing  f laking 
of  the  kernels ,  which  would  make  the i r  l ipids 

more  d i f f icul t  to  ext rac t .  
The  same associa t ion  of  l ipid c o m p o s i t i o n  

wi th  par ts  of  the  e m b r y o  pers is ted w h e n  the  
seeds were ge rmina ted  (Table  6). Even in cot-  
ton  plants ,  the  l ipids in the  roo t  t ips are rich in 
CPA, while  only  t races  are p resen t  in the  leaves. 
The  ge rmina t ing  seeds c o n t a i n e d  a h igher  pro- 
p o r t i o n  o f  polar  l ipids and  free fa t ty  acids t h a n  
the  d o r m a n t  seed. Neutra l  lipids, phospho l ip id s  
and  free fa t ty  acids all c o n t a i n e d  s imilar  propor-  
t ions  o f  CPA. 

There  was n o  ev idence  of select ive l ipolysis  
or  me tabo l i sm of  CPA;  so the  a c c u m u l a t i o n  of  
CPA should  be a valid measure  of  the i r  forma-  
t ion  in each t ype  of  tissue. A l t h o u g h  there  may 
be ques t ions  regarding the  precise b i o s y n t h e t i c  
pa thway  f rom 19:CA to 18:CE, the  f o r m a t i o n  
of  19:CA f rom 18:1 by  t rans fe r  of  a m e t h y l e n e  
group f rom m e t h i o n i n e  is well es tab l i shed  (5). 
Oleate  is a b u n d a n t  in all par ts  of  the  seed, so 
the  f o r m a t i o n  of  CPA should  be a func t i on  of  
the  c o n c e n t r a t i o n s  of  m e t h i o n i n e  and the  en- 
zyme  tha t  t ransfers  the  m e t h y l e n e  group.  The  
general  s imilar i ty  of  fa t ty  acid compos i t i on ,  
especially CPA concen t r a t i ons ,  of  cor respon-  
ding par ts  of  the  seed and the  p lan t  favors asso- 
c ia t ion  of  d i f f e ren t  p r o p o r t i o n s  of  the  var ious  
l ip id -modi fy ing  enzymes  wi th  d i f fe ren t  cell 
t ypes  as the  l imi t ing  fac tor  in CPA produc-  
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T A B L E  6 

Effect o f  G e r m i n a t i o n  o n  C P A  a C o n t e n t  of  Lipids 

D o r m a n t  G e r m i n a t i n g  Seed l ing  

C o t  b R o o t  Co t  R o o t  L e a f  Root 

1 8 : C E  (%) 0 . 0 6 2  20 .8  0 . 0 6 6  18.2  t r  c 12.1 
19 ' .CE (%) 0 . 0 8 7  5.7 0 . 0 8 4  5 .0  t r  1.6 
1 9 : C A  (%) 0 . 1 4 9  6.2 0 . 1 5 0  3 .5  t r  1.3 

aCyclopropenoid fatty acid. 
bcotyledon. 
Ctr = trace (less than 0.01%). 

tion. On the other hand, in vitro formation of 
19:CA when slices of cottonseed are incubated 
with labeled methionine (17) seems to favor 
methionine concentration as the limiting factor. 

In view of the wide variation of CPA con- 
tent within seeds, it seemed probable that much 
of the variation observed among seeds was re- 
lated to the proportions of the various seed 
parts. In particular, lipids from small, imma- 
ture seeds that have a high proportion of axis 
(18) should have higher CPA contents than 
those from mature seeds. Analyses of lipids 
from embryos weighing 6-8 mg (from 25-30 
mg seeds) supported this assumption. These 
lipids contained 18-22% CPA - even more than 
was anticipated. Apparently the embryo as a 
whole makes a high proportion of CPA during 
the earliest stages of its development and as 
development proceeds there is a selective de- 
crease in the porportion of CPA produced by 
various tissues. Kajimoto et al. (19) reported 
a CPA content of 27% in the small amount of 
triglycerides present in the ovules 3 days after 
fertilization with decreases to 11 and 4% for 
10- and 20-day-old seed, respectively. During 
the period of rapid embryonic development 
that begins about three weeks after flowering 
(20), CPA content of triglycerides from the 
seed decreased to 2.5% at 30 days, and 0.5% 
at 40 days. It changed very little during the 
next 10 days and then increased to 0.7-0.8% at 
about the time the bools opened (55-60 days 
after flowering). On this basis, one would ex- 
pect any correlation between weight and CPA 
content of lipids for nearly mature seed to be 
positive. 

Although seed that obviously were immature 
were omitted in our studies, 8 seeds from one 
variety that were analyzed had higher than nor- 
mal variation of weight per seed (71-136 mg), 
per kernel (29-91 mg), and of CPA content of 
the lipids (0.27-0.97%). For this variety, CPA 
content was highly correlated with both seed 
and kernel weight (r ---0.9). Correlation coeffi- 
cients were lower (r = -0.71) for 12 seeds from 

another variety that had narrower ranges of 
seed weight (95-127 mg), kernel weight (59-82 
mg), and CPA (0.83-1.12%), and even lower 
(r = -0.37) for the 11 seeds from the other 
varieties; but they were negative in all cases, as 
would be expected from the differences in rates 
of development of axes and cotyledons, not 
positive as one might expect from the data of 
Kajimoto (19). The lower correlations for 
seeds from different varieties are certainly due, 
in part, to genetic differences, but environmen- 
tal effects, especially changes in growing con- 
ditions that occur while the embryo is develop- 
ing, may be contributing factors. 

SUMMARY 

Variation of CPA content of lipids among 
varieties are only slightly larger than the varia- 
tions among seeds from the same plant. Much 
of the variation among seeds probably reflects 
differences in the proportions of different tis- 
sues. Concentr~itions of CPA in lipids from vari- 
ous parts of a cottonseed were 0.1, 8 and 28% 
from cotyledons, axis (hypocotyl) and root 
tip, respectively. Three-fourths of the total CPA 
is concentrated in the axial tissue, which makes 
up only 5% of the seed. This localization of 
CPA is maintained from the development of the 
embryo through dormancy and germination. 
Genetic engineering or induced mutation might 
produce cottonseeds containing little or no 
CPA by eliminating the enzyme(s) that trans- 
fer a methylene group from methionine to ole- 
ate. However, one needs to be sure that CPA 
are not beneficial to cotton plants, as suggested 
by Halloin (21), before steps are taken to elim- 
inate them. 

In the interim, CPA content of cottonseed 
oil can be minimized by processing only mature 
seeds, and with chemical methods that destroy 
CPA during processing (22,23). Major reduc- 
tion could be achieved if a practical method 
could be developed to separate the axes from 
the cotyledons prior to oil extraction. 
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Studies on the Half'Life and the Distribution 
of StearoyI-CoA Desaturase in the Housefly 
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A B S T R A C T  

The half-life of the stearoyl-CoA desaturase was determined by using houseflies injected with puro- 
mycin. The LD s 0 for puromycin was determined to be 1.55 t~ g/mg body wt for both sexes. By fol- 
lowing the decay in specific activity of the desaturase after puromycin injection, the half-life of this 
enzyme in 4-day-old females was calculated to be 9.35 hr, while in 1-day-old females it was 3.38 hr. 
The inhibition curve for the 3-day-old males never reached 100%, and a biphasic curve was observed. 
The early phase resulted in a half-life of the desaturase of 2.41 hr, while the latter phase had a half-life 
of 8.45 hr. In general, it appeared that the half-life of the desaturase increased with age in either sex. 
Studies on the distribution of desaturase activity within the housefly showed that most of the activity 
was present in the integument; however, in the female, the onset of ovarian development seemed to 
shift the distribution of. desaturase from the integument, towards the internal tissues. In the male, 
there appeared to be equal amounts of desaturase in integument and the fat body plus internal tissues 
at day 2, but by day 5 most of the activity was associated with the integument. The high specific 
activity and high percentage of total desaturase activity associated with integument coupled with the 
shift of distribution of desaturase in females during the onset of ovarian development may be indica- 
tive of a close correlation of the desaturase with alkene synthesis and possibly sex pheromone produc- 
tion. 
Lipids 18:000-000, 1983. 

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

The mammal ian  s tearoyl-CoA desaturase 
which converts  s tearoyl-CoA to o leoyl -CoA has 
been extensively studied (1,2). In contrast ,  
there have been only a few studies aimed at 
characterizing the desaturase in insects (3-5). 
Recent ly ,  we have studied the acyl-CoA de- 
saturase act ivi ty  in bo th  sexes of  housef ly  (6). 
In general, the  male desaturase activity was 
higher than female. In males, the act ivi ty in- 
creased ca. 26-fold f rom emergence until  the  
insects were be tween  3 and 4 days old. Af te r  
day 4, the  specific act ivi ty decreased gradually 
unti l  abou t  day 10 when the act ivi ty reached 
the level observed at emergence  f rom the pupa. 
In females, the  activity increased ca. 12-fold 
f rom emergence unti l  day 2 ; then  it sharply de- 
creased on day 3 maintaining a 6- to 8-fold in- 
crease for the nex t  4-5 days. Again, the  act ivi ty 
in females decl ined to emergence  levels by day 
10. Despite these differences,  the desa tu rase  
activities were observed to parallel closely 
alkene synthesis in both sexes (6). The decrease 
in desaturase act ivi ty in females be tween  days 2 
and 3 correlated with ini t ia t ion of  vitellogenesis 
and ovarian matura t ion  (6). Adams et al. (7,8) 
have shown that  ovarian deve lopment  reaches 
early vi tel logenic stages at abou t  day 2. Because 
houseflies are poiki lo thermic ,  the correlat ion of  

1Present address: Department of Physiology, Uni- 
versity of Pennsylvania, Philadelphia, PA 19104. 

2 To whom correspondence should be addressed. 

egg stage with days after  emergence  will vary 
somewhat  depending on the tempera ture  at 
which the  flies are kept.  However ,  our  observa- 
t ion that  the  decrease in desaturase activity be- 
tween days 2 and 3 correlated with  alkene syn- 
thesis in females may be suggesting that  desatu- 
rese act ivi ty is correlated with sex phe romone  
synthesis. However ,  i t  is diff icult  to unders tand 
how the  desaturase, which decreases be tween  
days 2 and 3, could be correlated with (Z) 
9-tricosene synthesis, which increases during 
this t ime per iod (8). On the o ther  hand,  recent  
studies by Dillwith et al. (9) showed that  (Z)- 
9-tricosene, a major  c o m p o n e n t  of  the sex 
phe romone  complex ,  is formed via direct  
e longat ion and decarboxyla t ion  of  oleic acid, 
the  product  of  the  s tearoyl-CoA desaturase (6). 

Because the  desaturase act ivi ty is closely re- 
lated to the  synthesis of  cu t icu la r  alkenes, 
which include the  sex pheromone ,  the  turnover  
rate and the local izat ion of  the desaturase 
become  impor t an t  parameters  to ,define if, in 
fact, there is a corre la t ion be tween  this enzyme  
and the sex pheromone .  The results presented 
in this repor t  demons t ra te  a close association o f  
desaturase activities with in tegument  tissue 
f rom which the cut icular  alkenes, including the  
sex pheromone ,  are synthesized (9). 

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

Materials 

[1-14C]Steara te  was obtained f rom New 
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England Nuclear, Boston, MA. L-[1-1" C] 
Leucine (55 mCi/mmol) was obtained from 
ICN, Irvine, CA. Silica gel impregnated glass 
fiber sheets ( ITLC Type SG) were purchased 
from Gelman Instrument Co., Ann Arbor, MI. 
Bovine serum albumin, cytochrome C and puro- 
mycin were obtained from Sigma Chemical Co., 
St. Louis, MO. All other chemicals were analyt- 
ical grade or the purest available. 

Insects 

Housefly pupae (Fales 1958 Strain T-II) 
were supplied courtesy of Dr. Ted Shapas, 
Biology Section, S. C. Johnson and Sons, Inc., 
Racine, WI. Insects were maintained and 
handled as previously described (6). 

Desaturase Assay 

Insect microsomal isolation was accomp- 
lished and desaturase activities were measured 
as previously reported (6). The desaturase activ- 
ity was determined by measuring the incorpora- 
tion of radioactivity from stearoyl-CoA into 
oleic acid. This was accomplished via thin layer 
chromatography of the methylated fatty acids 
followed by liquid scintillation counting to 
determine the radioactivity. 

Puromycin LDs0 

To determine the LDs0 of puromycin, dif- 
ferent amounts of puromycin were injected 
into the houseflies and the percent survival 
after a 1-hr incubation at room temperature 
was determined. Twenty to 30 houseflies were 
used for each concentration of puromycin, and 
the concentration of puromycin ranged from 
0.2 /ag to 3.6 /Jg/mg body wt. The percentage 
surviving after a 1-hr incubation was plotted 
against puromycin concentration to determine 
the LDs0. 

Protein Synthesis Inhibition Study 

Female and male houseflies were injected 
with 1 /al containing 25 /ag and 15 /Jg of puro- 
mycin, respectively. Saline injection (1 pl) 
served as a control. The inhibition of protein 
synthesis was monitored by injecting 1 /al con- 
raining 25 nCi of L-[ 1-14C] leucine into each of 
l0 houseflies at different time intervals after 
the puromycin or saline injection. The house- 
flies were killed after 1 hr of incubation by 
homogenization in 8 ml of 5% perchloric acid. 
A polytron (Brinkman Instruments) was used 
by operating at full power for 30 sec. Following 
heating at 90 C for 15 rain, the homogenate 
was centrifuged for 10 min at 5000 rpm in a 
Beckman J-21 refrigerated centrifuge. The 
pellet was resuspended in 4 ml cold 5% per- 

chloric acid and the precipitate collected by 
centrifugation as noted above. This extraction 
was repeated 3 times. The final pellet was dis- 
solved in 6 ml hot 1 N NaOH. An aliquot of 
this solution was taken and counted in a scintil- 
lation counter. The L-[1-14C]leucine incorpo- 
ration was compared between puromycin in- 
jected and control houseflies. About 20% of the 
injected radioactivity was incorporated into 
protein in control flies. In males, incorporation 
of leucine was inhibited 82-85% for up to 6 hr 
after puromycin injection, and in females the 
inhibition of incorporation was 92-95% for up 
to 6 hr. 

Half-Life of the Desaturase 

Amounts of puromycin which produced 
only 1-2% mortality and which produced com- 
plete inhibition of protein synthesis were in- 
jected into 50 female and 50 male houseflies 
for each time point. The houseflies were killed 
after different time intervals, the microsomes 
were isolated and the desaturase half-life was 
determined from the slope of the specific 
activity versus time curve. Untreated controls 
were not assayed, but  in our previous study (6), 
we showed that the activity of the desaturase 
changed very little for the older flies and in- 
creased for the younger flies; therefore, this 
control should not  be necessary. 

Desaturase Distribution 

For the distribution study, ca. 300 insects 
were used. Abdomens were excised and the fat 
body and other internal tissue removed by 
gently squeezing the abdomen. The head and 
throax were also excised. The head, thorax, fat 
body plus internal tissue and integument tissues 
were placed separately in isolation buffer (6) 
and homogenized with the polytron. Immedi- 
ately after microsomal preparation, the desatu- 
rase activities were assayed as described before 
(6). Microsomal protein concentrations were 
determined by the procedure of Lowry et al. 
(10). 

R ESU LTS 

LDs 0 of Puromycin 

In order to determine the half-life of the 
housefly desaturase, the amount  of puromycin 
to be used as a protein synthesis inhibitor 
needed to be determined. Because nothing is 
known about the  puromycin toxicity to this 
housefly strain, the LDs0 of puromycin was 
determined first. The male and female house- 
flies were injected with the same amounts of 
puromycin, and the percentage remaining alive 
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af te r  1 h r  was de t e rmined .  This  value  was t h e n  
p lo t t ed  against  the  a m o u n t s  of  p u r o m y c i n  in- 
jec ted .  Males were more  sensi t ive to  the  puro-  
myc in  t h a n  females.  However ,  t he  females  are, 
in general,  ca. 60% heavier  t han  males.  Females  
weigh ca. 22 mg at emergence  and  increase  to  
ca. 27 mg by  day 5. Males weigh ca. 20 mg  at 
emergence  and  decrease to ca. 16.5 m g  at day  
5. Thus,  w h e n  t he  da ta  were conve r t ed  to a per  
b o d y  weight  basis, t h e  LDs0 t u r n e d  ou t  to  be 
t he  same for  b o t h  sexes (Fig. 1). It was 1.55 
g g / m g  b o d y  weight .  

Half-Life Study 

Previously,  we had  s h o w n  t h a t  in  females  the  
desa turase  act iv i ty  increased  un t i l  t h e  2nd  day  
af te r  emergence ;  w h e r e u p o n ,  i t  dec l ined  mark-  
edly by  day 3 (6). Af te r  day 3, the re  was a 
sl ight increase  in desa turase  act iv i ty  un t i l  day  6 
6; a f te r  which ,  t he  desa turase  act ivi ty  decreased  
to  the  same level as i t  was at  emergence .  It  
r eached  this  p o i n t  b y  day  11. Thus,  we chose  2 
age groups  to use for  d e t e r m i n i n g  t he  desatu-  
rase half-life. We used 1-day-old females  be- 
cause the  desaturase  act iv i ty  was increas ing at 
this  age, and  we used 4-day-old  females  because  
the  desaturase  act ivi ty  was r a t h e r  s ta t ic  in  th is  

age group.  
Figure 2 shows t he  desa turase  r a t e s  of  

females  at  d i f f e ren t  t imes  a f te r  p u r o m y c i n  in- 
j ec t ion .  The  half-l ife of  the  desa turase  f rom 
1-day-old females  was ca lcula ted  m u c h  sho r t e r  
t h a n  4-day-old  females.  The  half-l ife was 3.38 
h r  at  day one  and  9.35 h r  at day 4. The  ini t ia l  
specif ic  ac t iv i ty  was 0 .80  and  0 .36 n m o l / m i n /  
rag, respect ively.  Thus,  the  half-l ife of  the  
desa turase  in female  housef l ies  increased and  
t he  specific ac t iv i ty  decreased wi th  age. 

Fo r  male  housef l ies ,  we had  observed t h a t  
desa turase  act ivi ty  increased un t i l  a b o u t  the  3rd 
day a f te r  emergence  (6). By the  f i f th  day,  the  
desa turase  was still a t  a h igh  b u t  r a t h e r  s tat ic  
level. The  desa turase  t h e n  decreased in act ivi ty  
reach ing  emergence  level by  day 11. Thus,  we 
chose d i f f e ren t  t ime  po in t s  for  males.  We chose 
day 3 because  the  act iv i ty  was at  a m a x i m u m  at 
th is  age, and  we chose day 5 because  the  de- 
sa turase  act iv i ty  had  begun  to decl ine slightly at  
th is  age. 

As s h o w n  in Figure 3, the  o lder  males  had  a 
longer  desa turase  half-life.  The  half- l i fe  of  the  
male  desa turase  at  day 3 was 2.41 hr,  and  its 
specific ac t iv i ty  was 1.37 n m o l / m i n / m g  (Table  
1). A t  day 5, the  half-l ife was 6.96 h r  and  the  

100. .. ~ ~ .  

LDso : 1.55ug/mg body wt. 

�9 ! < ~ 211 
\ \  - 

IL 
1~0 210 3.0 

Puromycin pg/mg body wt. 

FIG. l. LDso for puromycin. Twenty to 30 
houseflies were used for each concentration of 
puromycin. The concentration of puromycin 
ranged from 0.2 ~g to 3.0 #g/mg body wt. The 
percentage surviving after 1 hr incubation was 
plotted against puromycin concentration to 
determine the LDso. The stars and solid line 
represent the data obtained for males, and the 
solid dots and dashed line represent the data 
obtained for females. The correlation coeffi- 
cient for each regression was 0.98 for the males 
and 0.97 for the females. When the 2 curves 
were compared via a least squares fit analysis, 
the F test for quality of variance was 4.53, and 
the slopes of the 2 regression curves were dif- 
ferent with aP  < 0.01. 

E 

E 

1.0. 

Females 

~ 1 day old 

4 day old 

hrs. 

FIG. 2. Stearoyl-CoA desaturase turnover 
study in the female houseflies. Twenty-five ~g 
of puromycin were injected into each of 50 
female houseflies, and the houseflies were killed 
after different time intervals. The microsomes 
were insolated, and the half-life of the desatu- 
rase was calculated from slope of the specific 
activity vs. time curve. The solid dots represent 
data obtained from 1-day-old females, and the 
circled stars represent that obtained from 4- 
day-old insects. The statistical analyses of the 
curves in Figs. 2 and 3 were done via a least 
squares fit statistical program. The correlation 
coefficient for the 1-day female curve was 0.97 
and that for the 4-day females curve was 0.43. 
The F test for quality of variance was 33.522; 
thus, the 2 curves are different with a P < 
0.001. 
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TABLE 1 

Half-Life of  Desaturase Act ivi ty  in Male and Female 
Housefl ies o f  Different  Ages 

5 day old 

: " .  # '~3day old 

hrs. 

FIG. 3. Stearoyl-CoA desaturase turnover 
study in the male houseflies. Fifteen ~g of 
puromycin were injected into each of 50 male 
houseflies. The half-life of the desaturase was 
obtained as described in Fig. 2. The upper solid 
curve represents data collected from 5-day-old 
males, and the dashed curve represents a sta- 
tistical break in the curve for the 3-day-old 
male~. The correlation coefficient for the 5-day 
males curve was 0.83 and that for the upper 
part of the 3-day male curve was 0.88. The 
lower part of the 3-day male curve had a corre- 
lation coefficient of 0.65. Using the F test for 
quality of variance, the F value for the 5-day 
curve compared to the upper part of the 3-day 
curve was 11.04; thus, these 2 curves are dif- 
ferent with a P < 0.01. When the 2 curves for 
the 3-day insects were compared, the F test was 
12.51 which gave a P < 0.01. 

specific ac t iv i ty  was 1.66 n m o l / m i n / m g .  Thus,  
the  half-l ife of  male  desa turase  increased  w i th  
age and  the  specific ac t iv i ty  was sl ightly ele- 
vated.  

A b iphas ic  i n h i b i t i o n  curve was observed  in 
3-day-old males  (Fig. 3). The  second  phase  was 
parallel  t o  the  i nh ib i t i on  curve of  t he  4-day-old  
females. The  half-l ife for  this  second  phase  of  
desa turase  act iv i ty  was 8.45 hr ,  and  the  specif ic  
ac t iv i ty  was 0.48 n m o l / m i n / m g .  

Distribution of Desaturase Activity 

In o rder  to  d e t e r m i n e  i f  t he  specif ic  ac t iv i ty  
o f  the  desa turase  was s imilar  in  d i f fe ren t  par t s  
of  the  insec t  body ,  we divided the  insec t  i n t o  4 
par ts :  head ,  tho rax ,  fat  b o d y  plus in t e rna l  

Age Half-life SA 

(Day) (hr) (nmol/min/mg) 

Female 1 3.38 0.80 
4 9.35 0.359 

Male 3 2.41 1.368 
(3) (8.45) (0.484) 
5 6.96 1.663 

For each time point, 50 flies of each sex were 
injected with puromycin (15 #g/male fly and 25 #g/ 
female fly). After different time intervals, microsomes 
were prepared and the desaturase activity was deter- 
mined.  The half-life was determined from a plot of 
desaturase activity vs t ime after puromycin  ingestion 
(see Figs. 2 and 3). The figures in parentheses represent 
the data for the lower part of the curve for 3-day 
males. 

organs and  i n t e g u m e n t .  The  desa turase  act iv i ty  
of  each par t  was assayed, and  f rom the  specific 
act ivi ty ,  we d e t e r m i n e d  the  to ta l  act ivi ty  in the  
d i f fe ren t  tissues. 

In females  a t  t he  earliest  t i m e  (1.5 days, see 
Table  2), t he  head  c o n t a i n e d  the  lowes t  to t a l  
desa turase  act iv i ty  of  the  d i f f e ren t  b o d y  parts .  
The  fat  b o d y  plus in te rna l  organs and the  
t h o r a x  c o n t a i n e d  similar  a m o u n t s  of  ac t iv i ty  
and  were 61-109% greater  t h a n  the  head .  The  
i n t e g u m e n t  c o n t a i n e d  the  largest  a m o u n t  of  
desaturase  act ivi ty.  There  was 9.8-fold more  
act ivi ty  t h a n  head ,  6 .1-fold m o r e  t h a n  tho rax ,  
and  4 .7-fold  more  t h a n  fat  b o d y  plus i n t e rna l  
organs. With the  onse t  of  vi tel logenesis  and  
ovarian m a t u r a t i o n  (day  2), some  very  in teres t -  
ing changes  were n o t e d  in t he  d i s t r i bu t ion  of  
desa turase  act ivi ty.  T h e  to ta l  ac t iv i ty  decreased 
51%, 16%and 61%, respect ively ,  in the  head ,  
t h o r a x  and  i n t e g u m e n t ;  whereas ,  i t  increased 
243% in the  fat  b o d y  plus i n t e rna l  tissues. By 
day 5, t he  act ivi t ies  of  the  desa turase  r e t u r n e d  
to the  ini t ia l  1.5 day  levels in  the  head ,  t h o r a x  
and  fat  b o d y  plus  i n t e rna l  organs. In the  in tegu-  
men t ,  t he  to ta l  act ivi ty  increased towards  t he  
1.5 day level, y e t  i t  r ema ined  at ca. 50% of  this  
earl ier  value. 

In males  at day 2, the  h e a d  and  t h o r a x  con-  
t a ined  similar a m o u n t s  of  desa turase  act ivi ty ,  
and  these  a m o u n t s  were cons iderab ly  lower  
t h a n  those  observed in the  i n t e g u m e n t  a n d / o r  
fat  b o d y  plus in t e rna l  organs. These  last 2 
t issues c o n t a i n e d  similar a m o u n t s  of  act ivi ty.  
C o m p a r e d  to  females,  a m u c h  d i f fe ren t  e f fec t  
of  age was observed  in males.  The  t o t a l  desatu-  
rase ac t iv i ty  decreased 40% in t he  head ,  bu t  i t  
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increased 99%, 2394% and 27% in the thorax, 
the integument, and the fat body + internal 
tissues, respectively. The very large increase in 
desaturase activity in the integument in males 
may be related to maintenance of cuticular wax. 

DISCUSSION 

The fatty acid composition of the adult 
housefly, Musca domestic~, has been studied 
(11-13). The results of these studies show that 
the housefly, in contrast to the mammalian 
system which generally contains a low percent- 
age of palmitoleate and a moderate percentage 
of oleate, contained a relatively high percentage 
of palmitoleate and oleate. It is generally agreed 
that most insects are unable to synthesize poly- 
unsaturated fatty acids, and no polyunsaturated 
fatty acids have been detected in housefly 
larva fed on a fat-free diet (12). Thus, in order 
to maintain the fluidity and proper functioning 
of their biomembranes, the high content of 
monoenes may be vital for this insect. When 
houseflies were fed a cholesterol-deficient diet, 
the fatty acid composition of the phospholipids 
showed an increase in saturated acids, indicat- 
ing an attempt to regulate the proper mem- 
brane fluidity (13). Thus, certain dietary lipids 
play a role in controlling membrane fatty acid 
composition. 

Fast (14) suggested that the high palmitoleic 
acid content of the housefly is linked to the un- 
usually high content of phosphatidylethanola- 
mine found, with a few exceptions, in all 
Diptera. Other insects which contain a much 
smaller proportion of phosphatidylethanola- 
mine do not contain the large amounts of 16: 1. 
Further, each class of phospholipid seems to 
have a specific fatty acid composition (13). In 
housefly larvae, the fatty acid composition of 
the total phospholipid fraction was reported to 
be different depending on which tissue was 
assayed (13). 

The fatty acid composition of most animals 
and organisms can easily be influenced by 
dietary fatty acids. Thus, the fatty acid compo- 
sition of an insect represents a combination of 
what it eats and what it makes itself. The facts 
that the dry powdered milk, used as the only 
dietary lipid source for the housefly, contains 
low 16:1 (3%) and high 18:1 (36%) and that 
the housefly contained a high content of 16:1 
(18%) and 18:1 (20%) further support this idea. 
The assay of the desaturase activity showed a 
high activity, indicating that the housefly 
should have a high content of monoenoic fatty" 
acids. A previous study (6) showed that the A ~ 
desaturase activity varied depending upon the 
age and sex of the housefly; however, these 
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alterations in desaturaseactivity did not corre- 
late with changes in the percentage fatty acid 
composition (Ryan, unpublished). Thus, a di- 
rect link between desaturase activity and tissue 
fatty acid composition is difficult to establish. 
This also may hold true for any correlation 
with the desaturase and the synthesis of the (Z) 
9-tricosene. 

The present study showed a slightly shorter 
half-life for male housefly desaturase (t,/2 = 2.4- 
3.4 hr) compared with those of rat hepatic 
tissue (t,/2 = 3-4 hr) (15), chick liver explant 
tissue (t,/2 = 4 hr) (16) and Euglena gracilis 
(tv2 < 10 hr) (17). However, in the male, there 
appeared to be a second population of desatu- 
rase which had a longer half-life similar to the 
female desaturase in the older age group. This 
long half-life desaturase appeared to have a low 
specific activity, while the short half-life desatu- 
rase, in the earlier age group of both sexes, had 
a higher specific activity. It should be noted 
that we have not purified nor made antibodies 
to the desaturase; thus, these turnover studies 
are simply decay analyses after protein synthe- 
sis has been stopped with puromycin. There- 
fore, the half-life times reported must be inter- 
preted cautiously. 

The concept of 2 populations of desaturase 
is supported by changes in desaturase activity 
depending on the location of the desaturase. 
Our present data on the distribution of desatu- 
rase activities within the housefly showed that, 
in general, most of the high activity desaturase 
was associated with integument. In the males, 
the integument contained ca. 44-67% of the 
total desaturase activity depending upon the 
age of the flies. Further, the highest specific 
activity of the desaturase was also associated 
with the integument. A shift from almost even 
distribution between integument and fat body 
plus internal organs at an early age (day 2) to- 
wards an increase in the integument at an older 
age (day 5) was seen. These data coupled with 
desaturases with 2 different half-lives indicate 
that there are 2 populations of desaturase. In 
the 1.5-day-old females, the integument con- 
tained 67% of the total desaturase activity. 
However, the onset of ovarian development, 
which occurs about day 2 in females, correlated 
with a shift in the percentage distribution of 
the desaturase towards a higher percent located 
in internal tissues. This shift towards internal 
tissues also represents a shift towards a lower 
specific activity desaturase. This decreased 
activity coupled with the shift of desaturase 
distribution also indicates there may be 2 popu- 
lations of desaturase: one associated with 
integument which has a higher specific activity; 
and one associated with internal tissue which 

has a lower specific activity. The one associated 
with integument appears to have a shorter half- 
life and the other one associated with internal 
tissue has a longer half-life. This is suggested by 
the half-life study in females in which the de- 
saturase at day 1 has a higher specific activity 
but a shorter half-life and the desaturase at day 
4 has lower specific activity but a longer half- 
life. The 2 different half-life values determined 
for the desaturase in males also support this 
idea. 

Previous study indicated a strong correlation 
between desaturase activity and alkene synthe- 
sis (6). The present study suggests that the de- 
saturase in integument is closely associated with 
alkene synthesis and possibly subject to change 
as alkene production in housefly changes. The 
synthesis of cuticular hydrocarbons, including 
the alkenes, has been demonstrated to be 
closely associated with the integument (18). 
The biosynthesis of the hydrocarbon compo- 
nents of the housefly appears to follow the 
general pathway as reported for the cuticular 
hydrocarbons of other insects in which an ap- 
propriate precursor is elongated to a very long 
chain fatty acid and then decarboxylated (19, 
20). 

Recent studies by Dillwith et al. (9 )have  
shown that oleic acid, a major product of de- 
saturase (6), is a precursor of alkenes in house- 
fly. This finding coupled with our studies again 
confirmed the strong correlation between 
cuticular desaturase activity and alkene syn- 
thesis. 

The female sex pheromone complex con- 
tains (Z)-9-tricosene which is a major alkene 
produced by cuticular tissue in mature females. 
(Z)-9-tricosene is formed via elongation and 
decarboxylation of oleic acid (9), and the fe- 
male starts to produce this sex pheromone 
around day 2. Also, during this time, the insects 
switch from a high percentage of alkenes to a 
high percentage of alkanes in their hydrocar- 
bons. The males, in contrast, still maintain a 
high percentage of alkenes. Because oleic acid is 
the direct product of the A 9 desaturase and a 
precursor of alkenes, including sex pheromone, 
the switching of hydrocarbon pattern coupled 
with the shifting of distribution of desaturase 
activities from the integument to the internal 
tissues during this period may indicate some 
correlation between desaturase activity and sex 
pheromone production. 

The detailed molecular mechanism of the 
shifting and changing of desaturase activities is 
not known. Hormonal effects on desaturase en- 
zymes have been demonstrated in the mam- 
malian system (21-23). That various hormonal 
inductions of overall desaturation result from a 
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specific increase in the  c o n t e n t  o f  the  t e rmina l  
desa turase  has  been d e m o n s t r a t e d  in chick liver 
exp l an t s  by Josh i  and  Aranda  (16) .  No infor-  
m a t i o n  is available to suggest  t ha t  insect  hor-  
m o n e s  have an affect  on  the  desa turase .  How- 
ever, e cd y so n e  has  been shown ,  pr imar i ly  in 
Diptera,  to s t imu la t e  h y d r o c a r b o n  syn the s i s  
(24)  and  pro te in  sy n the s i s  (25),  and  to con t ro l  
r e p r o d u c t i o n  in adul t  insects  (26).  It also has  
been d e m o n s t r a t e d  tha t  e c d y s o n e  in jected in to  
the  male  h o u se f l y  can i nduce  the  syn the s i s  of  
(Z)-9- t r icosene  (B lomqui s t ,  Dil lwith and  A d a m s ,  
unpu b l i sh ed ) .  Fur the r ,  u n p u b l i s h e d  da ta  (Wang 
and  Rei tz)  suggest  t ha t  e c d y s o n e  m a y  af fec t  
desa tu rase  act ivi ty .  Thus ,  it is very l ikely t ha t  
e c d y s o n e  or a n o t h e r  insect  h o r m o n e  m a y  affect  
this  sh i f t ing  and  chang ing  of  desa tu rase  activi ty.  
This  area is cer ta in ly  w o r t h w h i l e  for  f u r t he r  
inves t iga t ion .  
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Phospholipids of Rhizobium meliloti and Agrobacterium 
tumefaciens: Lack of Effect of Ti Plasmid 
E M I L Y  A.  T H O M P S O N  I , A L L A N  E. K A U F M A N ,  N O R A H  C. J O H N S T O N  and 
HOWARD GOLDFINE*,Department of Microbiology, University of Pennsylvania, School 
of  Medicine, Philadelphia, PA 19104 

A B S T R A C T  

We have studied the phospholipid composition of Rhizobium meliloti strains which do or do not 
contain the large, tumor-inducing (Ti) plasmid of Agrobacterium tumefaciens. The major phospholipids 
of stationary phase cells were phosphatidylethanolamine (PE) (22%), phosphafidyI-N-methylethanol- 
amine (22%), phosphatidylcholine (PC) (27%), phosphatidylglyeerol (11.4%), and cardiolipin (11%); 
as average percent of lipid phosphorus. Phosphatidyl-N,N-dimethylethanolamine (3.7%) was also 
present. The proportions of PE were higher, and PC lower, in logarithmic phase cells. No significant 
differences were seen in the proportions of phospholipids in strains with or without the Ti plasmid. 
Qualitative examination of the phospholipids of A. tumefaciens with or without the Ti plasmid 
similarly revealed no differences. 
Lipids 18: xxx-xxx, 1983. 

Rhizobiurn species are capable of inducing 
nodules on the roots of members of the plant 
family Leguminosae This results in a symbiotic 
relationship in which dinitrogen is fixed into 
ammonia leading to the incorporation of nitro- 
gen into plant tissue. This major ecological 
process is of great economic importance in 
agriculture ( 1 ). 

The family Rhizobiaceae (2) consists of the 
genera Rhizobiurn and Agrobacterium. The 
latter infect diverse species of plants and pro- 
duce gall hypertrophies. Thus, both groups of 
organisms are capable of entering into long- 
lasting associations with plant host ceils. The 
presence of PC has been reported in all mem- 
bers of the genus Agrobacterium (3-5) and it 
has also been found in several species of Rhiz- 
obium including R. japonicum (6), /~ legu- 
minosarum (7) and strains infective on Lotus 
pedunculatus (8). Among the economically 
important species of Rhizobium not studied 
with respect to phospholipid composition are 
R. tri]olii, R. phaseoli and 1~ meliloti. The 
first 2 are closely related to R. leguminosarum 
(1). R. meliloti nodulates plants of only a few 
genera: Medicago (alfalfa), Trigonella (fenu- 
greek) and Melilotus (sweet clover). 

The tumorigenicity of Agrobacterium is 
related to the presence of a large tumor-inducing 
(Ti) plasmid (9-1 1 ), which contains information 
for the ability to synthesize and catabolize 

~Present address; Department of Biology, Yale 
University, New Haven, CT 06510. 

*To whom correspondence should be addressed. 
Abbreviations: PC, phosphatidylcholine; PE, phos- 

phatidylethanolamine; PME, phosphatidyl N-methyl- 
ethanolamine; PDME, phosphatidyl N,N-dimethyl- 
ethanolamine; PG, phosphatidylglycerol; PI, phos- 
phatidylinositol; PS, phosphatidylserine. 

opines such as opaline and nopaline and for 
sensitivity to antibiotics. Large plasmids are 
also found in Rhizobium species, and these 
have been implicated in the establishment of 
the bacteria-plant symbiosis (1). The tumorigenic 
capacity of Agrobacterium turnefaciens can be 
transferred by introduction of the Ti plasmid 
into strains of R. trifoli and R. legurninosarum, 
but transfer of the plasmid to R. meliloti did 
not confer tumorigenicity (P.J.J. Hooykaas, 
personal communication). 

We have undertaken a study of the phospho- 
lipid composition of R. meliloti, including 
strains carrying the Ti plasmid of A. tumefaciens, 
and of strains of the latter which do and do 
not contain the Ti plasmid. 

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

Cells and Methods of Culture 

The strains of R. meliloti studied were LPR 
2120 and LPR2121,  LPR 2136 and LPR 2139, 
LPR 2132 and LPR 2137. The second member 
of each pair contained a Ti plasmid. Also studied 
was R. rneliloti ATCC 9930. The two strains of 
A. tumefaciens studied were LBA 201 and LBA 
202. The latter was generated by curing the Ti 
plasmid from virulent strain LBA 201. These 
strains are from the Phabagen Collection, 
Utrecht, The Netherlands, and were obtained 
through the courtesy of Dr. P.J.J. Hooykaas, 
University of Leiden. 

Cells were grown at 30 C on a shaker in a 
synthetic medium containing, in g/l: K2HPO4, 
2.05; KH2PO4, 1.45; (NH4)2SO4, 3.00; 
MgSO4"7H20, 0.50; NaC1, 0.15; CaC12, 0.005; 
glucose, 2; FeSO4"7H20, 0.0025 (12). Inocula 
were supplemented with mannitol,  10 g/l; and 
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yeast extract, 1 g/1 and the salt concentrations 
in g/1 were: K2HPO4, 0.50; MgSO4-7H2 O, 
0.20; NaC1, 0.20; FeC13"6H20 , 0.01; CaCO3, 
3.0. Ceils were harvested by centrifugation at 
4000-5000 X g at temperatures below 10 C. 
The pellets were washed in cold 0.05 M potas- 
sium phosphate buffer, pH 7.4, and were either 
extracted immediately or stored at -20 C until  
extracted. 

Lipid Extraction 

Larger amounts of cells (~> 2 g wet wt) were 
extracted by a modification of the method of 
Folch et al. (13,14), while smaller amounts of 
cells were extracted according to Bligh and 
Dyer (15). Poly-/~-hydroxybutyrate accumulates 
in Rhizobium strains (1) and it was removed 
from the lipid extracts (16) in order to facilitate 
chromatography. 

Chromatography and Quantitative 
Determinations 

Thin layer chromatography (TLC) was 
performed on Adsorbosil or Adsorbosil-Plus 
1 Prekotes (Applied Science, Deerfield, IL) thin 
layer plates. For quantitative analysis by 
phosphate determination (17), the plates were 
prewashed with chloroform/methanol/7 N 
ammonia (42: 44: 3.5, v/v/v). Duplicate samples 
were separated by TLC with chloroform/meth- 
anol/7 N ammonia (60:35:5, v/v/v)in the first 
dimension, followed by n-butanol/acetic acid/ 
water (60:20:20, v /v /v ) in  the second dimen- 
sion. Plates were air-dried and placed under 
high vacuum between runs. 

Phospholipid ratios were also determined by 
two-dimensional TLC of 32p-labeled lipids, 
in the same solvent systems on either Prekotes, 
as described above, or on plastic-backed silica 
gel 60 plates (E. Merck). Lipids were located by 
autoradiography and the individual lipid spots 
were either scraped into scintillation vials or, 
for plastic-backed plates, cut out with scissors 
and placed in vials. Counting was in OCS scintil- 
lation fluid (Amersham, Arlington Heights, IL). 

For  qualititative analysis, plates were run in 
duplicate or triplicate for staining with iodine 
vapor, ninhydrin,  molybdate or Dragendorff's 
reagent (18). Appropriate standards were run 
in parallel and stained for comparison with the 
unkrtowns. 

Total phospholipids were deacylated by alka- 
line methanolysis (18) and the recovered glycero- 
phosphate esters were analyzed by 2-dimen- 
sional TLC as described (19). The 10 x I0 cm 
plastic-backed cellulose sheets were auto- 
radiographed and cut up for scintillation coun- 
ting of 32p as described above. 

Tumorigenicity of the Agrobacterium strains 
was checked by injection of concentrated 
suspensions of cells in nutrient broth (Difco) 
into tomato plant stems, 2 sites on each plant. 
The plants were inspected for tumor formation 
at the sites of injection and strain LBA 201 was 
found to be positive while strain LBA 202 did 
not  produce tumors. 

RESULTS 

A. tumefaciens 

We examined qualitatively the phospholipids 
of A. tumefaciens strain LBA 201, which con- 
rained the Ti plasmid, and strain LBA 202, 
which did not, by both one-dimensional TLC in 
chloroform/methanol/7 N ammonia (60:35:5, 
v/v/v) or by 2-dimensional TLC, as described 
under Materials and Methods. PC, which had 
previously been identified in this species (3,4), 
was found in both strains (data not  shown), 
showing that the Ti plasmid does not provide 
the information for synthesis of the enzymes 
needed for the conversion of PE to PC (20). 

1~ meliloti 

The presence or absence of the Ti plasmid 
in R. meliloti strains similarly had no significant 
effects on its phospholipid composition (Table 
1). Strain 2121 contains the Ti plasmid but 
strain LPR 2120 does not. Determination of 
the percent phosphorus in each phospholipid 
by either colorimetric assay of acid-digested 
lipids or by liquid scintillation assay of 32p_ 
labeled lipids gave similar results, except that 
the 32P-labeled cells appeared to have a lower 
proportion of PC. Figure 1 shows a tracing of 
a 2-dimensional chromatogram of R. meliloti 
lipids. The relative positions of the phospho- 
lipids on the chromatograms were the same as 
those observed with phospholipids from A. 
tumefaciens. It should be noted that the posi- 
tion of PC in the second dimension is depen- 
dent on the amount of lipid chromatographed. 
When radioactive lipids alone were chromato- 
graphed, the PC had an Rf in the second dimen- 
sion of ca. 0.5, while addition of carrier lipid 
(%50 /ag) resulted in the Rf shown (0.32). 
Under some conditions, a double spot was seen. 
Thus, caution should be exercised in using this 
system for samples containing PC. 

Assay of 32p after 2-dimensional TLC of the 
water-soluble glycerophosphate esters obtained 
from the phospholipids of strain LPR 2120 by 
alkaline methanolysis (Fig. 2, Table 2) gave 
results in excellent qualitative and quantitative 
agreement with those obtained with intact 
phospholipids. 

LIPIDS, VOL. 18, NO. 9 (1983) 



6O4 E.A. THOMPSON, A.E. KAUFMAN, N.C. JOHNSTON AND H. GOLDHNE 

TABLE 1 

Phospholipid Compositions of R. meliloti Strains 

(% of Lipid phosphorus) 
Strain LPR 2120 Strain LPR 2121 

Logarithmic Stationary Logarithmic Stationary 
p 32 p p 32 p p 32 p p 32 p 

analysis analysis analysis analysis 

PE a 28.5 27.8 2t .6 19.9 32.3 38.6 23.0 22.4 
PME 26.6 27.1 23.4 21.0 23.9 24.4 21.2 23.0 
PDME 2.9 3.4 2.9 4.1 2.6 3.4 3.8 4.0 
PC 20.4 15.0 28.3 26.3 20.3 12.0 27.9 26.6 
PG 11.2 b 11.5 b 
CL 12.0 b 9.7 b 
PG + CL 21.2 26.3 23.4 28.5 20.7 26.3 24.2 23.2 

aAbbreviations: PE. phosphatidylethanolamine; PME, phosphatidyI-N-methylethanola- 
mine; PDME, phosphatidyI-N, N-dimethylethanolamine; PC, phosphatidylcholine; PG 
phosphatidylglycerol; CI, cardiolipin. 

bSeparated by 2-dimensional TLC on Adsorbosil Plus-1 Prekotes (Applied Science). 
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FIG. 1. Two-dimensional TLC of R. meliloti phos- 
pholipids. The solvent systems are described under 
Materials and Methods. Lipids were stained with 
iodine vapor. 

The  o th e r  s t ra ins  o f  R. rneliloti ,  ATCC 9930 ,  
LPR 2136 ,  LPR 2137  and  LPR 2139 ,  ana lyzed  
for  phospho l ip id  c o m p o s i t i o n  by  i n c o r p o r a t i o n  
o f  32p fo l lowed by 2 -d imens iona l  TLC of  in tac t  
l ipids gave the  fo l lowing average c o m p o s i t i o n s  
(as percen tage  of  32p): PE p lus  PME, 50.8 -+ 
7.5%; PDME, 2.7 + 0 .85%; PC, 20.9 + 5.6%, 
PG, 16.8 +- 1.5%; and cardiolJpin,  8.0 +- 0.8%. 
These  values  are s imilar  to those  ob ta ined  with 
the  2 s t ra ins  ana lyzed  in detail  (Tables  1 and  2). 
As wi th  s t ra ins  2120  and  2121 ,  no  s igni f icant  
d i f f e rences  were seen in the  p r o p o r t i o n s  o f  
p h o s p h o l i p i d s  in s t ra ins  w i t h o u t  or  wi th  the  Ti 
p lasmid  derived f ro m A. t ume fac i ens .  
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FIG. 2. Two-dimensional TLC of the deacylation 
products of R. rneliloti phospholipids. Chromato- 
graphy was on plastic-backed cellulose sheets as 
described (19). Glycerophosphorylethanolamine stan- 
dards were chromatographed on the edge of the sheet, 
as shown. Abbreviations are given in "Fable 2. 

TABLE 2 

Glycerophosphate Esters Derived from 
R. meliloti LPR 2120 by Alkaline Methanolysis 

Ester % of 32p  

(;PE a 21.3 
GPME 17.8 
GPDME 3.7 
GPC 27.8 
GPGPG 15.3 
GPG 14.2 

aAbbreviations: GPE, glycerophosphorylethanola- 
mine; GPG, glycerophosphorylglycerol; GPC, glycero- 
phosphorylcholine; GPME, glycerophosphoryl N-meth- 
ylethanolamine; GPDME, glycerophosphoryl N,N- 
dimethylethanolamine; GPGPG diglycerophosphoryl- 
glycerol. 
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DISCUSSION 

The phospholipid composition of R. meliloti 
closely resembles that previously described for 
A. tumefaciens (4,5,20,21), Agrobacterium 
radiobacter and Agrobacterium rhizogenes (5). 
All agrobacteria were found to contain ~> 7% 
PC, which in A. tumefaciens increased with 
progression of cultures from log to stationary 
phase (21). In R. meliloti, PC also increases in 
stationary phase cells (Table 1). The ratio of 
PME to PE is higher in R. meliloti than in A. 
tumefaciens at all stages of growth, and is one 
of the highest observed among gram-negative 
bacteria that contain PC (22). Short et al. (19) 
found 42% PME, 20% PE and 1.5% PC in 
Thiobacillus (Ferrobacillus) ferrooxidans. 

These data suggest that the first N-methyla- 
tion of PE in R. meliloti and especially in T. 
ferrooxidans is rapid relative to the second and 
third N-methylations. Genetic evidence in 
Neurospora suggests that a single enzyme 
catalyzes the second and third N-methylation 
steps (23). The fact that no prokaryotic species 
has been observed to synthesize PDME, in the 
absence of PC (22), suggests that this may also 
be true for prokaryotes. 

Among the Rhizobium species examined, 
none has a phospholipid composition identical 
to R. meliloti. The closest, R. leguminosarum, 
has PE, PDME, PC, PG and cardiolipin, but  no 
PME. Presumably, PME is an intermediate in 
the synthesis of PC, but does not accumulate in 
this species. R. ]aponicurn strains were found 
to contain PS (8.5-18.5%) in addition to PE, 
PC and cardiolipin. Small amounts of other 
phospholipids, which may have been meth- 
ylated intermediates of the PC synthesis path- 
way, were not  identified (6). Also, it is not 
certain that the solvent systems used for 2- 
dimensional TLC would have resolved PE and 
PME (5). Two strains of Rhizobium that infect 
Lotus peduncuhttus were found to contain PI 
only in the bacteroid, but not the free-living 
form. Another strain also contained PS, but 
only in the free-living form (8). 

Vincent (1) points out that agrobacteria 
share several properties with fast-growing 
rhizobia, which includes R. meliloti and the R. 
leguminosarum-R, trifolii-R, phaseoli group. 
They are most like R. meliloti in many bio- 
chemical, nutritional and growth characteristics. 
Our findings on the phospholipid composition 
of R. meliloti also argue for a close relation- 
ship with the agrobacteria; however, other 
criteria justify separation of agrobacteria and 
R. meliloti at the generic level (1). 

The findings that the absence of the Ti 
plasmid of A. tumefaciens does not  affect the 

ability of this organism to synthesize PC and its 
presence does not affect the quantitative 
phospholipid composition of R. melitoti, argue 
for the chromosomal location of the genes 
coding for tile enzymes that transfer methyl 
groups from S-adenosylmethionine to PE. 
These genes have not been mapped in pro- 
karyotes, since no mutants have been available. 

The presence of PC in prokaryotes has 
been correlated with the presence of efficient 
electron transport systems (24), and with 
extensive intracytoplasmic membrane systems 
(25), 2 characteristics that are often present in 
the same organisms. Agrobacterium does not 
possess complex intracytoplasmic membrane 
systems (26) and although aerobic, it does not  
have the specialized, efficient electron transport 
systems found in photosynthetic or chemoauto- 
trophic species. Dart and Mercer (27,28) de- 
monstrated a well developed intracytoplasmic 
membrane system in the bacteroids of /Z 
trifolii, which were not  found in the rodform of 
this species. No intracytoplasmic membranes 
were observed in a parallel study of R. meliloti 
bacteroids in the barrel medic  plant. Other 
recent ultrastructural studies of bacteroids in 
root nodules, including one of R. meliloti, did 
not  provide evidence of intracytoplasmic 
membranes (29-32); however, the methods of 
fixation may not  have been optimal for demon- 
strating these structures (27,28). In a preliminary 
report of a study of 2 unidentified species of 
Rhizobium,;:Raveed and Reed presented evi- 
dence for a system of 100-300 nm diameter 
vesicles, invaginating from the plasma mem- 
brane, and a set of 50-75 nm vesicles on the 
plasma membrane adjacent to the larger vesicles. 
These vesicles were stained with ferritin-labeled 

ant ibodies  directed to nitrogenase (33). 
As an alternative to the involvment of PC in 

the formation of intracytoplasmic membranes, 
one of us has suggested that the evolution of 
the PC synthesis pathway in the Rhizobiaceae 
may in some way be related to the requirements 
of the bacterial-host interactions (22). The 
question of the role of PC in the infection of 
plants or in the bacterial-host symbiotic rela- 
tionship, awaits isolation of suitable mutants in 
this pathway. 
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Biosynthesis of the Novel Fatty Acid, 
17-Methyl-cis-9,10-methyleneoctadecanoic Acid, 
by the Parasitic Protozoan, Herpetomonas megaseliae 
G.G. HOLZ, JR., D.H. BEACH*, B.N. SINGH and W.R. FISH 1, Department o f  
Microbiology, State University of  New York, Upstate Medical Center, Syracuse, NY 13210 

ABSTRACT 

Herpetomonas megaseliae, a flagellate protozoan parasite of the gut of a dipteran, Megaselia 
scalaris, is shown by chromatographic, spectrometric and radiotracer methods to synthesize de novo 
an iso-branched chain cyclopropane fatty acid, 17-methyl-cis-9, 10-methyleneoctadecanoic acid. 
Lipids 18: xxx-xxx, 1983. 

Trypanosomatid flagellates are mainly para- 
sites of the alimentary tract of insects and some 
other invertebrates. A few are etiological agents 
of economically and medically important 
diseases in vertebrates and higher plants. Many 
species contain a cyclopropane fatty acid, cis-9, 
10-methyleneoctadecanoic acid, acylating pho- 
sphatidylethanolamine (1). This fatty acid, 
common among bacteria (2) but very rarely 
observed in eukaryotes (3,4), is formed by the 
methylenation of phosphatidylethanolamine- 
bound oleic acid (5). Its presence in bacteria 
appears to be associated with environmental 
stresses (6,7), and in trypanosomatids may be 
related to physical and chemical characteristics 
of microhabitats in the insect hosts. 

Some species of the genus Herpetomonas 
also form extraordinary amounts of branched 
fatty acids (8), including unique iso-branched, 
even-numbered, unsaturated forms with 1-5 
double bonds. The iso analog of oleic acid, 16- 
methylheptadecenoic acid, is the major com- 
ponent. Methylenation of the double bond of 
iso-oleic acid would yield 17-methyl-cis-9, 10- 
methyleneoctadecanoic acid, a fatty acid not  
reported heretofore as a natural product. For 
this reason, it was sought in the lipids of 
Herpetomonas rnegaseliae, an intestinal parasite 
of a dipteran, Megaselia scalaris (9). 

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

H. megaseliae, ATCC 30209, was grown at 
25 C in a fatty acid-free medium; RE III of 
Steiger and Steiger (10). harvested by centri- 
fugation in late logarithmic growth phase and 
directly saponified under N2 with KOH (5% in 
70% methanol, 3 hr). Unsaponifiables were 
removed with petroleum ether, the solution 
was acidified, and the fatty acids were extracted 

1 Present address: Department of Preventive Medi- 
cine and Biometrics, Uniformed Services Universi.ty of 
the Health Sciences, Bethesda, MD 20814. 

*To whom correspondence should be addressed. 

with CH 3 CH20CH2 CH3, dried over anhydrous 
Na2SO4, and converted to their methyl esters 
by reaction with CH2N2. Purified fatty acid 
methyl  esters (FAME) were collected from the 
methylation reaction products by preparative, 
Silica Gel H, thin layer chromatography (TLC) 
(solvent, C6H s ; eluent, CH3CH2OCH2CH3/ 
CH3OH, 9:1, v/v), and fractionated by pre- 
parative, Silica Gel H, argentation TLC (AgNO3 
5%, w/w; solvent, C6Hs; eluents, CHC13 and 
CHC13/CH3(CH2)4CH3, 1: 1, V/v). 

The saturated FAME fraction was examined 
by support-coated open-tabular (SCOT) column 
gas liquid chromatography (GLC), with stain- 
less steel columns (0.5 mm id x 15 m) contain- 
ing DEGS and OV 101 (Perkin-Elmer Corp.) as 
stationary phases, in a Hewlett-Packard Co. 
5830A with flame ionization detection (FID), 
at an oven temperature of 180 C and He carrier 
gas column flow rate of 5 ml/min. Components 
were detected with the GLC properties of 
straight chain 'C19 (n-19), iso-branched C19 
(iso-19), anteiso-branched C19 (anteiso-19), 
cis-9,10-methyleneoctadecanoate (cyclo-19), and 
what appeared to be 17-methyl-cis-9,10- 
methyleneoctadecanoate (iso-cyclo-19) (Table 
1). The anteiso-19 and iso-cyclo-19 together 
comprised 85% of the C19 FAME. 

The saturated FAME fraction was then sub- 
mitted to preparative, high polarity, packed 
column GLC (glass, 4 mm id • 3 m, 10% 
DEGS on 80-100 mesh Chromosorb W-AW 
[Supelco, Inc.];  Hewlett-Packard Co. 5734A, 
TCD, oven temperature programmed from 160 
C to 200 C at 2 C/min, He flow rate 100 ml/ 
min), to separate the presumed anteiso-19 and 
iso-cyclo-19, which had similar RRT on DEGS, 
from n-19, iso-19 and cyclo-19, and to collect 
them. The collected fraction presumed to con- 
tain anteiso-19 and iso-cyclo-19 was, in turn, 
submitted to preparative, low polarity, packed- 
column GLC (glass, 4 m m i d  x 3 m, 15% OV 
101 on 60-80 mesh Gas Chrom Q [Supelco, 
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Inc.] ; Hewlet t-Packard Co. 5734A,  TCD, oven 
230 C isothermal,  He f low rate 100 ml/min) .  
Two major  recorder  peaks were observed and 
their  corresponding fractions were collected.  
These fractions were ident i f ied as a n t e i s o - 1 9  
and i s o - c y c l o - 1 9  by SCOT GLC. 

Thermal  decompos i t ion  products  of  the 
GLC co lumn stat ionary phases were removed 
from the presumed i s o - c y c l o - 1 9  by silicic acid 
co lumn chromatography  (11), and it  was then 
examined  by pro ton  nuclear  magnetic reson- 
ance (1H NMR), infrared (IR),  and electron 
impact  mass spec t romet ry  (MS). 1H NMR spec- 
tra of  the methy l  ester in CDCI3 were recorded 
on a Varian XL-100-5 (100.1 MHz), in the 
Fourier  t ransform mode,  at 28 C with  tetra- 
methyls i lane as reference.  IR spectra were ob- 
ta ined with a Perkin-Elmer Model  457A,  on 
thin films of  the methyl  es ter  (10/Jg//~l benzene)  
spread be tween  AgC1 discs, with polys tyrene  as 
reference.  Mass spectra of  the pyrrol idide deriv- 
ative of  the fat ty  acid (12) were recorded with 
a Finnigan 3100 mass spec t rometer ,  at an ioniz- 
ing energy of  70 eV and a tempera ture  of  
180 C, with samples in t roduced  by direct probe 
insert ion.  

To obtain  in format ion  on the biosynthesis  
of  the presumptive i s o - c y c l o - 1 9 ,  H. megase l iae  
was grown in RE III med ium as before,  but  
with radioisotopes of  those amino acids known  
to be precursors of  the funct ional  groups of  
interest  in an i s o - b r a n c h e d ,  odd-numbered ,  
cyc lopropane  fat ty  acid; i.e., L-[ 3,4 -3 HI valine, 
source of  the terminal  isopropyl  group (13), 
and L- [methyl -14C]meth ion ine ,  source of  the 
me thy lene  group donated  to form the cyclopro-  
pane ring (5). The presumptive i s o - c y c l o - 1 9  was 
col lected f rom the harvested cells as described 
above, and its conten t  of  3H and 14C assayed 
by standard techniques  of liquid scinti l lat ion 
spec t romet ry  for compounds  doubly labeled 
with S H and 14 C. 

RESULTS AND DISCUSSION 

The 1H NMR spect rum of  the postulated 
i s o - c y c l o - 1 9  methyl  ester conta ined the follow- 
ing p ro ton  resonance intensi ty peaks (6); 
mul t ip le t  at -0.3, p ro ton  cis to the alkyl substit- 
uents  in a cyclopropane  ring near  the center  of  
the  carbon chain (1H); mul t ip le t  at +0.6, o ther  
3 protons  of  such a cyc lopropane  ring (3H); 
well separated doublet  at 0.9, terminal  iso- 
propyl  group (6tt);  mul t ip le t  at 1.3, methy lene  
groups in the carbon chain (2H each, total  22), 
t r iplet  at 2.33, pro tons  of  the 2-carbon in an 
ester (2H); singlet at 3.7, methy l  group of  es ter  
(3H). The resonance peaks and the p ro ton  
count  were those anticipated for a C19, satu- 
rated fat ty acid methyl  ester with a terminal  
i sopropyl  group, and with a c i s - c y c l o p r o p a n e  
ring near  the center  of  the carbon chain (14). 

The infrared spectrum of  the methyl  ester 
s h o w e d  absorpt ion bands at 1020 cm - I  and 
3076 cm- i characterist ic o f  a cyclopropane  ring 
structure (11), and a double t  in the 1360-1380 
cm -1 range diagnostic of  a terminal  i sopropyl  
group (15). 

The mass spec t rum of  the pyrrol idide deriva- 
tive gave the mass ion (m/e  349) appropriate to 
the presumptive ident i f icat ion made on the 
basis of  GLC informat ion .  The base peak was 
the McLaffer ty  rearrangement  ion,  m/e  113, 
while the peak at m/e  154 was decreased in 
intensi ty as a consequence of  the rearrange- 
ment .  Peaks of  ion clusters were 14 amu apart 
except  b e t w e e n  m/e  196 and m/e  208, where 
the interval  was 12 amu. This feature and the 
dominan t  peaks at m/e  182, m/e  222, m/e  236 
and m/e  250 are diagnostic of  a cyc lopropane  
ring structure at the  9,10-posi t ion in the carbon 
chain (12). Other  peaks in the spec t rum typical  
of  the posit ional  i somer  were also present,  i.e., 
m/e  180, m/e  194, m/e  210, m/e  279. Finally,  
at m/e  320, there was a peak of  low intensi ty ,  

TABLE 1 

Support-Coated Open-Tubular GLC of the Methyl Esters of the 
Saturated C19 Fatty Acids of// .  megaseliae 

Methyl ester Abbreviation 

% Saturated 
fatty acid 

methyl esters a 
RRT b SCOT GLC 
DEGS OV 101 

Nonadecanoic n-19 
1 7 - M e t h y l o c t a d e c a n o i c  iso- 19 
16-Methyloctadecanoic an teiso- 19 
cis.9, 10-Methyleneoctadecanoic cyclo- 19 
17-Methyl-cis-9 , 

10-methyleneoctadecanoic 

0.5 
1.8 
9.5 
1.0 

iso.cyclo - 19 9.4 

1.38 1 .30  
1.23 1.20 
1.28 1 .23  
1 .46  1 .24  

1.31 1.13 

aEstimated from GLC recorder peak areas. 
bRetention time relative to methyl stearate; DEGS 8 min, OV 101 4 min. 
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bracketed by higher intensity peaks at m/e 306 
and at m/e 334. This pattern is characteristic of 
fatty acid pyrrolidides with a terminal isopropyl 
group, i.e., iso acids (12). 

All the spectrometric analyses confirmed the 
structure of the unknown,  suggested by the 
GLC analyses as 17-methyl-cis-9,10-methyl- 
eneoctadecanoic acid. 

When H. megaseliae was grown in the fatty 
acid-free RE III medium (10), the odd-iso 
cyclopropane fatty acid must have been formed 
from simple precursors. Drawing upon knowl- 
edge of the biosyntheses of iso-branched and 
cyclopropane fatty acids in trypanosomatids 
(16) and bacteria (5,13), we speculated that the 
following pathway might be operating: (a) exo- 
genous valine (from RE III medium) is deamin- 
ated; (b) the produot, a-ketoisovaleric acid, is 
oxidatively decarboxylated in the presence of 
CoASH to yield the universal branched primer 
for the even-number iso-series of fatty acids, 
isobutyryl-CoA; (c) repeated condensations of 
malonyl-CoA, first with iso-butyryl-CoA and 
then with subsequent condensation products, in 
the presence of NADPH and catalyzed by a 
branched chain fatty acid synthetase complex, 
form isopalmitoyl-CoA; (d) chain elongation, 
by a microsomal system, again by malonyl-CoA 
condensation in the presence of NADPH, forms 
isostearoyl-CoA; (e) Ag-desaturase-catalyzed 
oxidative desaturation is followed by trans- 
acylation of the isooleoyl product to phos- 
phatidylethanolamine; and (f) cyclopropane 
synthase-mediated S-adenosylmethionine meth- 
ylenation of the double bond yields phos- 
phatidylethanolamineqinke d isodihydrostercu- 
lic acid (17-methyl-cis-9, I 0-methyleneoctadec- 
anoic acid). 

When H. megaseliae was grown in RE III 
medium in the presence of L-[3,4-3H] valine 

(New England Nuclear; sp act 50.9 Ci/mM; 
5 0/aCi/1) and L- [ methyl- la C] methionine (New 
England Nuclear; 54 mCi/mM; 10 #Ci/1), the 
distributions of radioactivity observed in the 
major fatty acid methyl ester fractions col- 
lected from the saturated fatty acids by prep- 
arative GLC were as shown in Table 2. The even 
number iso-fatty acids (iso-14, iso-18, iso-20) 
were heavily labeled with all,  as would be ex- 
pected if valine acted as precursor of isobutyryl- 
CoA (13). The anteiso-fatty acids (anteiso-15, 
anteiso-17, anteiso-19) were poorly labeled 
with a H. Isoleucine is the amino acid source of 
a-methylbutyryl-CoA, the universal branched 
primer for the odd number anteiso-series of 
fatty acids. The odd numbered and iso-branched 
cyclopropane fatty acid (iso-cyclo-19) was 
heavily labeled with both aH and laC, as would 
befit a fatty acid formed by the methylenation 
of the even numbered, iso-branched, mono- 
enoic, 16-methylheptadecenoic acid (iso-oleic 
acid). 

The radiotracer experiment, then, supports 
the proposed biosynthetic pathway. It demon- 
strates that the presence of the terminal iso- 
propyl group of 16-methylheptadecanoic acid 
(iso-stearic acid) does not impair the A 9- 
desaturase catalyzed formation of iso-oleate 
from iso-stearate, the transacylase mediated 
linkage of iso-oleate in phosphatidylethanola- 
mine, and the cyclopropane synthase catalyzed 
donation of the methyl group of S-adenosyl- 
methionine to iso-oleate to form 17-methyl- 
cis-9 ,10-methyleneoctadecanoate. 
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TABLE 2 

Distributions of Radioactivity Among the Major Saturated FAME from 
H. megaseliae Grown with L-[ 3,4 -a H ] Valine and L-[ Methyl -14 C ] Methionine 

% Saturated 
fatty acid Relative specific dpm b 

Methyl ester Abbreviation methyl esters a a H 14 C 

12-Methyltridecanoic iso-14 6.2 72,930 - 
12-Meth yltetradecanoic anteiso- 15 16.6 2,890 -- 
14-Methylhexadecanoic anteiso-17 19.4 8,840 -- 
16-Methylheptadecanoic iso- 18 20.8 156,910 -- 
16-Meth ylo ctadecanoic an teiso- 19 9.5 4,896 830 
17-Methyl-cis-9, 

10-m ethyleneoctadecanoic iso-cyclo-19 9.4 53,040 38,090 
18-Methylnonadecanoic iso-20 6.8 35,700 2,400 

aEstimated from GLC recorder peak areas. 
bdpm associated with the fatty acid methyl ester collected by GLC, divided by the % of 

the ester in the sample injected. 
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Enzymatic Hydrolysis in vitro 
of Thermally Oxidized Sunflower Oil 
HIROMI YOSHIDA and J.C, ALEXANDER*, Department of  Nutrition, College of 
Biological Science, University of  Guelph, Guelph, Ontario, Canada N I G 2WI 

ABSTRACT 

The hydrolysis of thermally oxidized sunflower oil by pancreatic lipase was studied in relation to 
chemical changes in the acylglycerols. Four classes of compounds (monomers, dimers, trimers and 
polymers) formed from the acylglycerols were separated from the heated oils by column chromatog- 
raphy on silica gel, and further verified by thin layer chromatography. Each fraction, after analyses for 
generaly properties, was subjected to a time course study of hydrolysis by pancreatic lipase over a 
30-min period. After 70 hr of heating, the amount of hydrolysis for the acylglycerol dimers was only 
about half that of the monomers, and that for the trimers was, in turn, about one-third that of the 
monomers. The polymers were the least hydrolyzed and showed no further reaction after 5 min. The 
reduction in enzymatic hydrolysis of isolated fractions from the thermally oxidized oils indicates 
structural differences, related to formation of polar compounds and polymerization products. Adverse 
effects on animals from feeding these materials can be attributed partly to inhibition of hydrolysis 
resulting in less available energy. 
Lipids 18:000-000, 1983. 

The biological properties of thermally oxi- 
dized oils are closely related to their chemical 
properties. Heating of oils changes their compo- 
sition and 2 typical compounds are formed 
(1-6); one is volatile breakdown derivatives, and 
the other is NVOP. The amount of decomposi- 
tion products increases gradually, and after a 
certain heating time, the oil shows defects in 
odor and taste. Decomposition products may 
accumulate to such an extent that the oil 
should be regarded as deteriorated. However, 
extensive exposure to heat and oxygen is 
needed for the oil to reach a state in which it 
could be detrimental to health (7,8). 

NVOP are ingested with fried foods, and 
their analyses have shown the presence of 
potentially toxic compounds (9,10). However, 
any harmful effects would be dependent on 
hydrolysis and intestinal absorption, as well as 
uptake into the lymph which has been deter- 
mined only in a limited number of cases (11, 
12). Indeed, thermally oxidized fat is not so 
rapidly hydrolyzed as the unheated material 
(13). We have reported that among individual 
fractions, the monomers were hydrolyzed at 
least as rapidly as the corresponding unheated 
oils, whereas the dimers were hydrolyzed 
slowly (14). 

In the present report, thermally oxidized 
sunflower oil heated for various periods of time 
was fractionated into 4 classes based on polar- 
ity of the acylglycerol products. Time course 
lipase hydrolyses were carried out for the un- 

*To whom correspondence should be addressed. 
Abbreviations: TLC, thin layer chromatography; 

NVOP, nonvolatile oxidation products; IPE, isopropyl 
ether; HEX, n-hexane; DEE, diethyl ether. 

heated oil, heated oils and heated oil fractions 
to study relations to chemical properties. Ef- 
fects of enzyme inhibition were observed by 
calculation of hydrolysis rates. 

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

Fractionation of Thermally Oxidized Oils 

A commercially refined sunflower oil was 
heated at 180 C for 50, 70 or 100 hr in the 
presence of air (400-600 ml/min), using the 
apparatus described in a previous report (14). 
The thermally oxidized oils were fractionated 
on a column of silica gel (Bio-Sil A, 1 0 0 / 2 0 0  
mesh, BIO-RAD Laboratories, Mississauga, 
Ontario) with modifications of the methods of 
Ota et al. (15), and Ohfuji and Kaneda (16). 
The columns were prepared as described pre- 
viously (14), and a measured quantity (1.0 g) of 
thermally oxidized oil was added with 3 ml of  
5% IPE in HEX. By successive elution with 150 
ml of 20% IPE in HEX (fraction 1), 125 ml of 
60% IPE in HEX (fraction II), 125 ml of  IPE 
(fraction III) and then 150 ml of  DEE (fraction 
IV), the thermally oxidized oils were separated 
into 4 fractions. TLC was used to verify the 
separations, and when needed, further purifica- 
tion was done with a silica gel column. The 
acylglycerol monomers were eluted in fraction 
I, the dimers in fraction II, the trimers in frac- 
tion III, and the polymers containing highly 
polar NVOP in fraction IV, respectively (17). 

Determination of Chemical Properties 
for Fractionated Thermally Oxidized Oils 

Carbonyl values were determined as de- 
scribed previously (14), and iodine values 
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according to the AOCS Official Method Cd 
1-25 (18). The ester bond was estimated by the 
procedure of Snyder and Stephens (19). 

Hydrolysis of Fractionated Thermally 
Oxidized Oils by Lipase 

The general technique described by Mattson 
and Volpenhein (20), as modified (14), was 
used. Briefly, at least 100 mg of the oils was 
suspended in 6.0 ml of  0.2 M Tris buffer (pH 
7.6) containing 0.25 M CaC12. To this suspen- 
sion, 100 mg of pancreatic lipase (Sigma Chem- 
ical Co., St. Louis, MO) was added. All the 
other reaction conditions except for incubation 
time were the same as described earlier (14,20). 
After 5, 10, 15, 20 or 30 min of incubation 
with continuous rapid agitation, 3 ml o f  alcohol 
was poured into the reaction mixture, and it 
was extracted 3 times with 10 ml of  DEE. The 
hydrolysates were recovered from the upper 
layer, and then titrated with 0.02 N KOH in 
alcohol using 0.1% phenolphthalein in alcohol 
as an indicator. Control experiments without 
added enzyme were carried out under the same 
conditions, and the values obtained were de- 
ducted as blanks to estimate the acids released 
at various times due to the hydrolysis proce- 
dure. These data are compared with the relative 
values from the hydrolysis of the thermally 
oxidized 0ils after 50, 70 and 100 hr of  heating, 
and those values for unheated sunflower oil. 

RESULTS 

Analytical data for fresh and thermally oxi- 
dized sunflower oils are in Table 1. As ex- 
pected, the carbonyl values increased and the 
iodine values decreased relative to the duration 
of heating. No differences were noted in saponi- 
fication values, nor in ester contents. These 
data will serve as reference information for the 
various fractions isolated from the thermally 

oxidized oils. 
Table 2 shows the yield (wt %) of  the frac- 

tions from the thermally oxidized oils after 
heating based on the amount of  samples put on 
the fractionating columns. The acylglycerol 
monomers (fraction I) decreased substantially 
with heating and these values were compen- 
sated for by increases of more polar materials. 
Figure 1 is an example of a TLC chromatogram 
of a thermally oxidized oil (70 hr heating), 
which had been fractionated by column chro- 
matography on silica gel. Although fraction I 
contained a small amount of hydrocarbons near 
the solvent front (less than 0.2%), it was not 
further purified because they had no effect on 
hydrolysis in the preliminary experiments. 
Fraction I consisted of  acylglycerol monomers, 
and fractions II-IV comprised the dimers, tr i-  
mers and polymers, respectively (16,21). The 
results were similar to the observations of 
Paradis and Nawar (17) using heated corn oil. 

Table 3 shows chemical properties for the 
fractions from the thermally oxidized oils as 
indicators of thermal oxidative and polymeric 
deterioration. This resulted in greatly reduced 
iodine values, and carbonyl values that in- 
creased considerably during heating. For frac- 
tions II, III and IV, there was a steady increase 
in saponification values during heating, which 
was more evident with higher polarity. Regard- 
ing total ester bonds, no significant differences 
were observed among the monomers, dimers 
and trimers. However, the amounts in the poly- 
mer fractions showed significant decreases, ca. 
60 #mol  for the 70 hr of  heating, and ca. 
90/amol for the 100 hr of heating. 

The changing patterns for the hydrolysis of 
the unheated oil, and the heated oils by pan- 
creatic lipase are shown in Figure 2. Compara- 
ble values for the heated oil fractions are in 
Figure 3. The results represent the ratio of  the 
free fatty acids released (AV) during the enzy- 

TABLE 1 

Analytical Data for Fresh and Thermally Oxidized Sunflower Oils a 

Heating period (hr) 

Property F b 50 70 100 

Peroxide value (meq/kg) 2.4 e 5.7 d 2.i e 0:5 f 
Carbonyl value (meq/kg) 3.0 d 105.4 e 113.5 e 156.7 f 
Iodine value 137.3 d 115.7 e 102.S e 87.3 f 
Saponification value 1 7 8 . 6  d 179 .S  d 1 8 1 . 0  d 182 .  I d 
Ester  c o n t e n t  (/Jmol/100 mg lipid) 338.8 d 334.4 d 331.3 d 325.9 d 
Relative es ter  c o n t e n t  (%)c (100.0) (98.7) (97.8) (96.2) 

aEach value is an average of 5 d e te r m in at ion s .  
bF = unheated oil. 
CExpressed as triolein, based on 338.8 lamol/100 mg lipid. 
d-fValues without the same superscript are significantly different (P<O.05). 
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TABLE 2 

Yield (%) of Fractions from Thermally Oxidized Oils a 

613 

H e a t i n g  p e r i o d  (hr )  c 

F r a c t i o n  E f f u e n t  so lven t  b 50  7 0  100  

I 2 0 %  IPE  in H E X  7 0 . 4 + 2 . 2  d 6 0 . 5 + 2 . 1  e 4 9 . 4 +  1.9 f 
II 6 0 %  IPE in H E X  10.1-+0.3 d 13.6-+0.5 e 14.5-+0.5 e 
III IPE  9 . 6 + 0 . 3  d 13.1-+0.5 e , f  15.5-+0.6 f 
IV D E E  8.3-+0.3 d 9.9-+0.4 d 1 5 . 9 + 0 . 6  f 

aMean -+ SEM (n=5). 
blPE = isopropyl ether;  HEX = n-hexane; DEE = diethyl  ether. 
CThe recoveries of  the oils were 98.4, 97.1 and 95.3% for 50, 70 and 100 hr, respectively. 
d'fValues wi thout  the same superscript are significantly different (P<0.05).  

Solvent 
Front 
(15cm) 

Origin 

6 S 

0 AA I 
. . . .  A - - -  a . . . .  T - - i i - - i l i - - - I V  . . . .  

~ ' ~ o .  

FIG. 1. Thin layer chromatogram for the thermally 
oxidized oil at 70 hr of heating. The lipids were devel- 
oped with petroleum ether/diethyl ether/acetic acid 
(70:30:2, v/v/v) and detected with iodine vapor. A = 
unheated oil, B = heated oil, I-IV = fractionated com- 
pounds (see Materials and Methods). 

matic reaction relative to the respective saponi- 
fication values (SV) according to Iwai et al. 
(22). After 30 min incubation, the unheated oil 
was more than 30% hydrolyzed. However, for 
the heated oils, the values decreased to 23, 18 
and 13%, respectively, for the 3 periods of heat- 
ing. As shown in Figure 3, each fraction ob- 
tained from the thermally oxidized oils was 
hydrolyzed to a considerable degree in the 
initial 5 min of incubation. Regardless of the 
heating period, the monomers were hydrolyzed 
at least as well as the unheated oil. The other 3 
fractions (dimers, trimers and polymers) were 
less well hydrolyzed as the heating period was 
extended. For example, after 70 hr of heating, 

the total hydrolysis for the dimers was ca. 50% 
that of the monomers, whereas hydrolysis for 
the trimers was ca. 33% that of the monomers. 
The hydrolysis rates for the trimers and poly- 
mers being relatively lower remained almost 
constant throughout the incubation. 

DISCUSSION 

It has been known for many years that heat- 
ing of oils produces compounds which are more 
difficult to hydrolyze with lipase (13,23). The 
formation of these compounds in a vegetable 
oil depends on its degree of unsaturation and 
the temperature to which it is exposed (24). 
Sunflower oil heated at a temperature for 
domestic frying was separated by means of 
column chromatography into 4 fractions 
(monomers, dimers, trimers and polymers). The 
enzymatic hydrolyses of the fractionated prod- 
ucts were studied in relation to the chemical 
properties. 

Relatively high initial reaction rates are char- 
acteristic for the in vitro system used, but no 
real differences in the hydrolysis of the mono- 
mers was observed among the heating periods 
(Fig. 3), and they were hydrolyzed at least as 
well as the unheated oil. Although the mono- 
mer fractions isolated after heating showed some 
changes in their chemical properties (Tables 1 
and 3), this amount of oxidation did not  affect 
their hydrolyses by pancreatic lipase. On the 
other hand, there were decreases in hydrolysis 
for the dimers and trimers proportional to the 
heating period (Fig. 3). For all 3 of these frac- 
tions, the ester contents remained unchanged 
regardless of the severity of heating, but the 
chemical properties of the dimers and trimers 
showed more evidence of oxidative deteriora- 
tion which was reflected in reduced hydrolysis. 
Eisenhauer et el. (25) indicated that thermal 
polymerization involves 2 or more molecules. 
With the monomers, it is possible to hydrolyze 

LIPIDS, VOL. 18, NO. 9 0983) 



614 H. YOSHIDA AND J.C. ALEXANDER 

TABLE 3 

Analytical Data for Fractions from Thermally Oxidized Oils a 

Fraction 

Heating period (hr) 

Property 50 70 100 

I 

II 

III 

IV 

Carbonyl value (meq/kg) 8.1c 23.2d 26.5 d 
Iodine value 116.8 c 105 .-/c,d 93.6 e ,f 
Saponification value l 78.0 c 180.1 c 180.7 c 
Ester content (t~mol/100 mg lipid) 338.8 c 336.7 c 336.2 c 
Relative ester content (%)o (100.0) (99.3) (99.2) 

Carbonyl value (meq/kg) 84.7 e 113.5e, f 142.3 f 
Iodine value 101.2d, e 87.8f,g 79.8f,g 
Saponification value 180.5 c 187.4e, d 190.2c, d 
Ester content 0zmol/100 mg lipid) 336.7 c 334.6 c 334. I c 
Relative ester content (%)b (99.3) (98.8) (98.6) 

Carbonyl value (meq]kg) 143.7 f 183.5g 225.2 h 
Iodine value 96.4d, e 90.2 e ,f 74.6g 
Saponification value 182.0 c 192.3c, d 198.6d, e 
Ester content (/zmol/100 mg lipid) 335.2 c 334.2 c 332.7 c 
Relative ester content (%)b (98.9) (98.6) (98.2) 

Carbonyl value (meq/kg) 236.8 h 282.9 i 312.6 i 
Iodine value 90.2e, f 89.3e, f 70.1g 
Saponification value 190.7c, d 208.4e, f 215.8 f 
Ester content (#mol/I00 mg lipid) 290.4 d 277.8d, e 247.8 e 
Relative ester content (%)b (85.7) (82.0) (72.6) 

aEach value is an average of 5 determinations. 
b .Expressed as triolein, based on 338.8 ~mol/100 mg lipid. 
c'lValues without the same superscript are significantly different (P<0.0S). 
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FIG. 2. Time course for the hydrolysis of ther- 
mally oxidized oils by pancreatic lipase. �9 = unheated 
oil; A, �9 and �9 = 50, 70 and 100 hr heated oils, respec- 
tively. Hydrolysis (%) = AV/SV X 100. Each value is 
an average of 5 determinations. 

2 out  o f  3 of  the  ester  b o n d s  readily,  whereas  
wi th  the  dimers  and t r imers  which  are larger, 
due  to  a n u m b e r  of  d i f fe rent  chemical  ent i t ies  
and C-C linkages, in ternal  es ter  groups would  
no t  be available for  hydrolys is ,  so still only a 
m a x i m u m  of  2 exposed  ester  groups on the  pri- 
mary  carbons  could be hyd ro lyzed .  

The decrease in ester b o n d s  for  the  po lymers  
was substantial ,  and un ique  among  the  frac- 
t ions.  F rac t ion  IV was more  polar  and compli-  
cated,  and conta ined  thermal  degradat ion  
p roduc t s  capable of  inact ivat ing the  e n z y m e  

(26). Table 4 shows hydro lyses  (%) of  the  orig- 
inal oils by  pancreat ic  lipase t aken  f rom Figure 
2. Theore t ica l  percentages  of  hydro lyses  were 
calculated f rom the  yield data  in Table 2 and 
the  hydrolys is  value for  each f rac t ion as s h o w n  
in Figure 3 at se lected t imes o f  5, 15 and 30 
min. These values also are p resen ted  in Table 4 
for  compar i son  wi th  the  exper imenta l  values. 
The hydrolys is  percentages  calculated were 
always higher  t han  those  de t e rmined  wi th  the  
original hea ted  oils. These oils con ta ined  
numerous  ox ida t ion  and d e c o m p o s i t i o n  prod-  
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Heating periods (hr) 
50 70 100 

351  3 5 1  35 

f 
20 20 20 

"I" 15 15 15 

,oF~IF , o  

I I I I i 
0 :5 10 15 20 25 30 0 10 15 20 25 30 0 5 10 tS 20 25 30 

Reaction time (rain) 

FIG. 3. Time course for the hydrolysis of fractionated oils by pancreatic lipase. �9 = 
unheated oil; o, z~, o, and v = monomer, dimer, trimer and polymer, respectively. (See Fig. 2 
for additional information.) 

TABLE 4 

Percent Hydrolysis by Pancreatic Lipase of Thermally Oxidized Oils a 

Reaction time (min) 

Heating 5 15 30 
Period Found b Calculated c Found Calculated Found 

(hr) Calculated 

50 15.2• e 15.9+0.6 d 20.6-+0.9 d 21.5• d 23.5• 1.1 d,e 24.7• 1.1 d 
70 12.3-+0.6e, f 12.8• f 16.8• f 18.9• e 18.9-+0.9f,g 21.6• f 

100 9.3• 10.4• g 12.3• h 15.5• g 13.7• h 17.2• 

aMean -+ SEM (n=5). 
bValues obtained by pancreatic lipase using thermally oxidized oils as shown in Fig. 2. 
CCalculated from data in Table 2 and the hydrolysis (%) of each fractionated compund as 

shown in Fig. 3. 
d'hValues in each column without the same superscript are significantly different (P<0.05). 

uc ts  f o r m e d  dur ing  t he  hea t ing  process,  and  
some  are capable  of  inac t iva t ing  t he  e n z y m e  
(26).  The  recoveries  of  the  oils a f te r  c o l u m n  
c h r o m a t o g r a p h y  were ca. 98% at 50 h r  of  t he  
hea t ing ,  97% at  70 h r  and  95% at  I 0 0  h r  (Tab le  
2). The  m o r e  polar  p r o d u c t s  t e n d e d  to  be  ab- 
sorbed  o n  t h e  silica gel, and  n o t  e lu ted  w i th  the  
solvents  (27)  resu l t ing  in  the  l ower  recovery  
w i th  longer  hea t ing .  There fore ,  the  f r a c t i o n a t e d  
p roduc t s ,  especial ly the  m o n o m e r s  and  dimers ,  
were  m o r e  pur i f ied  t h a n  the  original  h e a t e d  oils 
and  re la t ively  free of  l ipase inh ib i to rs .  Also, the  
grea te r  pa r t  of  t he  loss o f  recovery  would  be  
f rom the  p o l y m e r  f ract ions .  The  e x p e r i m e n t a l  
hydro lyses  values were s o m e w h a t  depressed for  
the  h e a t e d  oils (Table  4), because  t he  e n z y m e  

i n h i b i t o r s  were p re sen t  in the  whole  unf rac-  
t i o n a t e d  samples.  In  the  case o f  t he  theore t i ca l  
values, t he  i n h i b i t i o n  would  be  s igni f icant  on ly  
for  f rac t ions  III and  IV so t he  h igher  c o m p o s i t e  
values ca lcula ted  in Table  4 ind ica te  t h a t  at  
least  the  m o n o m e r s  ( f r ac t ion  I) were n o t  in- 
h ib i t ed ,  and  are m o s t  respons ib le  for  the  g rea te r  
to ta l  hydro lys i s .  

The  e n z y m a t i c  hydro lys i s  o f  t he  f rac t ions  
f rom the  t he rma l ly  ox id ized  oils was r educed  
b o t h  by  longer  exposure  to  f ry ing  t empera -  
tures,  as well as b y  increased po la r i ty  a m o n g  
t he  f ract ions .  The  l a t t e r  is associa ted wi th  
changes  in the  c o m p o s i t i o n  of  the  acylglycerol  
c o m p o u n d s  due  to  a c c u m u l a t i o n  o f  ox id ized  
and  po lymer i zed  c o m p o n e n t s .  
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A Prostaglandin-Like Fatty Acid 
from a Species in the Cyperaceae 
ROBERT T. VAN ALLER* ,  LEONARD R. CLARK 1, GEORGE F. PESSONEY and 
VAN A. ROGERS, Departments of  Chemistry and Biology, University of Southern 
Mississippi. Hattiesburg. MS 39401 

ABSTRACT 

A C20 cyclic trihydroxy unsaturated fatty acid was isolated and characterized as a representative 
member of a group of oxygenated fatty acids from the aquatic sedge, Eleocharis microcarpa, Tort. 
Characterization of the compound as 11-hydroxy-14-(3,5-dihydroxy-2-methylcyclopentyl)-tetradec-9- 
ene-12-yneoic acid was accomplished by various chemical and spectral methods. 
Lipids 18:000-000, 1983. 

INTRODUCTION 

In the course of our investigation of the 
allelopathic relationship between the fresh 
water sedge, Eleocharis microcarpa, Torr., and 
blue-green algae (Cyanochloronta), a relatively 
large number of hydroxy and hydroxy keto 
free fatty acids were isolated. These substances 
appear to occur naturally in E. microcarpa and 
are implicated as the allelopathic agents (1). 

One of the compounds was investigated 
more thoroughly than the others and was char- 
acterized as 11-hydroxy- 14-(3,5-dihydroxy- 
2-methylcyclopentyl)-tetradec-9- ene- 12-yneoic 
acid. In view of its similarity to prostaglandins, 
to prostaglandin-like compounds produced 
enzymatically from other plants (2), and the 
importance of lipid peroxidation in general (3, 
4), the occurrence should be of interest to 
other investigators. This class of compounds 
may have significance to algal succession (5). 

MATERIALS AND METHODS 

Plant Material 

E. microcarpa, was collected from ponds 
located near Hattiesburg, Mississippi, and was 
extracted fresh or fresh frozen. A voucher 
specimen is on file in the University of South- 
ern Mississippi herbarium. 

Bioassays 

Bioassays were used to follow activity against 
blue-green algae through each step of isolation 
and final purification. It was found that using 
sensitivity disks on agar plates sprayed with the 
challenge organism A nabaena flos-aqua gave re- 
sults within 36 hr. The diameter of the zone of 
inhibition gave a rough measure of specific 
activity. 

*To whom correspondence should be addressed. 
1Present address: Formby's Inc., PO Box 667, 

Olive Branch, MS 38654. 

Chemicals 

All solvents used in this investigation, except 
for high performance liquid chromatography 
(HPLC), were purchased as reagent grade and 
distilled in glass prior to use. HPLC grade was 
used for retention time studies. All solvent mix- 
ture ratios were v/v. Trimethylsilane derivatives 
were prepared with DMB SiI Prep (Applied 
Science Laboratories, State College, PA). Diazo- 
methane used in making methyl esters was gen- 
erated from Diazald, N-methyl-N-nitroso-p- 
toluenesulfonamide (Aldrich Chemical Com- 
pany, Milwaukee, WI). 2-Thiobarbituric acid 
(TBA) and prostaglandins PGA1 and PGE1 
were purchased from Sigma Chemical Company 
(St. Louis, MO). 

Extraction 

Wet E. microcarpa (typically 2 kg) was re- 
fluxed in 2 1 of distilled water for ca. 1 hr and 
then allowed to cool. After Filtering, the result- 
ing liquid was acidified to a pH of 2 with conc 
HCL and extracted 3 times with 200-ml por- 
tions of chloroform. The chloroform layers 
were combined and dried with anhydrous so- 
dium sulfate. The chloroform was removed 
under reduced pressure. This procedure yielded 
0.2 g of  waxy yellow semisolid material. 

Column Chromatography 

Two cm glass columns of 80-200 mesh silica 
gel (50 g) were used. A 0.5-g portion of the 
crude extract was eluted with 300 ml of each 
chloroform (fraction I), 1:1 chloroform/ace- 
tone (fraction II), acetone (fraction III) and 
methanol (fraction IV). 

Analytical and Preparative Thin Layer 
Chromatography (TLC) 

Further purification of  fraction II by TLC 
was difficult because of the large number of 
compounds and their functional similarity. 
Four solvent systems were employed for both 
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analytical and preparative TLC: system I, 
85:15:2, chloroform/methanol/water; system 
II, 20:1, chloroform/methanol; system 1II, 
60:40:2, hexane/ethyl ether/acetic acid; and, 
system IV, 50:50:2, hexane/ethyl ether/formic 
acid. Analytical TLC was performed on pre- 
coated sheets of Silica Gel 60, F-254, 0.2 mm, 
on aluminum backing purchased from Brink- 
mann Instruments, Inc. (Westbury, NY). 

Preparative TLC was done in 2 stages: first, 
solvent system I was used; second, after isola- 
tion, each band was chromatographed again 
using system IV. Separation procedures are 
summarized in Figure 1. The scheme was devel- 
oped after much trial and error and the use of 
bioassay results for guidance. For simplicity, 
only Rf values for bands separated by rechro- 
matography of band 4 are shown. All prepara- 
tive plates were made in these laboratories using 
Brinkmann Silica Gel 60 with F-254 indicator 
at athickness of 0.5 m m o n  20 • 20 cmglass 
plates. From 15 to 20 mg of material to be 
separated were applied to each plate. Bands 
were visualized under UV light, scraped from 
the plates and eluted with 2:1 chloroform/ 
methanol. All chemical and spectral studies 
were performed on freshly purified material. 

Analytical HPLC 

Retention .times of components in fraction 
II were compared with prostaglandins PGAI 
and PGE1. The comparison was made on an 
Alltech C18 column, 25 cm • 4.6 ram, 5 /a 
using a linear gradient of HzO/methanol start- 
ing with 2:1 v/v and ending with 100% meth- 
anol. The pH of the water component was 
adjusted to 3.6 with acetic acid to retard ioniza- 
tion of the free acids. A Laboratory Data Con- 
trol UV detector set at 280 nm was used to 
monitor eluted components. 

Derivatization and Tests 

Methyl esters were prepared with diazo- 
methane, using methods described in the litera- 
ture. Trimethylsilyl ether and ester derivatives 
were prepared by reacting ca. 1 mg of sample 
with 1 ml of DMF Sil Prep under anhydrous 
conditions for a minimum of 12 hr. Shorter 
time periods did not  produce complete silyla- 
tion. Ozonolysis was accomplished by passing 
ozone through 1-mg samples dissolved in 
chloroform followed by reduction with 5 mg of 
triphenylphosphine at room temperature over- 
night. Procedures for the TBA test (5) and for 
ketones using 2,4-dinitrophenylhydrazine are 

C H L O R O F O R M  C H L O R O F O R M / A C E T O N E  ( 1 : 1  V / V  ! 

I 
9Q mo 2 3 5  mg 

SIMPLE SATD. OXYGENATED FATTY ACIDS 1+1 

kNO UNSATO. L 
FATTY ACIDS 

( W E A K ~ )  

[ - -  I - -  | § �9 

C R U D E  F A T T Y  A C I D  E X T R A C T  
5 0 0  mG 

_ ~ C O L U M N  C H R O M A T O G R A P H Y  

_ A C E T O N E  M E T H A N O L  

II I  IV  
45  m9 ( - - )  90  m9 ( - - )  

P R E P  T L C  
S Y S T E M  I 

1 2 3 
12.~  m9 25 .1  mg 2 0 . 8  mg 
Rf 0 . 1 7  N~ 0 . 3 9  Rf O .48  

�9 I PREP TLC 2PREP TLC ] P R E P  T L C  ~ S Y S T E M  IV  S Y S T E M  IV ~ S Y S T E M  IV  

3 BANDS 3 ( - - )  6 BANDS 5 BANDS 
2( - - )  4 H-)  4 (~-) I ( - - )  

4:1 4r2 4:3 4:4 
4 .3  mg (~-) 2 m9 (~-) 2 m9 (Jr) 2 m9 (Jr)  

Rf 0 . 0 4  RI 0 . 1 0  Rf O.20 Rf O.1S 

4 5 6 7 
4 4 . 8  m E 3S.E mg 23.S m9 14 .2  m0 
Sf 0~  Rf O-ES Ef 0 . 7 4  Rf O~ES 

l, c; P R E P  T L C  I P R E P  T L C  l P R E P  T L C  
, I S Y S T E M  V ~ S Y S T E M  IV  ~ S Y S T E M  IV  

8 BANDS E BANDS 7 BANDS 
( - - )  a ( j r )  I ( - - )  S (Jr) 3 ( - - )  4 (Jr) 

4:5 : 4:7 4:B 
3 mg (Jr) 4 mg (Jr 2 mg (-~-) 2 m9 (Jr) 
Rf 0 . 2 6  Rf O.34 Rf 0 . 4 5  Rf O.$7 

FIG. 1. Column and preparative TLC. Bioassays are shown in parentheses. (+) denotes at least a minimum 
detectable zone of inhibition around paper disc. 
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described in the literature. 

Spectral Analysis 

Infrared spectra were taken next on a Perkin 
Elmer 567 spectrophotomer and ultraviolet 
spectra with a Varian Cary 17 spectrophotom- 
eter. Low resolution mass spectra (MS) were 
obtained with a Dupont 2149 mass spectrom- 
eter. When gas chromatography (GLC) effluents 
of silylated derivatives were scanned, this 
instrument was connected to a Varian 2740 
equipped with 6 ft x ~/6 in. stainless steel col- 
umn packed with 3% Dexsil 300 on Chromo- 
sorb W AW. High resolution spectra were done 
at the Florida State University High Resolution 
Mass Spectroscopy Laboratory on an AEI 
MS-9. Both spectrometers were operated at an 
electron potential of 70 eV. 1H-NMR and 
13C-NMR spectra were obtained on a JEOL 
FX90Q Fourier transform spectrometer. 

RESULTS AND DISCUSSION 

We chose to examine the oxygenated fatty 
acids in E. rnicrocarpa because of bioassay data 
and previous reports (6,7) that suggested these 
materials may be natural algal inhibitors. Ex- 
traction of plant material with boiling water 
and partitioning into chloroform resulted in 
reasonable yields of free fatty acids that were 
relatively free of pigments and of other sub- 
stances tending to interfere with column and 
TLC. 

Fraction II, from column chromatography, 
gave typical carboxylic IR absorption (8) be- 
tween 2850 crn -1 and 2350 cm -1 and at 1710 
cm -1. A positive test with 2,4-DNP and a strong 
IR absorption at 3400 cm - t ,  which was un- 
changed by esterification, confirmed that this 
mixture contained keto and hydroxy free fatty 
acids. A positive test on fraction II with TBA 
indicated also the presence of endoperoxides 
or, at least, compounds which decompose 
under conditions of the test to give malonalde- 
hyde (3,9). 

Fraction II gave 43 bands in the final stage 
of preparative TLC. Thirty-three bands had 
definite activity. IR spectra are strikingly simi- 
lar, exhibiting the same major features as noted 
for the unseparated fraction II, UV spectra are 
also similar: absorption at 275 nm and 220 nm, 
with the latter being strongest. Considering the 
ease with which polyunsaturated fatty acids can 
undergo autoxidation, the isolation and separa- 
tion procedures were modified to minimize 
exposure to air and light. Band patterns re- 
mained unchanged. It therefore appears that 
these substances are produced by E. microcarpa, 

Extraction of pond water from which E. 

rnicrocarpa was gathered, followed by the same 
chromatographic procedures shown in the 
separation scheme produced many bands in 
common to those purified from the plant. 
Commonality was shown also by HPLC. Pond 
water concentrations of constituents equivalent 
to fraction II were ca. 0.5 ppm. 

The results of the TBA test, IR and chemical 
evidence suggested that some components of 
fraction II may be similar to the prostaglandins. 
Relative retention times of PGA1 and PGEx 
were compared with components of fraction II 
by HPLC. Figure 2 shows that elution occurs in 
the less polar half of the chromatogram. 

STRUCTURAL STUDIES 

The compound chosen for structural studies, 
I, (4:6 shown in Fig. 1), was roughly in the 
middle of those bands having good activity. The 
HPLC retention time is shown in Figure 2. IR 
(film) 3400 (broad), 2850 (broad) tailing to 
2350, 2925 (s), 2850 (s), 1710 (s) cm -1. IR 
(methyl ester) (film) 3400 (broad), 2925 (s), 
2850 (s), 1735 (s) cm -1. Little difference be- 
tween I and its methyl ester was noted in the 
3400 cm -1 region, but  the broad absorption be- 
tween 2850 and 2350 crn -l was eliminated by 
esterification which confirmed the presence of 

i 

PGE 1 pGA 1 

4 

( I )  

il I 

I I J 

FIG. 2. Analytical HPLC of fraction It. Retention 
times ofPGE t and PGAI are shown by vertical lines, 
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a carboxyl group in I. Also, the carbonyl absorp- 
t ion was shifted to 1735 crn -1 , which is normal 
for an isolated ester group. Multiple hydroxyl  
groups are indicated by the large absorption of 
the ester 3400 crn -1. We used the method of 
Albro and Fishbein (10), by which the ratio of  
the intensity of  the 3400 cm -1 absorption to 
that  of the ester carbonyl is compared with 
known esters having different numbers of  hy- 
droxyl  groups; we calculated the ester of  I to 
have 3 such groups. 

Low resolution mass spectrometry (MS) of I 
produced a complex pattern (Fig. 3) and had 
several metastable ions that  aided in assigning 
fragmentation pathways. High resolution MS 
produced empirical formulas for all ions over 
69 m/e. Maximum m/e was 316.2045 with a 
calculated formula of C20H280 3 and 7 rings 
and double bonds (R+D). Since 3 hydroxyl  
groups and at least one carboxyl group were 
indicated from chemical and spectral data and 
since high molecular weight secondary alcohols 
can be expected to dehydrate readily on evapo- 
ration (11), 2 water molecules were assumed to 
be lost prior to detection. The trimethylsilyl  
derivative of I, by GC-MS, showed ion clusters 
centered at 498 and 572. Since these derivatives 
give losses of ca. 73 amu (12-14), a 352 MW for 
I was considered probable. 

Ions containing 2 oxygen atoms and one 
(R+D) corresponding to the end of the mole- 
cule having the carboxylic acid group were 
found as follows: m/e 73, CsHsO2;  m/e 87, 
C4H702;  m/e 115, C6Hl lO2 ;  m/e 129, C7- 

H1302; and m/e 143, CsHlsO2.  This series of  
ions denoted the presence of  a group of seven 
methylenes adjacent to the carboxyl  group. The 
odd electron ion m/e 156, C9H1602 was signifi- 
cant when considered in conjunction with m/e 
169, C10H1702, 2 (R+D) in indicating the 
presence of a 'double bond between carbons 9 
and 10. Ion m/e 199, Cl lH1903,  2 (R+D) 
represents the addit ion of  CH20 to m / e  169. 
This addition indicates the presence of a 
hydroxyl  group on carbon 11. Ions at m/e 211, 
C12H1903; 3 (R+D) and m/e 223, C13H1903; 
4 (R+D) suggest a triple bond between carbons 
12 and 13. The next higher mass ion which con- 
tains 3 oxygens is m/e 301, C19H2503,7 (R+D) 
representing the addition of C6 H6 and 3 (R+D). 
There are very few possible structures for a 
C6H 6 neutral fragment. Since the spectrum 
shows no ions contaiing 3 oxygen atoms be- 
tween m/e 223 and 301, the 78 ainu loss 
(C6H6) was probably due to a methyl  substi- 
tuted cyclopentadiene. The ion at m/e 301 is 
also the most abundant  high mass ion and is 
obviously due to loss of a methyl  group from 
the parent ion. 

The A 9 double bond was confirmed by GC- 
MS of ozonolysis products from the ester of I 
which produced 9-oxymethyl  nonanoate.  Other 
ozonolysis products were not  identified. The 
above evidence suggests II (see Fig. 4) for the 
dehydrated 316 MW compound detected by MS. 

The 90 MHz I H-NMR (CHCla-d) of I, 0.87 
ppm (m,3H,CHCH3), 1.32.1.53, 1.78 (broad 
t, 16 H,nCH2), 2.14 (s,2H,CHCH2), 2.33 
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FIG. 3. MS fragmentation pattern of I. 
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A PROSTAGLAND1N-LIKE FATTY ACID 

FIG. 4. Structure of I1. 
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TABLE 1 

t 3  C-NM R Assignments for I NO 

Carbon no. Chemical  shifts (ppm) Carbon no. Chemical shifts (ppm) 
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1 1 6 2 . 2  11 5 6 . 0  
2 34 .1  12 82 .1  
3 2 4 . 7  13 8 3 . 5  
4 2 9 . 0  14 2 9 . 7  
5 2 9 . 7  15 5 2 . 0  
6 2 9 . 7  16 7 7 . 2  
7 2 4 . 6  17 4 1 . 1  
8 3 4 . 0  18  7 8 . 4  
9 1 1 6 . 0  19 4 3 . 9  

10 1 3 2 . 3  20  14 .3  

(s,2H,CH2COOH), 2.90 (broad, 1 H, OH non 
H-bonding), 3.70 (broad, 2H,CH2CH OH CH), 
4.70 (d,IH,CCH OH CH), 5.42 (broad m, 2H, 
nCHCH, 7.42 (broad m, 4H,OH), confirms most 
features indicated by MS. Additionally, the 
broad absorption at 7.41 ppm shows 4 replace- 
able protons. 

The 13C-NMR spectrum (Table 1) was 
obtained with 64,000 scans and produced shifts 
for 20 carbons. We were particularly interested 
in confirming the existence of the 2 acetylenic 
carbons indicated by MS and needed information 
about the ring substitution pattern. Cooper and 
Fried (15) correlated chemical shifts for several 
prostaglandin analogs, including acetylenic car- 
bons at approximately the same relative posi- 
tions. Their acetylenic carbon absorptions aver- 
aged 82 and 85 ppm, very close to those ob- 
tained for carbons 12 and 13 of 1. The 1,2,3,5 
substitution pattern of the ring also appears 
to be confirmed. Cooper and Fried determined 
shifts for carbons equivalent to C16, C17, and 

C 1 8  in I to be ca. 73, 42 and 78 ppm, respec- 
tively. Dehydration of I would be expected to 
produce the cyclopentadienyl ring indicated in 
11. We conclude that 1 has the structure shown 
in Table 1. 

As stated eralier, I is representative of many 
components in fraction lI. In addition, HPLC 
cochromatography of fraction lI with PGAI 
and PGE1 shows similarity. These components 
of E. microcarpa, therefore, may have physio- 
logical properties other than inhibition of blue- 
green algae. 

Further studies are in progress. HPLC is 
more convenient than TLC and has shown the 
potential of providing larger amounts for more 
detailed studies. We have preliminary evidence 
that many of the same oxygenated fatty acids 
occur in other aquatic plants. They may, in 
fact, be widespread in such plants and may 
partially explain diversity and succession in 
aquatic systems. 
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A Comparison of the Oleaginous Yeast, Candida curvata, 
Grown on Different Carbon Sources 
in Continuous and Batch Culture 
CHRISTOPHER T. EVANS and COLIN RATLEDGE* ,  Department of Biochemistry, 
University of Hull, Hull, HU6 7RX, England 

ABSTRACT 

The oleaginous yeast, Candida curvata D, was grown in both batch and continuous culture on 5 dif- 
ferent carbon sources to compare the efficiency of fat production from the various substrates. Maxi- 
mum lipid accumulation occurred in batch culture with xylose as the carbon source on nitrogen- 
limited medium reaching a level of 4 ~  (w/w) of the biomass, but this was reduced to 37% at the 
optimum dilution rate (D = 0.05/hr) in a chemostat. Both the highest biomass and lipid yields were 
attained in continuous culture with lactose as the sole carbon source at a dilution rate of D = 0.04/hr, 
giving an efficiency of substrate conversion of 60 g of biomass and 18.6 g lipid per 100 g lactose uti- 
lized. The relative proportions of the major fatty acids (16:0, 18:0, 18:1, 18:2) in the lipid were 
found to vary considerably in batch culture and in continuous culture under carbon-limited condi- 
tions, However, on nitrogen-limited media in the chemostat, the fatty acid composition remained rela- 
tively constant over the whole range of dilution rates employed. Lipid from xylose-grown cells con- 
tained the greatest percentage of stearic acid (18:0) 15% and the lowest linoleic acid (18:2) 4%, 
whereas lipid from ethanol-grown cells contained elevated levels of oleic acid (18:1) 51% and de- 
creased palmitic acid (16:0) 25%. 
Lipids 18:000-000, 1983. 

INTRODUCTION 

Candida curvata was first described by 
H a m m o n d  and colleagues (1) as an oleaginous 
yeast capable of  eff ic ient  conversion o f  whey 
permeate,  i.e., lactose, to oil. As with most  
previous work on lipid accumula t ion  (see refs. 
2,3), the evaluation of  the potent ial  of  C. 
curvata was established using batch culture 
(1,4). However ,  cont inuous  culture would  
probably be a more eff icient  and cost-effect ive 
means of  cult ivating a yeast  on a large scale (5) 
besides being able to give close cont ro l  over  the 
physiological state of  the organism. Under  the 
steady-state condi t ions  of  cont inuous  culture,  a 
constant  composi t ion  of  the cells is produced:  
this includes not  only the total  amoun t  of  lipid 
within the cells but  the fat ty  acyl moiet ies  of  
the lipid (6). As a s teady state can be main- 
tained indefini tely,  the product  from the fer- 
menter  also remains unchanged.  Thus, besides 
being the me thod  of  yeast  cul t ivat ion in many 
commercia l  processes, cont inuous  cul ture  is the 
ideal labora tory  me thod  for making unequivo-  
cal comparisons  of  the same organism grown 
under  different  condi t ions  as all condit ions,  
including the growth rate, can be accurately 
control led.  

The applicat ion of  cont inuous  cul ture to 
lipid accumula t ion  has been examined in this 
laboratory  with respect to Candida 107 (6,7), 
Rhodotorula gracilis (8) and Lipornyces star- 
keyi (9). In view of  the likely commercia l  

*To whom correspondence should be addressed. 

impor tance  of  C. curvata, we have, with the 
kind permission of  Professor E. G. Hammond ,  
examined the growth of  this yeast  in cont inu-  
ous culture. This paper reports  a compar ison of  
the yeast grown on 5 di f ferent  carbon sources 
under  both  batch and cont inuous  cul ture ;  batch 
culture being used to il lustrate the inherent  dif- 
ficulties in a t t empt ing  to obtain constant  cell 
composi t ions  under  different  growth condi- 
tions. The  carbon sources were selected on the 
basis of  what  may be reasonable choices in any 
large-scale process: sucrose, lactose, glucose, 
xylose and ethanol.  They,  thus, represented 2 
disaccharides, a hexose,  a pentose and a C 2 
compound .  

METHODS 

The yeast, C. curvata D, used th roughout  
this s tudy,  was kindly supplied by Professor 
E. G. Hammond ,  Iowa State University,  Ames, 
Iowa. 

Media 

The nitrogen-l imited media used for lipid 
accumula t ion  contained (g / l ) :  NH4CI, 0.5; 
KHzPO4,  7.0; Na2HPO4, 2.0; MgSO4.7HzO,  
1.5; yeast extract ,  1.5; CaC12.6HzO, 0.1;  
FeCI3 .6H20,  0 .008;  ZnSO4 .7H20 ,  0.0001. 
The carbon sources were added to a concentra-  
t ion of  30 g/l. The carbon-l imited media con- 
tained the same as above except  that NH4C1 
was at 3.0 g/l and carbon source 10 g/1. The  
medium was adjusted to pH 5.5 with HCI be- 
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fore sterilization. The medium was sterilized by 
membrane filtration (pore size 0.25 /Jm), col- 
lected in sterile 20-liter aspirators and kept for 
3 days at room temperature to ensure sterility 
before use. 

Continuous Culture Operations 

A one-liter (working volume) chemostat was 
used (LHE 500 series II, LH Engineering, Stoke 
Poges, Bucks, England) for all experiments, pH 
was maintained at 5.5 by the automatic addi- 
tion of NaOH; temperature was controlled at 
30 C. Addition of antifoam was maintained at 
preset intervals using an appropriate metering 
pump and timing clock. Incoming air was 
passed through 2 fiberglass filters connected in 
series; the aeration rate was maintained at 1 vol 
air/vol medium/min. The volume within the 
fermenter was kept constant by using an over- 
flow weir (5 mm diameter). The assembled 
vessel was sterilized by autoclaving at 121 C for 
45 min. The chemostat was erected and filled 
with 1000 ml of sterile medium to which was 
added a 2% (v/v) inoculum of C. curvata D. 
Agitation was by means of flat bladed impellers 
and operated at 500 rpm. The fermenter was 
used for batch culture by switching off the 
medium pump and run without pH control for 
96 hr. 

Samples of 50-100 ml were removed for 
analysis through an air-lock device into a 
sterile screw-top bottle. Steady-state conditions 
were maintained for at least 6 complete changes 
of medium in the vessel. Duplicate samples, 
taken every other day, were analyzed for yeast 
dry weight percent lipid (w/w) and residual 

+ ~ 

NH 4 and carbon source in the culture filtrates 
until steady-state samples were in agreement. 
NH4 § in culture filtrates was determined by the 
method of  Chaney and Marbach (10). Glucose 
was estimated using the glucose oxidase- 
peroxidase method (Boehringer-Mannheim). 
Sucrose and xylose were estimated using meth- 
ods based on Herbert et al. (11). Lactose and 
ethanol were determined using standard reagent 
kits from Boehringer-Mannheim GmbH. 

Dry Weight Determination 

Samples (10 ml) were centrifuged at 5000 x 
g for 5 min in preweighed, dried tubes and 
washed twice with 10 ml of distilled water. The 
pellets were dried at 80 C over P2Os in a 
vacuum oven until constant weight (ca. 48 hr). 

Lipid Estimation 

Total lipid was determined by a method 
based on that of  Folch et al. (12): lipid was ex- 
tracted from freeze-dried cells with chloroform] 

methanol (2:1), filtered and washed with 0.9% 
naC1 and distilled water. The extract was dried 
over anhydrous MgSO4 and evaporated to dry- 
ness using a rotary evaporator. The lipid was re- 
dissolved in diethyl ether and transferred to a 
preweighed vial. The ether was removed in a 
stream of nitrogen and dried in a vacuum dessi- 
cator for 1 hr. This method is not the same as 
that advocated by Moon and Hammond (4) for 
maximum lipid extraction from this yeast but it 
is a procedure which we have found to be con- 
venient and reproducible. 

Fatty Acid Analysis of the Lipid 

Fatty acid methyl esters were prepared using 
sodium methoxide (13). The total lipid sample 
was dissolved in hexane to give a final concen- 
tration of 75 mg/ml. One hundred gl sample 
was removed and added to 2 ml methanol, fol- 
lowed by 1 ml sodium methoxide and heated 
60 C for 15 min. The contents were cooled and 
acidified with 10% H2SO4 in methanol using 
bromothymol  blue as indicator. Two ml hexane 
were added and mixed and the upper layer re- 
moved for analysis using gas chromatography. 

Gas Liquid Chromatography (GLC) 

Samples were anatyzed in a Pye Unicam 
series 104 gas chromatograph (Cambridge, Eng- 
land). Samples were separated on a glass col- 
umn (1.5 m X 4 mm) pretreated with dichloro- 
methyl silane and packed with 5% diethylene- 
glycol succinate on Chromosorb 6 W H-P (100- 
200 mesh). The carrier gas was nitrogen at a 
flow rate of 50 ml/min and the column was 
held at 185 C. Peaks were identified by compar- 
ison of their retention times with those of 
authentic fatty acid methyl standards. 

R ESU LTS 

The growth of C. curvata in batch culture 
and continuous culture on glucose, sucrose, 
lactose, xylose and ethanol is shown in Figure 1 
(a-o). The patterns observed were similar to 
those observed previously with oleaginous 
yeasts in both batch (1,4,14) and continuous 
culture (6-9). 

In batch culture (Fig. 1, a-e), with a high 
C :N ratio to ensure high lipid accumulation, the 
nitrogen was consumed after ca. 30 hr growth 
in each case (not shown). The amount of cellu- 
lar lipid then increased from ca. 10% of the bio- 
mass to between 30 and 35% after 90 hr as the 
carbon continued to be assimilated and metabo- 
lized to lipid. T h e  efficiencies of the conver- 
sions of carbon source into both biomass and 
lipid are summarized in Table 1. Lactose was 
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FIG. 1. Lipid and biomass production by C curvata growing on glucose, sucrose, lactose, 
xylose and ethanol: �9 biomass (g/l); ~ lipid % of biomass; :~" carbon source (g/l). Figs. a-e, 
growth in batch culture; l-j, growth in continuous culture under nitrogen-limited conditions; 
k-o, grown in continuous culture tinder carbon-limited conditions. 

the  mos t  effect ive  ca rbon  source  for b iomass  
p r o d u c t i o n ;  xylose was the  mos t  e f f ic ien t  for  
lipid p roduc t ion .  E thano l  was the  least effi- 
c ient ly  ut i l ized ca rbon  source  for  b o t h  b iomass  
and lipid p roduc t ion .  

In c o n t i n u o u s  cul tures ,  u n d e r  ca rbon- l imi ted  
cond i t i ons  (Fig. 1, k-o), lipid c o n t e n t  of  the  
cells did no t  exceed 15~:~, of  the  biomass .  Be- 
yond  the  cri t ical  d iJut ion rate (i.e., at the  po in t  
b e y o n d  which  wash-ou t  of  the  cells begins  to  

occur) ,  the  lipid c o n t e n t  of  the  cells decl ined 
ab rup t ly  with aU 5 subst ra tes .  Unde r  these 
growth  cond i t ions ,  there  was insuf f ic ien t  
ca rbon  available to  al low lipid a c c u m u l a t i o n  to 
occur.  However ,  unde r  n i t rogen- l imi ted  condi-  
t ions  (Fig. 1, f-i), suff ic ient  excess ca rbon  was 
available to  allow lipid a c c u m u l a t i o n  and in all 
5 cases m a x i m u m  lipid a c c u m u l a t i o n  occur red  
at  a d i lu t ion  rate of  0 .04-0 .05 /hr .  Wash-out  
of  the  cells was comple t e  at a d i lu t ion  rate  (= 

LIPIDS, VOL. 18, NO. 9 (1983) 



626 C.T. EVANS AND C. RATLEDGE 

TABLE 1 

Lipid Production by C. c u r v a t a  Grown in Batch Culture for 90 hr a 

Biomass yield Lipid yield 
Carbon source Biomass Lipid Substrate utilized (g/100 g substrate (g/100 g substrate 

(30 g/l)  (g/l) (% w/w) (g/l) utilized) utilized) 

Glucose 10.2 33.2 28.3 36.0 11.9 
Sucrose 11.2 37.4 28.0 40.0 14.8 
Lactose 12.5 39.2 29.6 42.2 16.5 
Xylose 9.9 48.6 27.3 36.3 17.4 
Ethanol 8.5 30.1 25.5 33.3 10.0 

aCulture conditions as described in Materials and Methods. Biomass (10 ml) and lipid 
(100 ml) samples were removed and treated in duplicate. Carbon sources were assayed as 
in Methods. 

TABLE 2 

Efficiency of Lipid Production by C. c u r v a t a  Grown in Continuous 
Culture on Various Carbon Sources under Nitrogen-Limited Conditions 

Carbon source (30 g/l) 
Glucose Sucrose Lactose Xylose Ethanol 

Dilution rate (per hr) 0.04 0.04 
Residence time (hr) 25 25 
Substrate utilized (g/l) 29.8 29.6 
Biomass (g/l) 13.5 16 
Rate of biomass synthesis (g/l/hr) 0.54 0.63 
Biomass yield 
(g biomass/100 g substrate) 45 53 
Lipid (% of biomass w/w) 29 28 
Total lipid produced (g/I) 3.94 4.54 
Rate of lipid synthesis (g/1/hr) 0.16 0.18 
Lipid yield 
(g lipid/100 g substrate) 13.1 15.1 
Specific rate lipid production 
(g lipid/100 biomass/hr) 0.012 0.011 

0.04 0.05 0.05 
25 20 20 
29.8 29 30 
18 15 11.5 
0.72 0.75 0.58 

60 51 38 
31 37 35 

5.6 5.5 4.0 
0.22 0.27 0.2 

18.6 18.3 13.3 

0.0124 0.018 0.017 

Analyses carried out as given in Table 1. 

m a x i m u m  specific g rowth  rate) o f  0 .30/hr .  
Table 2 summar izes  the  data for  the  eff iciencies 
o f  convers ions  of  carbon source  to  b iomass  and 
lipid in the  5 cases. The mos t  eff ic ient ly  used 
carbon source for  biomass  was, as wi th  ba tch  
culture,  lactose.  But in con t ras t  wi th  ba tch  cul- 
ture results  (Table 1), lactose was also the  mos t  
effect ive subs t ra te  for  lipid p roduc t ion .  Xylose,  
however ,  was just  slightly less ef f ic ient  and, 
wi th in  the l imits o f  exper imenta l  error, should  
p robab ly  be regarded as equally good as lactose.  

One o f  the  advantages o f  con t inuous  cul ture 
over ba tch  cult ivat ion m e t h o d s  can be seen 
f rom a compar i son  of  Tables 1 and 2. With all 5 
substrates ,  the efficiencies of  convers ion o f  
carbon to b o t h  biomass  and to  lipid were  higher  
wi th  the  fo rmer  m e t h o d  o f  growth.  The s teady 
states engendered  by the  chemos t a t  allow the  
cell to  achieve o p t i m u m  dynamics  of  its bio- 
chemis t ry  and this is ref lected by the  cell 
achieving m a x i m u m  growth  (i.e., cell yield)  per  
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mole  of  subst ra te  uti l ized. It can also be seen 
f rom Tables 1 and 2 tha t  the  produc t iv i ty  (g 
p roduc t  per  l i ter  f e rmen te r  vo lume per  uni t  
t ime)  of  the  con t inuous  p rocedures  were up to  
5 t imes  higher  t han  the  ba tch  cul ture  me t h o d s :  
wi th  lactose,  for  example ,  the  rate of  biomass  
p roduc t i on  was 0.72 g/1/hr in con t inuous  cul- 
ture bu t  was 12.5 + 90 -- 0.14 g/1/hr in ba tch  
culture.  These figures b e c o m e  even more  in 
favor of  con t inuous  cul ture i f  one  adds to  the  
f e rmen ta t i on  t ime o f  the  ba tch  culture (i.e., 
90 hr)  a per iod for  " t u r n  a ro u n d "  of  the  fer- 
m e n t e r  (say 24 h r  for  cleaning, resteril izing and 
med ium addi t ion) .  The rate of  lipid p roduc t i on  
(g/1/hr) also can be s h o w n  to  be 4 to  5 t imes  
faster  in con t inuous  cul ture t han  in batch.  

The non-s teady  state  of  a ba tch  culture is 
shown  when  successive samples o f  t h e  cells are 
taken during g rowth  as o f t en  considerable  vari- 
a t ions in cell compos i t i on  can be seen (see also 
ref. 4). It was, therefore ,  no  surprise to  see vari- 
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FIG. 2. Fatty acyl composition (relative % w/w) of lipid of C. curvata grown in batch culture with: A, 
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cases. 
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FIG. 3. Fatty acyl composition (relative % w/w) of lipid of C. curvata grown in continuous culture under 
nitrogen-limiting conditions with: A, glucose; B, sucrose; C, lactose; D, xylose; E, ethanol. �9 = 16:0, D = 18:0; 
�9 = 18:1; o = 18:2. Traces of 14:0 and 16:1 were seen in most cases. 

ations in the fatty acyl composition of the cell 
lipid of C. curvata when grown in batch culture 
on glucose, lactose and xylose (Fig. 2). (Data 
for the fatty acyl groups from sucrose- and 
ethanol-grown cultures was not obtained except 
after 96 h r - s ee  Table 3.) With each substrate, 
oleic acid (18:1) was the major fatty acid, 
although palmitic acid (16:0) was almost as 
abundant. Linoleic acid (18:2) and stearic acid 
(18:0) were the 0nly other 2 major fatty acids, 
although traces of myristic acid (14:0) and 
palmitoleic acid (16:1) were seen in most analy- 
ses. Stearic acid was almost never higher than 
15% of the total fatty acids. A comparison of  
the final fatty acyl composition taken at the 
end of growth (96 hr) for the yeast grown on 
all 5 substrates is given in Table 3. This showed 
that xylose produced the oil with the lowest 
degree of unsaturation (A/mole--ref. 15) while 
ethanol produced  the one with the highest 

degree of  unsaturation. The oils, though, in all 
5 cases were not  widely different. 

In continuous culture, the composition of  
the fatty acyl groups remains constant under 
any one set of growth conditions (6). Thus, 
samples of  C. curvata taken from the chemostat 
running with each of  the 5 substrates at the 
same dilution rate can be accurately compared. 
Thus, at the dilution rate where maximum lipid 
accumulation occurred (i.e., 0.04/hr under 
nitrogen-limited conditions, see Fig. 1, f-i), the 
fatty acyl groups from the 5 cultures showed 
differences which could be asserted to be slight 
but significant (see Table 3). As with the batch 
cultures, xylose produced the lipid with the 
lowest degree of unsaturation and ethanol the 
one with the highest. The oils produced from 
glucose and sucrose were similar to each other 
as were those from lactose and ethanol. 

When the specific growth rate (= dilution 
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TABLE 3 

Fatty Acid  C o m p o s i t i o n  o f  Lipid from C. curvata G r o w n  on Different  Carbon Sources  

Batch culturea Cont inuous  culture b 
Carbon source  16:0 18:0 18:1 18:2 A/tool c 16:0 18:0 18:1 18:2 A]molC 

Glucose 33.0 12.0 42.9 7.3 0.59 35.8 13.7 39.7 6.4 0.55 
Sucrose  32.4 11.3  42.0 6.7 0.57 36.6 9.6 43.5 5.9 0.57 
Lactose  32.5 11.0  49.0 6.0 0.63 28.0 13.2 46.9 10.8 0.69 
Xylose  41.2 14.0  43.0 3.5 0.51 29.5 15.0 44.5 3.9 0.52 
Ethanol 26.5 12.5 49.0 8.9 0.69 25.7 12.0  51.2 10.0 0.72 

aSamples after 96 hr growth. 
bSamples from dilut ion rate = 0.04/hr. 
CA/Mol = degree o f  unsaturat ion (ref. 15). 

rate) was changed in each chemostat, there was 
almost no change in lipid composition when so 

cultures were run with nitrogen-limiting me- 
dium. Figure 3 shows the remarkable constancy ~ go 
of the fatty acyl groups in going from a very 
slow specific growth rate, D = 0.02/hr, to the ~ 4o 
very fastest one, D = 0.3/hr. However, when 
the fatty acids of  the lactose culture grown ~ 7 3  ~ 
under carbon-limited conditions were exam- 
ined, their composition changed quite markedly 
in going from the slowest specific growth rate B 
to the highest one (Fig. 4); the relative propor- 
tion of  palmitic acid decreased by nearly 50% ~ 10 
while that of  oleic acid increased by over 50%; 
linoleic acid decreased to a very low amount at 
the high dilution rates While stearic acid reached 
a maximal level. In spite of these large changes, 0 
the degree of unsaturation of the total fatty 
acids remained unchanged throughout the 
whole range of dilution rates. 

DISCUSSION 

C. curva ta  is an oleaginous yeast of  some 
potential. Its efficient conversion of  lactose to 
oil has already been amply recorded by Ham- 
mond and associates (1,4,16) and in this paper 
we have shown that it is almost as equally effi- 
cient in converting other substrates-glucose, 
sucrose, xylose and e thano l - in to  lipid and bio- 
mass. The efficient utilization of xylose is note- 
worthy in view of the current interest in this 
material as a substrate fo r  microbial fermenta- 
tion process (17). Xylose is readily available in 
large quantities from the chemical hydrolysis of 
hemicellulose which, along with cellulose, is the 
most abundant renewable resource in nature. 
Ethanol was the poorest of  the 5 substrates 
tested in producing lipid and this can probably 
be attributed to it inducing expression of  the 
enzyme isocitrate lyase. Such enzyme activity 
would decrease the amount of  isocitrate acid, 
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grown on lactose under carbon-limited condition~ o = 
16:0; o = 18:0; �9 = 18:1; o = 18:2; �9 = a/mole-see 
ref. 15. 

and thence citric acid, which was accumulated. 
This usually occurs by isocitrate dehydrogenase 
being the sole enzyme for isocitrate dissimila- 
tion and it being dependent upon AMP for 
activity (18). As AMP is at a low concentration 
in oleaginous yeasts, a mechanism is provided 
which leads to the accumulation of  citrate 
which is then the immediate precursor, by the 
action of ATP:citrate lyase, of  acetyl-CoA. 
Ethanol, by inducing an alternative route for 
isocitrate metabolism, is therefore not  a good 
substrate for achieving high lipid accumulation 
in spite of  it appearing to be, at first inspection, 
an excellent substrate to promote lipid accumu- 
lation as it would be expected to be readily 
metabohzed (via acetaldehyde and acetate) to 
acetyl-CoA. Clearly, though, this is not  suffi- 
cient metabohc reason to engender high lipid 
levels. However, not all yeasts show this loss of  
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ef f ic iency;  R. gracilis has  been  r epo r t ed  to have  
on ly  sl ightly less b e t t e r  yields of  b iomass  and  
l ipid in  changing  f r o m  glucose t o  e t hano l  (19) .  

The  b iomass  yield o f  42  g ce l l s ]100 g sub- 
s t ra te  for  t he  yeas t  g rown  on  lac tose  in th i s  
p resen t  work  was sl ightly less t h a n  t he  value  
o f  46% calculable  f rom t he  da ta  r e p o r t e d  b y  
M o o n  and  H a m m o n d  (4).  However ,  o u r  l ipid 
yields  were subs tan t ia l ly  less t h a n  the i rs :  16.5% 
as c o m p a r e d  to the i r  value  of  27%. This  could  
be due  to  t he  d i f fe rences  in  l ipid e x t r a c t i o n  
t e c h n i q u e s  b u t  is p r o b a b l y  a t t r i b u t a b l e  to  t he i r  
use of  w h e y  or  w h e y  p e r m e a t e  which  con t a in s  
m a n y  n u t r i e n t s  bes ides  lac tose  and  w h i c h  m u s t  
be  supposed  to  be  benef ic ia l  to  l ipid p r o d u c t i o n .  

A l t h o u g h  the re  was a sl ight decrease  in t he  
pe rcen tage  of  l ipid in the  b iomass  in  going f rom 
b a t c h  cu l tu re  to  c o n t i n u o u s  cul ture ,  t he  effi- 
c iency of  u t i l i za t ion  of  t he  subs t r a t e  increased  
cons iderab ly  w i th  all 5 subs t ra tes  t es ted  and  
t hus  resu l ted  in m u c h  h ighe r  b iomass  and  l ipid 
yields. 

The  mer i t s  of  c o n t i n u o u s  cu l ture  were  also 
re f lec ted  in t h e  p r o d u c t i o n  o f  a p r o d u c t  of  un-  
vary ing  c o m p o s i t i o n .  This  is an  obv ious  advan-  
tage of  c o n t i n u o u s  cu l tu re  i f  cons ider ing  any  
commerc ia l  deve lopmen t .  T he  relat ive c o n t e n t  
of  the  m a j o r  f a t t y  acids in t he  l ipid p r o d u c e d  
f r o m  the  hexoses  was ca. pa lmi t i c  (36%),  s tear ic  
(13%),  oleic (44%) and  l inoleic  (6%), wh ich  is 
s imilar  to  t h a t  r e p o r t e d  for  Candida 107 (6)  b u t  
marked ly  d i f f e ren t  to  t h a t  o f  R. glutinis (8). 
The  abi l i ty  of  th is  yeas t  to  p r o d u c e  a good  
qua l i ty  oil f r om a wide  se lec t ion  o f  subs t ra t e s  
indica tes  t he  p o t e n t i a l  e c o n o m i c  viabi l i ty  of  a 
process  u t i l iz ing such  a yeast .  T he  p ro f i t ab i l i t y  
o f  th is  process  obvious ly  depends  o n  t he  utili-  
za t ion  of  a subs t ra t e  of  l i t t le  in t r ins ic  value  to  
p roduce  an  oil o f  a m u c h  h igher  value. The  use 
of  c o n t i n u o u s  cu l tu re  t e c h n i q u e s  to  min imize  
opera t ing  costs  shou ld  be  of  cons iderab le  rele- 
vance  to  t he  overall  e conomics  o f  t he  process.  
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Biochemical Activities During Lipid Accumulation 
in Candida curvata 

CHRISTOPHER T. EVANS and COLIN RATLEDGE* ,  Department of Biochemistry, 
University of Hull, Hull, HU6 7RX. England 

ABSTRACT 

Intracellular and extracellular concentrations of citrate and the specific activities of ten different 
enzymes in Candida curvata D were examined in relation to lipid biosynthesis in batch and continuous 
culture. Citrate was found to accumulate prior to lipid production and declined markedly as lipid 
accumulated in batch culture. The cells excreted citrate as the culture became nitrogen-limiting after 
30 hr of growth, but little more was expelled after 40 hr when lipid accumulation was more marked. 
In continuous culture, only low levels of citrate were detected at the lower dilution rates and citrate 
was completely absent from both the cells and medium above a dilution rate of 0.1/hr. The activity of 
malic enzyme, malate dehydrogenase and ATP:citrate lyase increased in batch culture on lipid ac- 
cumulated and, in continuous culture, both malic enzyme and ATP:citrate lyase varied in parallel with 
the specific rate of lipid Synthesis which increased with increasing dilution rate. Activity of malate de- 
hydrogenase, citrate synthase and glucose-6-phosphate dehydrogenase decreased with increasing dilu- 
tion rate. The regulatory significance of these enzymes in lipid accumulation by C curvata is discussed. 
Lipicls 18:000-000, 1983. 

INTRODUCTION 

C a n d i d a  curvata is a rapidly growing oleagi- 
nous yeast (1,2) which can readily convert a 
number of different substrates into lipid (3). 
Such biochemical studies that have been carried 
out with oleaginous yeasts, and which have in- 
cluded C. curvata,  have indicated it to be a typi- 
cai yeast of  this type (4,5). However, in view of 
the likely commercial importance of this yeast 
in being able to grow on dairy wastes of  whey 
and whey permeate (1,2,6), we have now exam- 
ined the intermediary metabolism of this yeast 
in more detail. 

Of principal concern to us has been the role 
of  citric acid in lipid accumulation. In the me- 
tabolism of carboyhydrates to lipid, it is neces- 
sary for carbon to enter the mitochondrion 
and, al though acetyl-CoA is formed therein, it 
cannot exit from this organelle (7). Conse- 
quently, citrate is used as the means of  trans- 
porting carbon back into the cytoplasm (5). 
Citrate is cleaved by the cytoplasmic enzyme 
ATP:citrate lyase, which is only found in oleag- 
inous yeasts (4), to generate acetyl-CoA and 
this is then used as the precursor for fatty acid 
biosynthesis. Thus, observations concerning the 
concentrations of citric acid during lipogenesis 
should be very revealing about the possible rate- 
limiting step of  the overall process. Such obser- 
vations, though, need careful interpretation and 
additional knowledge is, therefore, simulta- 
neously needed concerning the activities of 
various enzymes of  intermediary metabolism in 
this yeast. This paper reports the results of such 

*To whom correspondence should be addressed. 

a study. We have used both batch and continu- 
ous modes of cultivation of  the yeast for, 
although we have already argued (3) the advan- 
tages of  the latter method over the former in 
achieving the most efficient and economical 
conditions for lipid production, batch culture 
methods allow one to see fluctuations in metab- 
olites and enzyme activities which would not be 
apparent in the steady-state conditions of a 
chemostat. 

METHODS 

The yeast C. curvata strain D was obtained 
from Professor E. G. Hammond, Iowa State 
University, Ames, Iowa. The yeast was culti- 
vated on a glucose/salts medium at pH 5.5 con- 
taining 30 g glucose/l and 0.5 g NH4CI/1 as 
nitrogen-limiting media (3). Details of batch 
and continuous culture apparatus, cell dry 
weight and lipid determinations have been de- 
scribed previously (3). 

Preparation of Intracellular Extracts 

The culture samples (30 ml; ca. 200 mg dry 
wt) were filtered through prewashed cellulose 
acetate membrane filters (47 mm diameter, 
0.45 /am) and washed twice with~ 5 ml of  ice- 
cold buffer containing 40 mM Tris/HC1 pH 7.0, 
0.6 M sorbitol and 0.1 mM EDTA and once 
with 5 ml ice-cold distilled water. The filtration 
was carried out under suction so that the whole 
procedure took less than 70 sec. The filtered 
cells were transferred, on the filter, to 5 ml ice- 
cold HC104 (30% v/v) and left to extract for 
1 hr. The suspension was neutralized with 1 M 
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KOH and the resulting KC104 and precipitated 
protein removed by centrifugation at 10,000 g 
for 5 min. The clear supernatant was retained 
for metabolite assay. 

Preparation of Cell-Free Extracts 
Cells were harvested by centrifugation at 

5,000 g for 5 min and washed twice in a buffer 
containing 50 mM Tris/HCl, pH 7.8, 1 mM 
MgC12 and 1 mM dithiothreitol. The cells were 
resuspended in the above buffer and disrupted 
by one passage through a precooled French cell. 
The extract was centrifuged at 40,000 g for 30 
min, l ipid filtered off and the supernatant re- 
tained at 0 C for enzyme assays. 

Assays 
Citrate was determined according to Dagley 

(8). Protein was estimated by the method of 
Bradford (9). Glucose-6-phosphate dehydro- 
genase (E.C. 1.1.1.4.9) was assayed according to 
NoRman et al. (10). Pyruvate dehydrogenase 
complex (E.C.1.2.41) was assayed by the 
method of Young et al. (12). NAD + and NADP* 
dependent isocitrate dehydrogenase (E.C.1.1.- 
1.4.1) were assayed according to Kornberg 
(13). Citrate synthase (E.C.4.1.3.7)was assayed 
according to Srere et al. (14) as described by 
Boulton and Rafledge (15). ATP:citrate lyase 
(E.C.4.1.3.8) was assayed according to Srere 
(16). Aconitase (E.C.4.2.1.3) was assayed by 
the method of Anfinsen (17). NAD+-dependent 
malate dehydrogenase (E.C.1.1.1.3.7) was as- 
sayed according to Englard and Siegal (18). 
Malic enzyme (E.C.I . I . I .40)  was assayed ac- 
cording to Hsu and Lardy (19). 

R E SU L TS 
The patterns of lipid accumulation by C. 

c urva t a  D in batch culture and continuous cul- 
ture have been reported in the preceding paper 
(3). Figure 1 shows the relation between the 
intracellular and extracellular concentrations of 
citrate and lipid production in batch culture. 
Citrate built up over the first 40 hr of growth, 
during which time the lipid concentration con- 
stituted less than 10% of the biomass but, as 
the lipid increased over the next 20 hr, the con- 
centration of citrate in the intracellular pool 
steadily decreased to 15% of the peak value. No 
significant changes in citrate level were ob- 
served after 70 hr. The excretion of citrate into 
the external medium did not  begin until after 
30 hr, by which time NH4 + in the medium had 
become exhausted (3). By 40 hr, 80% of the 
total external citrate accumulated had been ex- 
creted, with only a small build-up continuing 
over the remaining 60 hr. 

To relate these observations to the metabo- 
lism of the cell, we followed the activities of 
the various enzymes which have been impli- 
cated in the flow of carbon into lipid (20,21), 
see Figure 5. Figure 2 shows the patterns of 
activity of 10 different enzymes, indicated as 
either mitochondrial (M) or cytosolic (C) from 
previous work (5), during batch growth on glu- 
cose. Five of the enzymes showed very little 
variation in activity at any stage during the cul- 
ture, whereas the other 5, namely, pyruvate car- 
boxylase, glucose-6-phosphate dehydrogenase, 
malic enzyme, malate dehydrogenase and ATP: 
citrate lyase, all showed an increase in specific 
activity as the cultures progressed-i.e., as lipid 
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FIG. 1. Concentrations of  intracellular and extracel!ular citrate in C curvata growing on 

glucose in batch culture. Biomass, =; N H  4 concentration in culture medium, =; % lipid in 
biomass, o;intracellular citrate concentration, O;extracellular citrate, o. 

LIPIDS, VOL. 18, NO. 9 (1983) 



632 C.T. EVANS AND C. RATLEDGE 80: 
70 

~ 6o 
o 

g ~~ 

c 4 0  

~ 3 O  

~ ~o 

1 0  

GO00 

~- 5000 

E 4 0 0 0  

= 
3000 

> 

2 0 0 0  

~ooo 

ram__m_ m/ m 

U 

I I I I I 

, v ~ V  v , _ _ , v  , v 
lO 20 30 40  50  glO 70 810 910 

Time(h) 

FIG. 2. Enzyme activities of C. curvata during 
batch growth on glucose; M = mitochondrial, C = 
cytosolic. A: malic enzyme (C), e; pymvate car- 
boxylase (M), o; pyruvate dehydrogenase (M), m; 
NAD+-isocitrate dehydrogenase (M), B; ATP:citrate 
lyase (C), A; aconitase (M), zx. B: NAD+-malate de- 
hydrogenase (M and C), e; NADP+-isocitrate dehydro- 
genase (C), v; citrate synthase (M), o; glucose-6-phos- 
phate dehydrogenase (C), v. 

gradually accumulated.  The most  p rominen t  in- 
creases, however ,  were observed with the  la t ter  
3 enzymes  which showed 3-fold, 4-fold and 5- 
fold increases, respectively.  Dialysis of  extracts  
indicated that  increases in specific activities 
were no t  due to the presence of  low molecular  
weight  ef fec tors  in the  ext rac t  and thus  were 
more  l ikely to be due to increased synthesis of  
the active enzyme.  It, therefore ,  appears that  
activities of  malic enzyme,  ATP:c i t ra te  lyase 
and malate dehydrogenase increase as the 
amount  of  accumula ted  lipid increases in batch 
culture,  indicat ing their  correlat ion with  lipid 
biosynthesis.  

A charac t e r i s t i c  of  batch culture is the  ever- 
changing concen t ra t ion  of  nutr ients  and meta-  
bolites as well as the growth rate o f  the  cells. 
This can be used to advantage, as we have al- 
ready seen, in that  the changes which occur  in 
cell compos i t ion  can be correlated to changes in 

the metabol ic  act ivi ty of  the  cells al lowing 
various hypotheses  to be advanced. However ,  
with cont inuous  cul ture techniques,  the growth  
rate of  the  cells is control led  by the rate  at 
which the  l imit ing nutr ient  is supplied to the 
culture (i.e., the  di lut ion rate). Thus, a series of  
s teady states of  di f ferent  growth rates can be 
created and it  then becomes  possible to corre- 
late changes in ceil compos i t ion  to the meta-  
bolic activities of  the cell w i thou t  the uncer- 
ta inty that  comes  when one  is dealing with  
transient  states. Al though there will be differ- 
ent  patterns of  changes in cells in going f rom 
batch culture to cont inuous  culture,  one should 
nevertheless be able to draw the same conclu-  
sions in both  cases (22-24). 

Figure 3 shows the concent ra t ions  of  ci t rate  
as at ta ined in cont inuous  cul ture  in relat ion to  
the  specific rate of  lipid synthesis over the  
range of  growth rates fol lowed.  The intracellu- 
lar citrate con ten t  was highest  at the  lowest  
di lut ion rate, D = 0.02/hr ,  and declined sharply 
unti l  no fur ther  ci trate could be de tec ted  at D 
0.1/hr.  The  excre t ion  of  ci trate in to  the me- 
d ium fol lowed the  same pat tern  as that  o f  the  
intracellular  ci trate bu t  decl ined even more  dra- 
matically,  so that  only at the 2 lowest  di lut ion 
rates could it be detected.  The decrease in 
ci trate concent ra t ions  correlated with the 
s imultaneous decrease in lipid accumula ted  (see 
also ref. 3) but  not  with the  specific rate o f  
lipid synthesis which increases wi th  increasing 
di lut ion rate. The marked disappearance of  
citrate f rom bo th  the  cells and external  med ium 
may be explained by the  higher  activities of  
ATP:c i t ra te  lyase, the enzyme which cleaves 
citrate,  at these di lut ion rates. 

Figure 4 shows the activities o f  the  same 10 
enzymes  as previously examined  in batch cul- 
ture determined in a chemosta t  cul ture over a 
range of  growth rates. The NAD+:isoci trate  
dehydrogenase (mitochondria l ) ,  pyruvate  car- 
boxylase,  aconitase and pyruvate  dehydro-  
genase showed l i t t le  or  no var ia t ion at any dilu- 
t ion rate whereas the  act ivi ty of  the  NADV+:iso - 
ci trate dehydrogenase (cytosolic) ,  ci trate syn- 
thase, glucose-6-phosphate dehydrogenase  and, 
more  markedly,  malate dehydrogenase  all de- 
creased as the di lut ion rate increased. However ,  
the  activities of  both  malic enzyme  and ATP:  
ci trate lyase increased 3-fold when  the di lut ion 
rate was varied f rom 0.03 to 0.2/hr.  

DISCUSSION 

Our current  unders tanding of  the metab-  
olism of glucose into  lipid is summarized in 
Figure 5 where it will be seen that  ci trate is a 
key  in te rmedia te  of  the  process. The  gradual 
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intracellular build up of citrate during growth 
of an oleaginous yeast, such as C curvata, re- 
flects the sequence of changes in metabolism as 
nitrogen becomes limiting within the cell. 
Under these conditions, we have already shown 
(21) that the intracellular concentration of 
AMP decreases, that of ATP increases, and the 
activity of the mitochondrial NAD+-dependent 
isocitrate dehydrogenase, which has an absolute 
requirement for AMP (21), also declines. The 
accumulating isocitrate equilibrates, via aco- 
nitase, to citrate which consequently builds up 
in the mitochondria. This citrate is then trans- 
ported across the mitochondrial membrane, in 
exchange for L-malate (5), and is then cleaved 
to produce acetyl-CoA and oxaloacetate. 

This hypothesis, therefore, explains the ob- 
served changes in concentrations of both intra- 
cellular and extracellular citrate during growth. 
The rapid excretion of citrate into the medium 
between 30 and 40 hr indicates that intramito- 
chondrial citrate first passes into the cytosol 
where, because it builds up here, the rate of me- 
tabolism of citrate must be slower than the rate 
of efflux from the mitochondria. Thus, the 
excess citrate passes out of the cell. After this 
I0 hr period, only a small amount of citrate is 
expelled which indicates that the rate of intra- 

cellular citrate utilization is now accelerating- 
this, we presume, is by ATP:citrate lyase whose 
increase in activity was also observed at this 
time. This would then account for the subse- 
quent depletion of the citrate pool and the 
plateau in the increase of the extracellular 
citrate concentration. 

The significance of these controls is again 
illustrated by the profdes observed in continu- 
ous culture where citrate concentration and 
ATP:citrate lyase activity showed an inverse 
relationship as the dilution rate increased. 
These results, in part, i.e., from a dilution rate 
of 0.02-0.05/hr, support the conclusion reached 
with another oleaginous yeast, L. starkeyi, that 
ATP:citrate lyase is the rate-limiting step in 
lipid biosynthesis (2,25). However, from a dilu- 
tion rate of 0.05/hr to wash-out (D = 0.25/br), 
citrate was undetectable, either intra- or extra- 
cellularly, even though ATP:citrate lyase activ- 
ity was undiminished and the specific rate of 
lipid biosynthesis continued to increase. This 
would then indicate that the rate of supply of 
citrate to the ATP:citrate lyase, or a prior re- 
action, is now the limiting reaction in lipid bio- 
synthesis. What aspect is limiting in the supply 
of citrate is difficult to say, as the production 
of citrate in the cytosol (see Fig. 5) will be in- 
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FIG. 4. Enzyme activities of C curvata during con- 
tinuous culture of C curvata on glucose with NH4 L 
limiting medium; M= mitochondrial, C = cytosolic. A: 
pyruvate dehydrogenase (M), l ;  NAD§ de- 
hydrogenase (M), D; ATP:eitrate lyase (C), A; pyruvate 
carboxylase (M), o; B: malie enzyme (C), o; aconitase 
(M), zx; C: malate dehydrogenase (M and C), e;citrate 
synthase (M), o; D: glucose-6-phosphate dehydro- 
genase (C), v; NADP§ dehydrogenase (C), v. 

fluenced by a number of separate activities (5). 
In batch culture, the specific activity of 

ATP:citrate lyase did indeed increase after 
nitrogen had become depleted and citrate con- 

centrations fell. However, it is difficult to assess 
accurately the possible control of ATP:citrate 
lyase in vivo from crude extracts due to the 
large dilution and disruption of cellular com- 
partments during preparation. A valid com- 
parison of specific activities can still be made, 
however, on the basis that all activities meas- 
ured throughout the experiments are relative 
under the conditions of the preparation used. 
At present, it is not  possible to separate mito- 
chondrial and cytosolic fractions rapidly from 
yeast cells to enable an accurate analysis of the 
distribution of metabolite levels, such as citrate, 
between the 2 compartments. Consequently, it 
is difficult to determine the degree of regula- 
tion of either mitochondrial citrate efflux or 
ATP:citrate lyase activity during lipid accumu- 
lation. 

Two other enzymes also showed significant 
chan~es during lipid accumulat ion-namely,  the 
NADT:malate dehydrogenase and malic enzyme. 
Both enzymes follow ATP:citrate lyase in the 
sequence of events following the metabolism of 
cytosolic citrate, see Figure 5. Malate dehydro- 
genase exists as at least 2 isoenzymes, a mito- 
chondrial one and a cytosolic one, both of 
which have a role in regenerating intramito- 
chondrial oxaloacetate for the malate-citrate 
shuttle. The specific activity of malate dehydro- 
genase measured is the sum of all the iso- 
enzymes so the observed increase in activity 
during batch culture may be due to the synthe- 
sis of one or all of the various isoenzymes. 

The significance of the changes in the activ- 
ity of malic enzyme is uncertain. Like that of 
ATP:citrate lyase, the activity of this enzyme 
paralleled changes in the specific rate of lipid 
synthesis and increased as lipid increased in 
batch culture. The enzyme in yeast is reported 
to function in the direction of pyruvate pro- 
duction (26) with concomitant NADPH forma- 
tion. Both the pyruvate and NADPH formed 
would stimulate lipid production but the subse- 
quent utilization of malate would deprive the 
citrate-malate translocase of its substrate, thus 
preventing citrate efflux to the cytosol (5). 
Work is currently in progress to determine the 
extent and significance of this competition in 
lipid accumulation. 

It can be concluded from this study with 
C. curvata D that, as the available nitrogen be- 
comes exhausted, synthesis of other cell con- 
stituents decreases and lipid production pre- 
dominates. However, it is also evident from our 
results that cellular metabolism changes over a 
period of time to promote more efficient lipid 
production and this is reflected by the in- 
creased synthesis of those enzymes which cha- 
nel carbon into lipid. 
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FIG. 5. Flow of  carbon from glucose into lipid in C. curvata.  Enzymes:  1, glucose-6-phos- 
phate  dehydrogemase;  2, pyruvate  dehydrogenase;  3, pyruvate  carboxylase;  4, citrate 
synthase;  5, aconitase;  6, NAD+:isocitrate dehydrogenase;  7, ATP:ci trate  lyase; 8, cytosolic 
NAD+:malate dehydrogenase;  9, mi tochondr ia l  NAD+:malate dehydrogenase;  10, malic 
enzyme.  
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METHODS 

Evaluation of the Rapid Micromethod for Ultracentrifugal 
Separation of Labeled Plasma Lipoproteins 
RACHEL B. SHIR E M A N *  and DEBBI E WILL IAMS,  Department of Food Science and 
Human Nutrition, University of  Florida, Gainesville, FL 32~11 

ABSTRACT 

The fractionations of plasma lipoproteins by 2 methods were compared to evaluate the rapid separ- 
ation (Airfuge | method for lipoprotein distribution studies. When [:~Sl]labeled very low density, 
low density, and high density lipoproteins (VLDL, LDL, HDL), were separately centrifuged in buffers 
at d = 1.006, 1.06 or 1.2 g/ml by the conventional ultracentrifuge and the Airfuge| separations of the 
fractions in the Airfuge | were incomplete at both 5 C and 24 C, especially at d = 1.006. [3H] Benzo 
(a)pyrene, when added to plasma, associates with the plasma proteins and lipoproteins, especially LDL. 
Compared to the standard techniques, the Airfuge | method greatly overestimated its distribution into 
VLDL. The distribution of [ 3 It] vitamin D 3 into the VLDL plus LDL fraction was also overestimated 
by the Airfuge | procedure. It is concluded that caution should be observed in quantitative studies of 
lipoproteins in the Airfuge | A careful comparison of the distribution into or fractionation of lipo- 
proteins by the 2 methods should always precede any quantitative determinations involving theAir fuge | 
Lipids 18:xxx-xxx, 1983. 

The standard method for fractionation and 
isolation of the plasma lipoproteins is a time- 
consuming procedure (1) which renders it im- 
practical for the clinical laboratory. The devel- 
opment of a rapid and relatively inexpensive 
method for this fractionation from small 
amounts of plasma has simplified the procedure 
for quantitating lipoprotein cholesterol (2). It 
involves the use of an air-driven centrifuge 
(Beckman Airfuge| Although the method as 
originally described was said to be satisfactory 
for clinical laboratory separations (2), more 
recently published articles have suggested that 
the precision was not sufficient to estimate cho- 
lesterol in each lipoprotein fraction, and several 
modified procedures have been published (3-5). 
The Airfuge | has also been used in studies on 
the structure and interaction of the apolipo- 
proteins (6,7). 

Major obstacles in metabolic studies with 
labeled lipoproteins have been the quantity of 
blood required during repeated venipunctures 
as well as the centrifugation time required for 
lipoprotein fractionation. Since the Airfuge | 
method requires only 2-3 hr of centrifugation 
and less than 1.5 ml plasma for the separation 
of  the 3 major lipoprotein classes, its use could 
be valuable in lipoprotein research. In the study 
reported here, the method has been evaluated 
for use in the separation of very low density, 
low density, and high density lipoproteins 
(VLDL, LDL, HLD) which were radiolabeled in 
the apolipoprotein portion with 12Sl or which 
were labeled with a [ 3 HI lipophilic compound. 
The hydrophobic chemical, [3H]benzo(a)py- 

*To whom correspondence should be addressed. 

rene, which is known to partition mainly into 
the plasma lipoproteins (8), and the fat-soluble 
vitamin, [3 H] vitamin D3, were incubated with 
plasma which was then fractionated by centri- 
fugation in the Airfuge | and in the conventional 
ultracentrifuge. 

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

VLDL (d = 1.006 g/ml), LDL (d = 1.02-1.06 
g/ml), and HDL (d = 1.06-1.21 g/ml) were iso- 
lated from plasma containing 0.02% sodium 
azide by sequential flotation during differential 
density ultracentrifugation at 5 C (9). Each 
lipoprotein fraction was radiolabeled with 12Sl 
by the iodine monochloride method (10). After 
extensive dialysis to remove free t2sI, 0.5 ml of 
each labeled lipoprotein fraction was mixed 
individually with 5-ml aliquots of human plas- 
ma. Less than 5% of the counts were associated 
with the lipid portion of the molecules. Each 
sample was then divided into 3 portions; one 
was dialyzed against a KBr buffer (0.05 M phos- 
phate) at density d = 1.006 g/ml, another at 
d = 1.06 and the third at d = 1.2. The densi- 
ties of the buffers were checked by pycnome- 
try. Samples were then centrifuged in the Air- 
fuge | at room temperature at 160,000 x g 
for 1, 2, 3 or 4 hr. The contents of each tube 
were fractionated at ambient temperature by 
aspiration of 20-/11 portions from top to bottom. 
The radioactivity in each aliquot was quanti- 
tared in a Model 5500 gamma counter (Beck- 
man Instruments, Palo Alto, CA). The percen- 
tage of the total radioactivity present in each 
fraction was calculated; the radioacitivity in the 
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top 80/at  was summed to estimate the f lotat ion 
of  the lipoprotein(s).  Samples for the ultracen- 
trifuge were prepared in the same way, i.e., 
each labeled l ipoprotein was mixed with 30 
ml plasma and adjusted to the appropriate den- 
sity by dialysis in the buffers as described above. 
Samples were centrifuged at 40,000 rpm for 
20 hr  at 5 C in a Sorvall OTD-2 ultracentrifuge 
in a T865 rotor  (Sorvall, Newtown, CT). Sam- 
ples were fractionated by aspiration of 2-ml 
aliquots from top to bo t tom;  50-/al aliquots 
were counted for gamma radioactivity. The per- 
centage of  the counts at the top was calculated 
by  summing the upper  6 ml. 

In another series of experiments,  [12SI]VLDL, 
[12sI] LDL and [12SI]HDL were each further 
purified before  centrifugation. These samples 
were separately applied to :an Ultragel A-4 col- 
umn (45 • 2 cm) (LKB', Gaithersburg, MD), 
which provided separation of the l ipoprotein 
fractions. Samples were eluted with a 0.15 M 
NaC1, 0.05 M PO4 buffer. The 1.5 ml fractions 
were monitored by  absorbance at 280 nm and 
quanti tat ion of [x2sI] radioactivity. The peak 
fractions were pooled and checked by SDS- 
PAGE for the characteristic protein bands of 
each l ipoprotein and for possible proteolysis 
(11). Protein was determined by the method of 
Lowry et al. (12). Each labeled l ipoprotein was 
divided into port ions and dialyzed against phos- 
phate-buffered KBr at d = 1.006, 1.06 or 1.2, 
as described above. For  the centrifugation ex- 
periments, 3 ~1 of  the labeled l ipoprotein was 
layered on top of 150 /11 KBr buffer at the 
appropriate density, e.g., [12SI]VLDL at d = 
1.006 was layered on buffer at d = 1.006 and 
[12SI]VLDL dialyzed at d = 1.06 was over- 
layered on buffer at d = 1.06. In separate ex- 
periments in the Airfuge | duplicate samples 
were overlayered and underlayered to deter- 
mine whether this procedure affected the flo- 
tat ion of the lipoproteins. Samples were centri- 
fuged in the Airfuge | for 3 hr and fractionated 
as described above. Concurrently,  0.6 ml of the 
same labeled l ipoprotein was overlayered on 
29 ml of  buffer at the appropriate density and 
ultracentrifuged as described above. Compari- 
sons of the separation patterns in Airfuge | cen- 
trifugation at different temperatures were also 
performed in a subsequent set of experiments. 
Each labeled l ipoprotein was centrifuged at 
each density at 5 C and at room temperature as 
described above. For  t h e 5  C spins, the Airfuge | 
was placed in a cold room and allowed to reach 
5 C before operation. 

In a third series of experiments, [G-3H] 
benzo(a)pyrene (Amersham, Arlington Heights, 
IL) was adsorbed to glass beads in a vial by 
evaporat!on of the solvent under N2 (13). In a 
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typical experiment,  0.1 mCi [3H]benzo(a)  
pyrene was incubated at 37 C for 4 hr with 10 
ml plasma. Aliquots of the plasma were then 
dialyzed against KBr buffers at d = 1.006, 1.06 
and 1.2 g/ml. Two-ml aliquots were mixed with 
28 ml buffer, spun in the ultracentrifuge and 
fractionated as described above. Each fraction 
was mixed with 15 ml Aquasol (New England 
Nuclear, Boston, MA) and the tritium radio- 
activity was quanti tated in a scintillation spec- 
t rometer  (Beckman Instruments). For  the Air- 
fuge | centrifugations, 175-/al aliquots were 
centrifuged for 2 and 3 hr  and fractionated, as 
described above. Each fraction was counted in 
15 ml Aquasol. 

Incorporat ion of [ l a ,  2a (n)-3H] vitamin 
D 3 (Amersham) into plasma was performed 
exactly as described for [3HI benzo(a)pyrene. 
Centrifugation experiments were conducted as 
described above. Centrifugation was also per- 
formed at both  room temperature and 5 C with 
isola ted LDL and HDL which had been separ- 
ately labeled with [3H] vitamin D3. Each sam- 
pie was dialyzed against KBr buffers of d = 
1.006, 1.06 and 1.2 and 25 btl of the sample 
was then overlayered on 150 /al buffer of the 
appropriate density. Duplicate samples were 
underlayered. Samples were then centrifuged 
for 3 hr  as described above. 

R ESU LTS 

Centrifugation in the Airfuge | for 3 hr 
yielded bet ter  separation of  [12si] LDL in plas- 
ma than 1 and 2 hr (Table 1), but  no further 
improvements occurred with 4 or more hours 
of  centrifugation. Table 1 shows the percentage 
of radioactivity present in the floating frac- 
tion(s) of the Airfuge | tubes compared to that  
in the top of the ultracentrifuge tubes. Esti- 
mates of  the [ 1251] LDL separation by flotation 
at plasma d = 1.06 g/rnl were equivalent in the 
2 methods. Although only 53% of  the counts 
were present in the top fraction at d = 1.06 in 
the ultracentrifuge, the majori ty of the remain- 
ing counts were present  in the next  2 aliquots. 
Separation of [ 12si] labeled l ipoproteins is not  
as sharp as that of unlabled samples because of 
the tendency of these labeled compounds to 
adhere slightly to the centrifuge tubes. Approx- 
imately 5% of the radioactivity remained at the 
top of the Airfuge | tube compared to 1.5% in 
the conventional centrifugation tube at d = 
1.006; at d = 1.2, only ca. 60% of the radioac- 
tivity was present at the top of the Airfuge | 
tube, compared to 87% in the ultracentrifuge. 

When isolated [ 12sI] labeled LDL, VLDL and 
HDL were separately centrifuged in phosphate- 
buffered KBr solutions at d = 1.006, 1.06 or 
1.2, greater differences were noted in the frac- 
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TABLE 1 

Fractionation of [ 12sI ] Low Density Lipoprotein from Plasma at Different Densities 

Time of centrifugation (hrs) d = 1.006 d = 1.06 d = 1.2 

Ultracentrifuge a 20 1.5% 53 % 87% 
Airfuge | 1 9 (7-11) b 52 (44-58) 43 (38-51) 

2 6 (5-8) 56 (48-63) 45 (35-51) 
3 4 (3-5) 51 (45-57) 59 (54-66) 

aThe total number of radioactive counts/min in each ultracentrifuge tube (30 ml) was ca. 
230,000. The number in each Airfuge | tube averaged 7,000 in one experiment and 30,000 
in another. Values represent the average percent of the total counts in top fraction of each 
tube as described in Methods; each average is based on 4 tubes. 

bRange of values. 

TABLE 2 

Comparison of the Distribution Percentage of [ ~2sI] Labeled 
Lipoproteins in Buffer in the Airfuge | and Ultracentrifuge 

d= 1.006 d= 1.06 d= 1.2 

A a U A U A U 

[~2sl]VLDL 52, 54 74, 71 76, 81 79, 78 88, 71 80,80 
[12Sl]LDL 41, 42 1, 1 72, 76 81, 86 83, 74 87, 93 
[t2Sl]l-lDL 41, 42 1, <1 7, 6 4, 3 45, 46 32, 46 

aA = Percent of the total counts in top fraction of Airfuge | tubes; U = percent of the 
total counts in top fraction of ultracentrifuge tubes. Individual values are shown. Each Air- 
fuge | tube contained an average of 70,000 radioactive counts/min. The ultracentrifuge 
tubes contained ca. 400,000 counts each. 

t iona t ion  pa t t e rns  f rom the  2 m e t h o d s  (Table 
2). VLDL was underes t ima ted  at d = 1.006 in 
the  Airfuge | while LDL and HDL failed to  
s ed imen t  proper ly  th rough  the  buf fe r  at this 
densi ty .  Also, LDL f lo ta t ions  in the  Airfuge | 
at  d = 1.06 and 1.2 were slightly less than  ex- 
pec ted ;  HDL f rac t iona t ions  at these 2 densi- 
ties compared  favorably wi th  tha t  in the  ultra- 
centr ifuge.  One of  the  major  p rob lems  in this 
e x p e r i m e n t  was the  adhesiveness o f  the  [12si] 
l ipopro te ins  to  the  cellulose p rop iona te  tubes.  
A b o u t  20% of  the  tota l  radioact ivi ty  in the  
VLDL and LDL samples and 5% in the  HDL 
remained  in the  tubes  af ter  removal  o f  the  fluid 
con ten t s .  As can be seen f rom Table 3, small 
d i f ferences  occur red  in the  Airfuge | f ract iona-  
t ions  ob ta ined  at room t empera tu re  (24 C) and 
at 5 C in the  LDL samples only.  No d i f ferences  
in d is t r ibut ion  were found  whe the r  samples 
were overlayered or under layered .  

Data in Table 4 indicate  tha t  f rac t i6na t ion  
of  [ 3 H] benzo(a )pyrene -con ta in ing  l ipopro te ins  
by  the  Airfuge | m e t h o d  at d = 1.006 resul ted 
in overes t imat ion  of  the  a m o u n t  o f  the  com- 
p o u n d  in VLDL. At  d = 1.06, b o t h  VLDL and 

LDL should  float  dur ing cent r i fugat ion  and at 
d = 1.2, the co mb i n ed  l ipopro te ins  (VLDL, 
LDL and HDL) should float. Compared  to  ul- 
t racent r i fugat ion ,  the  Airfuge | m e t h o d  resul- 
ted  in a slight overes t imate  of  benzo (a )py rene  
d is t r ibu t ion  in to  the  plasma l ipoprote ins .  

Par t i t ioning d i f ferences  also were found  
when  J a i l ] v i t amin  Da was incuba ted  wi th  
plasma and cent r i fuged by the  2 methods .  Again, 
an overes t imat ion  of  the  a m o u n t  of  labeled 
vi tamin D3 in VLDL at d = 1.006 and in VLDL 
and  LDL at d = 1.06 occurred  (Table 5). Fur- 
the rmore ,  data  f rom u l t racent r i fuga t ion  indi- 
ca ted  tha t  a lmost  �90 o f  this labeled c o m p o u n d  
in plasma par t i t ioned  in to  the  to ta l  l ipopro te in  
f ract ion;  data  f rom the  Airfuge | exper iments ,  
however ,  indica ted  tha t  less than  hal f  par t i t ioned  
in to  l ipoprote ins .  Data in Table 6 indicate  tha t  
the  es t imat ion  by  the  Airfuge | o f  labeled vita- 
min D3 in the  d = 1.006 f rac t ion  was high at 
b o t h  24 C and 5 C, a l though the re  is a substan-  
tial d i f ference  in the  es t imates  at the  2 temper-  
atures. The d is t r ibut ions  of  this label at d = 
1.06 and 1.2 did n o t  differ  in Airfuge | centri-  
fugat ion at the  two  tempera tures .  
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TABLE 3 

Comparison of  the Distribution Percentage o f  [ t2Sl ] Labeled 
Lipoproteins in Buffer in the Airfuge | at 2 Temperatures  

639 

d =  1.006 d =  1.06 d =  1.2 

24(? 5C  2 4 C  5C  2 4 C  5C  

[*2SIIVLDL 52, 50 a 53, 51 70, 63 62, 64 72, 78 73, 67 
[t2Sll LI)L 38, 47 21, 29 72, 72 85, 82 74, 86 88, 80 
[ t2SllHl)L 41, 36 41, 41 15, 13 19, 18 5 1 , 4 6  50, 47 

apercent of  total counts  in the top fraction of  the Airfuge | tube. Individual values are 
shown. 

TABLE 4 

Comparison of  the Distribution o f  
[ 3 H ] Benzo(a)pyrene into Plasma Lipoproteins 

Using 2 Methods of  Centrifugation 

Percent distr ibution 
into top fraction 

Airfuge | Ultracentrifuge 

d = 1.006 a 46 b 20 
d = 1.06 52 47 
d = 1.2 57 52 

aAt d = 1.006, the top fraction should contain 
only VLDL; at d = 1.06, LDL + VLDL; at d = 1.2, 
HDL + LI)L + VLDL. 

bThe values are averages of  duplicates; no numbers  
varied from the average more than 2 percentage points. 
Each Airfuge | tube contained an average of  75,000 
cpm and each centrifuge tube, 2 X 106 com. 

TABLE 5 

Comparison of  the Distribution o f  
[ aHlVi t amin  D 3 into Plasma Lipoproteins 

Using 2 Methods of  Centrifugation 

Percent distribution 
into top fraction 

Airfuge | Ultracentrifuge 

d = 1.006 22 a 4, 4 
d = 1.06 37, 33 15, 17 
d = 1.2 45, 43 72, 73 

alndividual values are shown.  Each tube contained 
an average of  5,500 counts /min.  

DISCUSSION 

The conventional ultracentrifugal procedures 
fo r  s e p a r a t i n g  l i p |  are  t i m e - c o n s u m i n g ,  
r e l a t ive ly  e x p e n s i v e  a n d  r e q u i r e  l a rge  v o l u m e s  
o f  p l a s m a .  T h e  a i r -d r iven  t a b l e t o p  u l t r a c e n t r i -  
f uge  m i c r o m e t h o d  was  d e v e l o p e d  for  e s t i m a -  
t i o n  o f  V L D L ,  L D L  a n d  H D L  c h o l e s t e r o l  in 
c l in ica l  l a b o r a t o r i e s  (2) .  T h e  p r e s e n t  s t u d y  was  
u n d e r t a k e n  to  e v a l u a t e  t h e  u t i l i t y  o f  th i s  r ap id  
m e t h o d  fo r  e s t i m a t i n g  t h e  d e g r e e  o f  p a r t i t i o n -  
i ng  o f  l abe l ed  h y d r o p h o b i c  c o m p o u n d s  i n t o  t h e  
v a r i o u s  p l a s m a  l i p |  

T h e  A i r f u g e  | m e t h o d  c o m p a r e d  f a v o r a b l y  
w i t h  u l t r a c e n t r i f u g a t i o n  in t h e  f l o t a t i o n  o f  
L D L  in p l a s m a  a t  d = 1 .06  b u t  was  less  sa t i s -  
f a c t o r y  a t  d = 1.2. F r a c t i o n a t i o n  o f  [12Sl] 
l abe l ed  V L D L  or  H D L  a d d e d  s e p a r a t e l y  to  plas-  
m a  led  t o  e q u i v o c a l  r e s u l t s  a f t e r  c e n t r i f u g a t i o n  
in b o t h  t h e  A i r f u g e  | a n d  c e n t r i f u g e ,  as t h e  apo -  
p r o t e i n s  o f  t h e s e  2 f r a c t i o n s  c a n  e x c h a n g e  in  
t h e  p r e s e n c e  o f  p l a s m a  ( d a t a  n o t  s h o w n ) .  T h e r e -  
fore ,  s o m e  o f  t h e  r a d i o a c t i v e  c o u n t s  o r ig ina l ly  
a s s o c i a t e d  w i t h  t h e  a p o p r o t e i n s  o f  V L D L ,  fo r  
i n s t a n c e ,  b e c o m e  a s s o c i a t e d  a n d  s e d i m e n t  w i t h  
u n l a b e l e d  H D L ,  r e s u l t i n g  in s p u r i o u s l y  h i g h  
c o u n t s  in t h e  i n f r a n a t e .  C e n t r i f u g a t i o n  o f  e a c h  
[ 1 2 S l ] l i p o p r o t e i n  i n d i v i d u a l l y  in b u f f e r s  o f  
a p p r o p r i a t e  d e n s i t i e s ,  r a t h e r  t h a n  p l a s m a ,  alle- 
v i a t e d  t h i s  p r o b l e m  a n d  p e r m i t t e d  t h e  eva lua -  
t i o n  a n d  c o m p a r i s o n  o f  t h e  2 m e t h o d s .  T h e  Air-  
f uge  | m e t h o d  p r o v e d  u n s a t i s f a c t o r y  fo r  f lo-  
t a t i o n  o f  V L D L  a n d  s e d i m e n t a t i o n  o f  L D L  and  
H D L  at  d = 1 . 0 0 6 ;  f o r  i n s t a n c e ,  i f  [ 1 2 S l ] L D L  

TABLE 6 

Comparison of the Distribution Percentage ofJ~ 3 H l Vitamin 
D3-Associated Lip| in Buffer in the Airfuge ~ at 2 Temperatures  

d =  1.006 d =  1.06 d =  1.2 

2 4 C  5 C 24 C 5 C 2 4 C  5 C 

[aH] Vitamin Da-LDL 52, 50 a 53, 51 70, 63 62, 64 72, 78 73, 67 
[aH] Vitamin Da-HDL 35, 33 18, 17 25, 24 20, 21 71, 70 61, 70 

apercent  o f  total counts  in the top fraction o f  the Airfuge | tube. Individual values are 
shown. 
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and [12si] V L D L  had been present in the same 
sample, the a m o u n t  o f  V L D L  would have been 
much  overes t imated f rom the  radioactive counts  
in the top  fractions. The  differences no ted  were 
not  due to the difference in tempera ture  of  
spinning as inadequate  sedimenta t ion  of  LDL 
and HDL occurred in the  Airfuge | at both  24 
C and 5 C. This observat ion is in agreement  
with the findings of  Kupke (5) and Widhalm et 
al. (3); Stroble and Widhalni (14) have ascribed 
the lack of  precision in V L D L  separat ion to 
slight vibrat ions of  the rotor ,  resulting in mix- 
ing of  the tube contents.  Our findings, how- 
ever, suggest that  at d = 1.006, LDL and HDL 
simply are no t  sedimented properly in the Air- 
fuge | and this results in an incomple te  frac- 
t ionat ion.  If ro to r  vibrat ion caused mixing, the 
amoun t  of  radioact ivi ty in the  supernate after 
centrifuging [125I]HDL at d = 1.06 would  be 
much higher. Instead, at d = 1.06 and 1.2, cen- 
t r i fugat ion o f  each l ipoprote in  species yielded 
similar distr ibut ions with both  the Airfuge | 
and ul tracentr ifuge (Table 2). Al though tube 
slicing may have improved the overall precision, 
as suggested by several investigators,  i t  is un- 
likely that  results f rom Airfuge | centr i fugat ion 
at d - 1.006 would have been altered. 

The addi t ion of  labeled hydrophob ic  com- 
pounds to plasma fol lowed by centr i fugat ion 
provided an entirely di f ferent  approach;  rather 
than having a discrete label on only one lipo- 
protein species, the  labeled benzo(a)pyrene  and 
vi tamin D 3 associated to some ex ten t  with all 
3 l ipoprote in  groups. The Airfuge | me thod  
proved less than satisfactory in de termining the  
amoun t  of  dis t r ibut ion of  hydrophob ic  com- 
pounds into the plasma l ipoproteins.  Very l i t t le  
o f  the  difference may be ascribed to di f ferent  
tempera tures  of  centr i fugat ion in the two  
methods,  since Airfuge | centr i fugat ion at 5 C 
resulted in l i t t le improvement  in f ract ionat ions  
(Table 6). We concluded f rom these exper iments  
that  the percent  distr ibut ion into VLDL was 
always overes t imated;  that  if  the major i ty  of  

the compound  associated with LDL, as benzo  
(a)pyrene,  its dis tr ibut ion into  that  fraction was 
slightly overes t imated;  and that  if  its major  
association was with HDL, as vi tamin Da, its 
dis t r ibut ion into  LDL is greatly overest imated.  
In short,  it is no t  possible to  assess accurately 
the percent  dis t r ibut ion of  a labeled hydro-  
phobic  compound  into the individual l ipopro- 
tein classes by the Airfuge | method.  
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Digitonin-Precipitable Sterols as a Measure 
of Cholesterol Biosynthesis: Contradictory Results 

C. TABACIK*, S. ALIAU, and A. CRASTES de PAULET, INSERM U-58 60, rue de 
Navacelles, 34100 Montpell ier, France 

ABSTRACT 

In experiments with 4 different types of cells, we evaluated the cholesterogenic activity by incor- 
poration of 14C-acetic acid into cholesterol and digitonin-precipitable sterols. In every case, the choles- 
terogenesis appeared considerably faster when expressed as digitonid than when expressed as real 
cholesterol production, and sometimes the data obtained by the 2 methods were contradictory. 
Detailed analysis of both digitonid components and nonprecipitable radioactive metabolites showed 
that a very variable fraction of methyl sterols (including bifunctional methyl sterols) co-precipitates 
with the C-27 sterols. In cholesterol regulation studies and particularly when the cells exhibit a low 
cholesterogenesis, the digitonin method is unsuitable and can lead to erroneous interpretations. 
Lipids 18:xxx-xxx, 1983. 

INTRODUCTION 

Measurement of cholesterol biosynthesis 
from labeled precursors as digitonin-precipitable 
sterols is a standard method for studying cho- 
lesterol regulation (1-6). Cholesterol and its C- 
27 precursors are assumed to be the main com- 
ponents of digitonids; however, 4-4'-dimethyl 
sterols, which are metabolites of the cholester- 
ol biosynthetic pathway, are also precipitated 
to some extent by digitonin, as was recently 
confirmed by R.J. Cenedella (7). 

In the case of highly cholesterogenic cells, 
this simple and rapid method may be satisfac- 
tory, but when the analyzed mixture contains 
low cholesterol levels and many labeled choles- 
terol metabolites, the data could lead to erro- 
neous interpretation. 

In this study, we compare the results obtained 
b4YCmeasuring the cholesterol biosynthesis from 

-acetic acid in several types of cells using 2 
different methods: as digitonid and by evalua- 
tion of authentified 14Cqabeled cholesterol. 

MATERIALS AND METHODS 

Materials 

[2-14C] Sodium acetate (45-55 mCi/mM) was 
from C.E.A., reference samples of sterols from 
Steraloids, digitonin from Fluka, culture medi- 
um RPMI-1640, DEM, MEM from Flow labora- 
tories. All silica gel plates were from Merck. 
Radioactivity was scanned on a Berthold scan- 
ner model LB 2760; GLC analyses were per- 
formed on a Carlo Erba chromatograph, model 
2300, and mass spectra on a LKB 2091 gas 

*To whom correspondence should be addressed. 
Abbreviations: TLC: thin layer chromatography; 

GLC: gas liquid ehromatography;4,4'-dimethyl s t e r o l s  
o r  C - 2 9  s t e r o l s :  cholesten-4,4' dimethyl-3/~-ols; 4a- 
methyl sterols or C-28 sterols: eholesten-4~-methyl-3/3- 
ols; and HMG CoA: 3-hydroxy-3-methyl-glutaryl c o e n -  
z y m e  A. 

chromatograph-mass spectrometer (GC-MS De- 
partment, University I, Montpellier). 

Methods 

Cell culture. Human peripheral blood lymph- 
ocytes from voluntary normal donors were iso- 
lated as described in reference 8 and cultured in 
RPMI-1640 supplemented with antibiotic (gen- 
tamicin: 80 gg/ml) and 20% lipoprotein-free 
AB serum according to Tabacik et al. (9) at a 
concentration of 4 x 106 cells/ml medium. 
Lymphocytes from leukemic hamster (L~C 
cells) were isolated and cultured in RPMI-1640 
according to Philippot et al. (3). Human genital 
skin fibroblasts from children were cultured in 
monolayer in DEM supplemented with 10% fe- 
cal calf serum (10). The human mammary car- 
cinoma cell line MCF 7 was from Dr. Lipman 
(National Cancer Institute, Bethesda, MD). The 
ceils were cultured in monolayers in MEM sup- 
plemented with 5% fecal calf serum. 

Incubation with [2J4C]sodium acetate. Be- 
fore t4C-acetate incorporation, all the ceils were 
separated from serum-supplemented culture 
medium and ~laced in culture medium without 
serum (5• 10 lymphocytes/ml medium in plas- 
tic tubes; monolayer culture: 3 ml medium in 6 
cm diameter petri dishes). Twenty /al [2J4C] 
sodium acetate solution (20 pC) was added per 
ml culture medium and cells incubated at 37 C 
for various lengths of time (lymphocytes under 
gentle stirring; cells in monolayer under air + 
5% CO2 stream). 

After incubation, the cells were separated 
from culture medium, washed 3 times with PBS 
and transferred into glass tubes with 2 ml of 
10% sodium hydroxide. After 1 hr of saponifi- 
cation at 85-90 C, the total 14C-incorporation 
into the cell was measured (on an aliquot) and 
the nonsaponifiable material was extracted with 
petroleum ether. 

Lipid analysis. Half of the nonsaponifiable 
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material was precipitated with digltonin accor- 
ding to the standard method (1 I); the remain- 
der was analyzed according to the method des- 
cribed in reference 12. We also analyzed, in the 
same way, the sterols recovered from the digl- 
tonid and in several cases, the supernatant from 
digltonid precipitation. 

Briefly, the nonsaponifiable material was 
fractionated by TLC in system I into the C-27 
sterol zone, C-28 sterol + aliphatic alcohol zone, 
C-29 + C-30 sterol zone, front zone. The 3 
sterol zones were reduced with BH4Na in order 
to separate the bifunctional methyl sterols (4,4'- 

P dimethyl or 4,4,14a-tnmethyl-cholestenols,  32 
(or 31)-al) as more polar diols (TLC in system I). 

C-27 sterol analysis: the C-27 sterol zone 
was acetylated (pyridine + acetic anhydride) 
and the acetate mixture (supplemented with 10 
/~g lathosterol acetate) spotted on a silica gel- 
NO3Ag impregnated plate. The plate was 
developed in system II. Preparation of plates: 
glass precoated Silica Gel G plates were dipped 
in a 10% aqueous NO3 Ag solution, then activa- 
ted for 2 hr at 120 C. 

The C-29 + C-30 sterol zone was analyzed on 
the same kind of NO3Ag-impregnated glass 
silica gel plate in system III. 

The C-28 sterol + aliphatic alcohol zone was 
oxidized with chromic anhydride dissolved in 
acetic acid and the aliphatic alcohols were eval- 
uated as allphatic acids in system I. 

The front zone was fractionated on a silica 
gel plate in system IV with the reference sam- 
pies: squalene, oxido-squalene, lanosteryl stear- 
ate as methylsterol ester, cholest-7-en-3-one as 
sterone. 

The sterone zone was reduced with BHaNa 
(20 hr in aqueous dioxan at room temperature) 
and the sterols obtained analyzed on TLC in 
system I, then as acetates in system III and by 
GLC (of the acetates): capillary column, OV 
101; oven temperature, 260 C; injector 300 C; 
He gas flow, 0.8 kg/cm 2 ;H2, 0.5 kg/cm 2. Mass 
spectra of the acetates: electron energy, 70 eV; 
trap current, 50 A; tension acceleration, 3500 
V; ion source temperature, 260 C, and molecu- 
lar separation temperature, 240 C. 

The methyl sterol ester zone was reduced 
with A1LiHa and the sterol mixture obtained 
purified by TLC in system I; the sterol zone 
eluted from system I with pure ethyl ether was 
divided into 2 parts: one part was analyzed in 
system III and the other by GLC and MS (same 
conditions as above). 

System I: silica gel, hexane/ether/acetic acid, 
50:50:0.5, 2.5 hr, continuous run at room tem- 
perature. 

System II: glass precoated (+ NO3Ag) plate, 
carbon tetrachloride/benzene, 90:10, 20 hr, 

continuous run at 4 C. 
System III: glass precoated (+ NO3Ag) plate, 

carbon tetrachloride/benzene, 95:5, continuous 
run at 4 C. 

System IV: silica gel plate; one run in hex- 
ane/ethyl acetate, 97:3. 

Digitonin precipitation {11). After enrich- 
ment of the nonsaponifiable material by cho- 
lesterol (1 mg or 0.25 mg in 200/al  acetone] 
diethyl ether, 1 : 1), the sterols were precipitated 
by addition of 1 ml digitonin solution (0.5% in 
90% ethanol). After one night at room temper- 
ature, the precipitate was centrifuged and 
washed 3 times successively with 0.5 ml of 
ethanol/diethyl ether, 1 : 1 ; acetone/diethyl 
ether, 1 : 1 ; and diethyl ether. After decomposi- 
tion of the digltonid with pyridine (200/~1), the 
radioactivity of the digltonin-precipitable sterols 
was counted and the mixture analyzed in the 
same way as the nonsaponifiable material. 

% precipitated methyl sterols from nonsaponifiable 
material = dpm methyl sterols from digitonin 

dpm methyl sterols from nonsaponifiables 

X 100 

Radioactivity was counted in a Packard scin- 
tillation counter (mode 1 TRI-CARB 460 CD) 
in a toluene solution of 2,5-diphenyl oxazole. 
Proteins were measured according to Bradford 
(13). 

RESULTS AND DISCUSSION 

Cholesterol Biosynthesis in 
Normal Human Lymphocytes 

It is well known that native lymphocytes 
manifest a low lipid metabolism which can be 
stimulated by culture in a poor lipid medium 
(8). In a previous study (7), we followed the 
stimulation of cholesterol biosynthesis by cul- 
turing cells for several days in a lipid-free medi- 
um. The biosynthesis was evaluated by incor- 
poration of radioactive acetic acid into digiton- 
in-precipitatable sterols and into cholesterol it- 
self (as shown in Fig. 1). Maximum stimulation 
would be at ca. 44 hr according to the diglton- 
in-precipitation method, whereas cholesterol 
production reached an acute maximum after 66 
hr of culture. This experiment, which was de- 
signed to allow the choice of optimum time of 
stimulation, could lead to erroneous interpre- 
tation, if based on digitonid evaluation only. 

As the specificity of the digitonid method 
mainly depends upon the precipitation of 
methyl sterols (which is incomplete), we ana- 
lyzed the precipitated sterols after two times of 
stimulations (20 hr and 66 hr), and determined 
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FIG. 1. Experiment I: cholesterol biosynthesis in normal human lymphocytes was stimu- 
lated by culture in the presence of lipoprotein-free ~rurn for 0 to 162 hr, and ~4C-acetic 
acid incorporation by 5 X 10 ~ cells into cholesterol and digitonin-precipitable sterols was 
measured after different times of culture: - - e - - e - -  dpm X 10 -3 digitonid; - - , ~ - - o - -  
dpm • 10 -3 cholesterol 

at each t ime the percentage of  methyl  sterols 
precipi ta ted by digitonin from nonsaponifiable 
material. 

In exper iment  1, the amount  of  nonradio-  
active cholesterol  added for precipi ta t ion with 
digitonin was 1 mg, but  in all fur ther  experi- 
ments,  we added only 0.25 mg of  cholesterol  in 
order  to facil i tate the analysis at the state of  
TLC. 

Table 1 shows compos i t ion  of  digitonids:  
according to a previous s tudy (12), we isolated, 
af ter  BH 4 Na reduct ion  o f  the sterol zone (from 
chromatography  in system I), a polar  fract ion 
which was identif ied as a mixture  of  a lano- 
sten-3/3, 32-diols. These diols arose from methyl  
sterols bearing a carbonyl  funct ion  at C-32, which 
are metabol i tes  o f l anos te ro l  demethy la t ion ,  and 
are noted in Table 1 as "b i func t iona l  methy l  
s terols ."  If we compare  the cholesterogenesis  
expressed as cholesterol  or digitonid af ter  20 hr  
and 66 hr  culture,  the fol lowing observat ions 
can be made:  in exper iment  2, the s t imulat ion 
was 26 t imes higher after 66 hr  than after  20 
hr, but  according to the digitonid method ,  it 
was only 6 t imes higher;  in exper iment  3, the 
lack of  agreement  be tween  the 2 me thods  is 

more evident  in that  after 66 hr  cul ture the 
cells produced 40 t imes more  cholesterol  than 
after  20 hr, but  the digitonid level was only 1.2 
t imes higher; in exper iment  4, the digitonin- 
precipi ta t ion me thod  led to a cont rad ic tory  re- 
sult - a s t imulat ion lower  after 66 hr  than after  
20 hr, whereas the cholesterol  biosynthesis  was 
higher (as expected) .  

In Table 2, we can see the percentage o f  
methyl  sterols which have precipi ta ted by digi- 
tonin from the nonsaponif iable  material :  this 
value varies from 24 to 87%. 

Cholesterol Biosynthesis in L 2 C Cells 

Table 3 shows the composi t ion  of  the sterols 
precipi ta ted and the percentage of  methyl  ster- 
ols which have precipi ta ted f rom the nonsapon-  
ifiable material (Tahacik et al., unpubl ished re- 
suits). This percentage is considerably lower  
than in the case of  normal  human lymphocy tes  
and varies only f rom 1 to 12.8%, al though the 
composi t ion  o f  the cholesterol  metabol i tes  was 
apparent ly similar for the 2 types of  ceils and 
the a m o u n t  o f  added nonradioact ive  cholesterol  
was the same (0.25 rag). If the precipi ta t ion o f  
the 2 kinds of  methyl  sterols (monofunc t iona l  
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TABLE 1 

Composition (%) of Digitonin-Precipitable Material after Incorporation 
of 14C-Acetic Acid by Stimulated Human Lymphocytes 

Experiment no. 1 2 3 4 5 

Stimulation time (hr) 20 66 20 66 20 66 66 66 

% C-29, C-30 Sterols 4.5 1.9 35.9 11.5 5.3 2.1 1.2 5 
C-28 Sterols + 3.5 2.3 1.7 2.7 
n-fatty alcohols 12.0 6.3 4.8 6.2 2.8 1.9 1.4 2.2 
C-27 Sterols 33.1 58.3 8.8 41.1 13.3 50.7 63.0 44.5 
(Cholesterol) (2.4) (11.2) (1.2) (22.1) (0.7) (8,0) (12.1) (8.1) 
Bifunctional methyl sterois 50.3 33.50 50.5 47.1 75.0 42.9 32.5 45.5 

dpm X 10 -3 nonsaponifiable 
material/5 X 10 7 ce l l s  94.4 267.5 834 696 126.7 72.5 233.9 93.6 

dpm X 10 -3 digitonid/5 
X 107 cells 32.4 190.0 475.8 581.0 101.2 36.0 153.9 45.4 

dpm X 10 -s cholesterol/5 
X 107 cells 0.8 20.8 2.7 107.5 1.3 3.0 20 2.6 

Cholesterol biosynthesis in normal human lymphocytes was stimulated by culture in the presence of lipopro- 
rein-free serum for 20 or 66 hr, and 14C-incorporation into nonsaponifiable material, digitonin-preeipitable ma- 
terial and cholesterol were measured after 4 hr incubation. At each incubation time, both total nonsaponifiable 
material and digitonin-preeipitable material were analyzed and the percentage of methyl sterols precipitated 
from nonsaponifiable material into the digitonid was calculated. 

and bi funct ional)  is examined  in more  detail,  i t  
is apparent  that  the  b i funct ional  precipi ta tes  
more  eaasily than the monofunc t iona l .  

Figure 2 shows the  yield of  choles terol  and 
digi tonin-precipi table sterols biosynthesized 
f rom the whole radioact ivi ty incorpora ted  by 
the  cell. We observed tha t  these 2 parameters  
are a lmost  equivalent  only  af ter  a long incuba- 
t ion t ime with the precursor.  If  we used an 
in termediary  incuba t ion  t ime,  e.g., 4 hr  (a t ime  
which is of ten  used in cholesterol  regulat ion 
studies), the  cholesterol  p roduced  by the  cells 
was still 3 t imes lower  than  the  digitonin-pre- 
cipitable sterols. 

Cholesterol Biosynthesis in MCF 7 Cells 

I n  the  nonsaponif iable  material ,  we idenfi- 
fied a large a m o u n t  (10-30%) of  aliphatic alco- 
hols (14);  a f ract ion o f  these (4-16%) was re- 
covered in the  digitonid f rom which we also 
isolated b i funct ional  methyl-s terols  (see Table 
4). 

The percentage of  total  methy l  sterols pre- 
cipi tated f rom the nonsaponif iable  material  
varies f rom 36.6% to 41.4% and unt i l  the  6th 
hour  of  incuba t ion  there  is a considerable  dis- 
pari ty be tween  the  2 tested methods  for  cho- 
lesterol  evaluation.  If  the  precipi ta t ion o f  the 2 
kinds of  me thy l  sterols is examined  in more  
detail  (as in the case of  L2C cells), it is again 
apparent  that  the b i funct ional  precipitates 
more  easily than the  monofunc t iona l .  Figure 2 
shows the  yield of  choles terol  and digitonin- 

precipitable sterols f rom the  to ta l  radioact iv i ty  
incorpora ted  in to  the  cell be tween  0 and 24 hr  
incubat ion.  Af te r  4 hr  incubat ion,  "choles te ro l  
b iosynthes is"  evaluated as digi tonid was still 
twice as high as when measured by direct  quan- 
t i f icat ion of  the  final product .  

Cholesterol Biosynthesis in Human Fibroblasts 

The cholesterol  biosynthesis  was evaluated 
f rom 14C-acetate after  various incuba t ion  t imes 
(15). We found very small amounts  of  radio- 
active cholesterol  in to ta l  nonsaponif iable  ma- 
terial, and this very low cholesterogenic  act ivi ty  
was also conf i rmed by a low digi tonin precipi- 
t a t ion  (Table 5). However ,  t he  choles terogenic  
act ivi ty,  when  evaluated as digitonid,  was al- 
ready maximal  after  8 hr, whereas the choles- 
terol  yield was considerably lower  (10 t imes)  
and still increasing (see Fig. 2). �9 

At  every incubat ion  t ime,  nonprec ip i tab le  
lipids (supernatant  o f  digi tonid)  represent  ca. 
80% of  nonsaponif iable  material .  These lipids 
are generally assumed to  be composed  of  squa- 
lene and oxido-squalene.  Accord ing  to this 
widely acknowledged concept ,  one  could  con- 
clude that  these c o m p o u n d s  accumula te  in non- 
saponifiable material  and tha t  a post-HMG CoA 
regulat ion o f  the  process occurs be tween  squa- 
lene and oxido-squalene.  We analyzed these 
nonpola r  compounds  (see Table 6) and found 
that  the  main componen t s  were t r i terpenic  
metabol i tes ,  s terones and esters of  me thy l  
sterols ( compounds  very diff icult  to  saponify),  
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T A B L E  3 

C o m p o s i t i o n  (%) o f  D i g i t o n i n - P r e c i p i t a b l e  Mater ia l  a f t e r  I n c o r p o r a t i o n  o f  14C-Acet ic  Ac id  by  L2C Cells 

I n c u b a t i o n  t i m e  (hr)  0 .25  0 .5  ! 2 4 24  

% 
C - 2 9 ,  C -30  S te ro l s  0 0 0 .6  2 . 0  2 .0  2 .7  
C-28  S te ro l s  + n - f a t t y  a l coho l s  1.8 1.8 3.2 1.5 4.1 8 .7  
C-27  S te ro l s  85 .7  85 .4  7 8 . 0  85 .5  84 .4  8 6 . 6  
( C h o l e s t e r o l )  9 .6)  ( 1 5 . 0 )  ( 1 2 . 0 )  ( 2 2 . 2 )  ( 2 2 . 2 )  (29 .3)  
B i f u n c t i o n a l  m e t h y l  s te ro ls  12.5 12.8 18.2 11.0  9 .5  0 

d p m  X 10 -a n o n s a p o n i f i a b l e  
m a t e r i a l / 5  • IO ? cells 1 4 9 . 8  3 5 7 . 9  4 8 5 . 5  642 .1  7 8 3 . 8  1 9 3 4 . 3  

d p m  X I 0  -a d i g i t o n i d / 5  X 
107 cells 59 .3  1 4 4 . 3  195 .0  2 5 8 . 8  3 7 4 . 6  5 9 7 . 7  

d p m  X 10 -a c h o l e s t e r o l / 5  X 
l 0  ? cells 5.7 2 1 . 6  23 .4  42 .7  83 .9  5 6 6 . 9  

d p m  • I 0  -a m e t h y l s t e r o l s /  
5 X 107 cells f r o m  n o n s a p -  
on i f i ab l e  m a t e r i a l  
m o n o f u n c t i o n a l  22 .2  1 4 2 . 3  169 .9  2 0 5 . 5  2 3 3 . 8  7 4 5 . 7  
b i fu  no t iona l  4 3 . 7  97.1  162 .7  2 0 2 . 9  2 5 8 . 3  142 .4  

d p m X  10 -s m e t h y l s t e r o l s /  
5 X 107 ceils f r o m  d i g i t o n i d  
m o n o f u n c t i o n a l  I.  1 2 .6  7 .4  9 .0  2 2 . 9  68.  I 
bi f u n c t i o n a l  7 .4  18.5 35 .5  28 .5  26 .  I 0 

% p r e c i p i t a t e d  m e t h y l  s te ro l s  a 
m o n o f u n c t i o n a l  1.9 1.8 4 .4  4 .5  10.2 9. I 
b i f u n c t i o n a l  16.9 19 .0  2 1 . 8  14 .0  10. l 0 

% to t a l  p r e c i p i t a t e d  m e t h y l  
s te ro l s  ( m o n o -  + b i func -  
t i ona l )  12.8 8 .8  7 .9  4 .5  4 .2  1.0 

~4C-Acetic ac id  i n c o r p o r a t i o n  by  L2C cells i n to  n o n s a p o n f i a b l e  ma te r i a l  a n d  d i g i t o n i n - p r e c i p i t a b l e  ma te r i a l  
we re  m e a s u r e d  a n d  the  c o m p o s i t i o n  (%) o f  e ach  m i x t u r e  d e t e r m i n e d  a c c o r d i n g  to  the  e x p e r i m e n t a l  p r o c e d u r e  
d e s c r i b e d  in t he  t ex t .  F r o m  these  d a t a ,  we  c a l c u l a t e d  the  p e r c e n t a g e  o f  m e t h y l  s te ro l s  w h i c h  were  p r e c i p i t a t e d  
w i th  d i g i t o n i n  f r o m  the  n o n s a p o n i f i a b l e  ma te r i a l .  

aSee  Tab le  2 o r  Mater ia l s  a n d  M e t h o d s .  
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FIG. 2. 1*C-Acetic acid incorporation into cells, nonsaponifiable material, digitonin-precipi- 
table material and cholesterol were measured after 0 to 24 hr incubation at 37 C in RPMI. 
From these data, we calculated the transformation of 14C-acetic acid into digitonin-precipi- 
table material and cholesterol by the ceils. 
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whereas squalene was only a minor constituent. 
This would support a regulation at the iano- 
sterol demethylation step rather than at squal- 
ene epoxidation. 

The percentage of free methyl sterols pre- 
cipitated by digitonin from nonsaponifiable 
material varied over 3 incubations (see Table 
5). We have not looked for the presence of bi- 
functional methyl sterols, because of the small 
amount of labeled material (low digitonid pre- 
cipitation). 

CONCLUSION 

From the experiments described above with 
4 different types of cells and in agreement with 
early work, we can see that a fraction of the 
methyl sterols present in the nonsaponifiable 
material always co-precipitates with the C-27 
sterols. This fraction is very variable, even 
though the amount of cholesterol added for 
digitonin precipitation (0.25 mg) is constant. 
The analyzed mixture contains microquanti- 
ties of methyl sterols in the presence of a con- 
stant high amount of cholesterol. Our results 
agree with those of CenedeUa (7) who observed, 
in similar cases, the co-precipitation of a large 
proportion of methyl sterols, but we are un- 
able to explain why this proportion is so vari- 

able. The differences lie perhaps in the fact that 
the mixtures we analyzed were very com- 
plex, including all possible metabolites of the 
lanosterol demethylation (bifunctional methyl 
sterols, sterones, methyl sterols esters, etc.) 
which can bind one another (12). Our results 
show that the precipitated methyl sterols are 
mainly bifunctional methyl sterols. It is thus 
impossible to predict what proportion of the 
methyl sterols present in the total extract would 
be found together with C-27 sterols in the digi- 
tonid. 

The supernatant from digitonin precipitation 
is generally considered to consist essentially of 
acyclic metabolites of cholesterol biosynthesis, 
i.e., squalene and oxido-squalene. In our exper- 
iments, these 2 compounds were always minor 
constituents of the nonprecipitable metabolites 
which could include high amounts of unexpec- 
ted compounds such as aliphatic alcohols 
(Table 4), sterones and methyl sterol esters 
(Table 6). 

In conclusion, our results indicate that digi- 
tonin precipitation is not a suitable method for 
measuring kinetics of cholesterol biosynthesis 
or for regulation studies, especially with low 
cholesterogenic ceils. This conclusion since based 
on observations with 4 different types of ceils 
could represent a general situation, mainly for 
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TABLE 4 

Composi t ion (%) of  Digitonin-Precipitable Material after Incorporat ion of 14C-Acetic Acid by MCF 7 Cells 

Incubation t ime (hr) 1 2 4 6 24 

% 
C-29, C-30 Sterols 2.4 1.4 1.2 1.2 0.2 
n-Fatty alcohols 4.3 3.5 2.4 1.9 0.5 
C-27 St erols 54.1 66.9 74.9 77.7 90.7 
(Cholesterol) (10.8) (19.0) (27.8) (37.3) (69.3) 
Bifunctional methyl  sterols 39.2 28.2 21.5 19.2 8.6 

dpm X 10  -a nonsaponifiable 
material/rag P 303.6 281.2 559.9 729.5 2906.5 

d p m X  10 -a d ig i ton id /mgP  129.9 133 280.5 396.9 1918.3 
dpm X 10 -a cho les te ro l /mgP 14.0 25.2 "78.1 147.9 1329.2 
dpm • 10 -a methyl  sterols/ 

mg P from nonsaponifiable 
material 
monofunct ional  44.9 26.5 37.1 70.0 296.4 
bifunctional  101.3 80.9 104.2 116.9 ! 94.3 

dpm X 10 -a m e t h y l s t e r o l s / m g P  
from digitonid 
monofunct ional  3.1 1.8 3.4 4.7 38.3 
bifunctional 50.9 37.5 60.3 76.2 164.9 

% precipitated methyl  sterols a 
monofunct ional  6.9 6.7 9.2 6.7 12.9 
bifunctional  50.2 46.3 57.8 65.2 84.6 

% total  precipitated methyl  sterols 39.0 36.6 45.1 43.3 41.4 

1*C-Acetic acid incorporation by MCF7 cells into nonsaponifiable material and digitonin-precipitable material 
were measured and the composi t ion (%) of  each mixture  determined according to the experimental  procedure 
described in the text.  From these data, we calculated the percentage of methyl  sterols which were precipitated 
with digitonin from the nonsaponifiable material. 

aSee Table 2 or Materials and Methods. 

TABLE 5 

Composi t ion (%) of Digitonin-Precipitable Material after 
Incorporat ion of t4C-Acetic Acid by Human Genital Skin Fibroblasts 

Incubat ion time (hr) 8 11 23 

% 
C-28, C-29, C-30 sterols 14.6 19.10 10.6 
C-27 sterols 85.4 80.90 89.4 
(cholesterol) (12.5) (20.40) (42.0) 

dpm X 10 -a nonsapon- 
ifiable mater ia l /mg P 51.0 59.8 105.4 

dpm X 10 -a d ig i ton id /mgP  6.9 6.6 9.9 
dpm X 10 -a cho les te ro l /mgP 0.87 1.35 4.19 
dpm X 10 -a free methyl  

s terols/mg P from nonsapon- 
ifiable material 14.67 13.82 14.73 

dpm X 10 -a free me thy l s t e ro l s /  
mg P from digitonid 1.01 1.26 3.56 

% precipitated methyl  sterols a 6.9 9.11 24.2 

14C-Acetic acid incorporat ion by human genital skin fibroblasts into digitonin-precipi- 
table material and digitonin-nonprecipitable material were measured and the composi t ion of 
each mixture  determined according to the experimental  procedure described in the text.  
From these data, we calculated the percentage of methyl  sterols which were precipitated 
with digitonin from the nonsaponifiable material. 

aSee Table 2 or Materials and Methods. 
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TABLE 6 

Composition (%) of  Supernatant from Digitonid after 
Incorporation of ~4C-Acetic Acid by Human Genital Skin Fibroblasts 

649  

Incubation time (hr) 8 11 23 

nonpolar %~ squalene 
,( methyl sterol 

compounds ] esters 
" sterones 

C-28, C-29, C-30 sterols 

2.3 1.2 1.3 

23.1 25.7 21.1 
70.2 71.0 74.0 

4.4 2.1 3.6 

14C-Acetic acid incorporation by human genital skin fibroblasts into digitonin-precipita- 
ble material and digitonin-nonprecipitable material were measured and the composition of 
each mixture determined according to the experimental procedure described in the text. 
From these data, we calculated the percentage of methyl sterols which were precipitated 
with digitonin from the nonsaponifiable material. 

pulse-labeling studies with radioactive precur- 
sors. 
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Detection and Determination of Lipase (Acylcjlycerol Hydrolase) 
Activity from Various Sources 
ROBE RT G. JENSEN, Department of Nutritional Sciences, Universitv of Connecticut, 
Storrs, CT 06268 

ABSTRACT 

Methods for the detection and determination of lip ases (acylglycerol hydrolases) and preparation 
of assays are reviewed including substrates, conditions and screening. Some newer methods for the 
determination of lipase activity are discussed. Several of these are: (a) titrimetry, (b) colorimetry of 
Cu soaps of free fatty acids (FFA), (c) colorimetry of chromophores in the acyl chain of FFA or in 
glycerol, (d) radioassay, (e) gas liquid chromatography, (f) enzymatic treatment of FFA and measur- 
ment of the resulting products, and (g) direct immunological determination of the lipase. Examples 
and sensitivities are given and advantages and disadvantages are described. 
Lipids 18:xxx-xxx, 1983. 

Lipases or acylglycerol acylhydrolases (EC 
3.1.1.3) (1) are defined for our purposes as 
enzymes which hydrolyze esters of long-chain 
aliphatic acids from glycerol at oil/water inter- 
faces. Phospholipids and cholesteryl esters are 
not included as substrates, although there are 
lipases which will hydrolyze acylglycerols and 
phospholipids or cholesteryl esters. Emulsion 
globules, fat bodies or lipoprotein particles 
usually provide the interface and these have 
been termed the supersubstrate (2). Lipases 
have the important physiological role of prepar- 
ing the fatty acids of water-insoluble TG for 
absorption into and transport through mem- 
branes by converting the TG to the more polar 
DG, MG, FFA and glycerol. With the exception 
of glycerol, these products are absorbed as 
mixed micelles from the lumen of the small in- 
testine (3) or by lateral diffusion via a contin- 
uous water layer extending into the target cell 
(4). The FFA are transported in blood bound 
to albumin. Another important physiological 
role of lipases is to provide FFA for activation 
to CoA esters so that the acids can be oxidized, 
converted to prostaglandins or otherwise meta- 
bolized. 

Lipases have many industrial uses (5). For 
example, the enzymes assist in the production 
of the characteristic flavors of Italian and mold- 
ripened cheeses and occasionally cause spoilage, 
even at -20 C. In raw bovine milk, activation of 
milk lipoprotein lipase can result in the rapid 
accumulation of 4:0, 6:0, 8:0 fatty acids, etc., 
to the point that these acids can be detected 
organoleptically. The flavor and odor of the 
acids are so overwhelmingly unpleasant that the 
milk must be discarded. Because the monetary 
value of the discarded milk can be substantial, 

Abbreviations: TG, triacylglycerols; DG, diacyl- 
glycerols; MG, rnonoacylglycerols; FFA, free fatty 
acids. Trioleoylglycerol is 18:0-18 : 1-18:1, etc. 

several of the methods available for determin- 
ation of lipase activity have been developed for 
the dairy industry (6). 

Recently, various lipases, alone or in conjunc- 
tion with other enzymes, have been widely 
used as hydrolytic reagents in the manual (7) 
and automated (8) determination of TG. The 
hydrolytic system must be able to digest com- 
pletely all of the acylglycerols present to gly- 
cerol. The glycerol is determined by coupled 
enzymatic reactions and gives an indirect esti- 
mate of the acylglycerol content of the mater- 
ial, usually blood serum, being analyzed. 

Some newer applications of lipases which 
have potential are hydrolysis of TG under mild 
conditions (9), synthesis of new TG by inter- 
esterification (10) and hydrolysis of other com- 
pounds. An example of the last is the prepar- 
ation of s propanol from the 
racemic propionate esters (11). The last synthe- 
sis is extraordinary because it is largely stereo- 
specific, but uses pancreatic lipase which does 
not  ordinarily have this property. Another in- 
genious application is the development of a 
sensor for neutral lipids based on an immobil- 
ized lipase and a flow-through pH electrode 
(12). The apparatus was employed to deter- 
mine the neutral lipid content  of serum. 

For any of these applications, the enzyme 
being studied must first be identified as a lip- 
ase and then the activity be determined under 
nearly optimal conditions. Suitable methods 
for analysis of activity are prerequisites for 
monitoring purification and identification of 
specificity (13). The last major review of meth- 
ods for the determination of lipase activity ap- 
peared in 1974 (14). Several extremely sensi- 
tive and novel analyses for lipase specificity 
have since been published. In this paper, I will 
review these analyses as well as procedures for 
detection of lipases. This paper should there- 
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fore be considered a summary of newer meth- 
ods and not a comprehensive description. We 
have recently discussed the determination of 
lipase specificity (13). 

UNITS OF A C T I V I T Y  

A variety of units have been reported, but 
some authors have used the preferred IUPAC- 
IUB units (U) (15);/.tmol FFA released/min re- 
lated to the volume of digestion mixture being 
tested or to the amount  of substrate trans- 
formed. Others give activity in terms of 16:0 or 
18:1, usually when these acids are employed to 
prepare a standard curve. Specific activity/~mol 
of FFA released/min/mg protein is seldom seen. 
It would be helpful if all who investigate lip- 
ases report activity as U or preferably as specific 
activity. The latter must be given if the activi- 
ties of lipase preparations from a variety of 
sources are to be meaningfully compared or if 
purification is being done. 

DETECTION AND DETERMINATION 
OF LIPASE ACTIVITY 

Lipolytic activity is generally signified by an 
accumulation of FFA and disappearance of TG 
when a tissue or fluid is incubated or stored. 
The presence of a lipase is then indicated. An 
example of this is the occurrence of the events 
above in germinating seeds. The lipase can be 
intrinsic or adventitious as in the growth of a 
microorganism in fatty foods. The conditions 
of detection, i.e., temperature, pH, presence of 
cations and fatty acid acceptors, will provide 
information required for the design of a suitable 
assay system. Beyond these parameters, it is 
necessary to assure that the definition of a lip- 
ase is met, but this may be implicit in detection. 
Since lipolytic activity may be very weak in 
circumstances where the enzymes are diffuse, 
activity may not be noticed unless extremely 
sensitive methods of detection are applied. 
These will be discussed later. 

Substrates 

In som~studies, the source of the lipase also 
provides the substrate, e.g., adipocytes, but  in 
most cases an external substrate is provided. 
Trioleoylglycerol (18:1-18:1-18:1) is an ideal 
substrate for lipases. If it is hydrolyzed in an 
emulsion by an enzyme, the definition of a 
lipase is fulfilled. In addition, it is liquid at the 
usual assay temperatures and is therefore easily 
emulsified. Solid substrates are digested, but 
much more slowly. Olive oil is a good, inex- 
pensive substitute for 18:1-18:1-18:1. It con- 
tains over 70% 18:1. Commercial oils contain 

impurities which can be removed by passage of 
the oil through neutral alumina in hexane/ 
ethyl ether (9 : 1, v/v) (16). Tributyrylglycerol 
(4:0-4:0-4:0) and all other TG soluble in the 
solvent mixture can be similarly purified, but  
the alumina will not retain compounds less 
polar than TG. 

Tributyrylglycerol is a convenient substrate 
because it can be dispersed in water by shaking 
or stirring without the addition of emulsifiers. 
It is useful in lipase screening tests and in the 
quantitation of lipolytic activity by continuous 
automatic titration. Investigators must under- 
stand that 4:0-4:0-4:0 does not  meet the def- 
inition of a substrate for lipases. Although most 
lipases will hydrolyze this substrate, so will 
some esterases and "lipase" activity should be 
verified with 18:1-18:1-18:1. 

Many investigators have employed chromo- 
genic substrates, such as fatty acid esters of 4- 
methylcoumarin (umbelliferone). Esterases re- 
lease an alcohol (phenol, eosin, umbelliferone, 
naphthol, etc.) from these chromogens which is 
determined directly by fluorimetry. The 
method is very sensitive, but  phenolic esters 
appear to be unsuitable for assays of lipases. 
UmbeUiferone caprylate yielded only 0.2% of 
the activity obtained with 18:1-18:1-18:1 (17). 
Some of the esters hydrolyze spontaneously 
at pH 8.0, the optimum for many lipases. Um- 
belliferone esters are partially soluble in water 
and methyl cellosolve is added to improve sol- 
ubility. Nevertheless, these substrates are still 
applied to the assay of lipase activity. Doouij- 
waard-Kloosterziel and Wouters (18) evaluated 
some properties of the lipase of Geotr imchum 
candidum with umbelliferyl esters. Roy (19) 
investigated lipases from Pseudomonas fluores- 
t ens  and Serratia rnarcescens with the assay. 
Mattey and Morgan did the same with Candida 
lipolytica (20). However, Severson et al. (21) 
obtained higher activities with methylumbelli- 
ferone stearate dispersed with glycerol and leci- 
thin than with similarly dispersed trioleoyl- 
glycerol when assaying pigeon adipose tissue 
ester hydrolase activity. There was little hydro- 
lysis of methylumbelliferone stearate in the ab- 
sence of l~cithin. Activity with ethanolic trio- 
leoylglycerol was 2-4 times higher than either 
dispersed substrates. Apparently, umbelliferyl 
esters are acceptable substrates if properly dis- 
persed. 

The Tweens (estefified potyoxyethylene 
derivatives of sorbitan) were substrates for 
various microorganisms (22,23) but are not  
suitable as substrates. They are heterogeneous, 
do not resemble TG and are hydrolyzed by 
esterases. Although not good substrates, the 
Tweens are useful emulsifiers. Obviously, their 
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use as emulsifiers will cause confusion. 
Others have prepared acylglycerols esteri- 

fled with fatty acids which contained a colored 
probe. The fatty acid can be measured spectro- 
photometerically either directly or after treat- 
ment with a color-forming reagent. For exam- 
ple, trinitrophenyl-6o-aminolauroyl TG (24) and 
2,3 dimercapto-l-propanol tributyrylglycerol 
(25,26) have been utilized for assay of lipase 
activity. Cox and Horrocks (27) employed 16:0 
and 10:0 analogs of 1-mercapto-2,3-propane- 
diol as substrates for MG the lipase of Rhizo- 
pus delemar. 

Suitable substrates for determination of DG 
and MG lipases can be synthesized as described 
by Jensen and Pitas (28) and Buchnea (29). 
With 2-MG and 1,2 (2,3)-DG, awl  migration to 
1 (3) MG or 1,3-DG must be avoided or mini- 
mized or the results may be confounded. Pre- 
cautions are discussed in reference 13. 

Conditions 

The pH optima of most lipases lie between 7 
and 9, although there are exceptions, primarily 
the seed lipases. Phosphate, NH4OH-HC1 and 
tris have been the traditional buffers. The Good 
series, a group of zwitterionic buffers, is good 
for the pH range of 6-8 (30). Ferguson et al. 
(31) have described 5 new zwitterionic buffers 
with pKa between 6.9 and 7.9, which appeared 
to be equal to or better than other buffers 
available. To my knowledge, they have not 
been used for lipases. These are available com- 
mercially as MOPSO, DIPSO, etc., from the 
usual suppliers. 

Lipases are active over a very wide temper- 
ature range: -20 C to 65 C, but the usual range 
is 30-45 C. Trioleoylglycerol and 4:0-4:0-4:0 
will be liquid at these temperatures, a require- 
ment for optimal activity. 

Unless the substrates are lipoproteins, adi- 
pocytes, fat bodies, etc., they should be emul- 
sifted. Since the velocity of lipolysis is a func- 
tion of the supersubstrate concentration, i.e., 
of the surface offered to the enzyme, the sub- 
strate should be dispersed in as fine an emul- 
sion as possible. To prepare relatively stable 
emulsions, the substrate must be liquid (the 
buffer can be heated to melt the substrate) and 
emulsifiers, stabilizers or both added. Emulsi- 
tiers, such as sodium dodecyl sulfate, bile salts, 
phospholipids, and various nonionic detergents 
are examples. Several different types of emulsi- 
tiers should be checked because some will in- 
hibit lipases, e.g., hepatic lipoprotein lipase is 
inhibited by sodium dodecyl sulfate (32). Sta- 
bilizers such as gum arabic (acacia) can main- 

tain emulsions without the addition of surface- 
active agents. However, gum arabic contains cal- 
cium ions which can be removed if required 
(33). Emulsification is done with sonic energy 
or high speed mixers, such as a Waring Blendor. 
Since this is empirical, preparation must be 
identical with each batch. Severson et al. (21) 
achieved dispersion of 18:1-18:1-18:1 with the 
aid of glycerol plus lecithin followed by rapid 
mixing. The method of dispersion was that of 
Nilsson-Ehle and Schotz (34). The mixture 
should contain enough Na + or I-1" ions (usually 
as 0.1-1.0 M NaC1 or supplied by the buffer) to 
suppress enzyme inhibition by interfacial charge 
effects. Calcium ions (0.02-0.1 M), Mg ions or 
bovine serum albumin are incorporated as fatty 
acid acceptors since accumulation of FFA usual- 
ly inhibits lipases. With lipoprotein lipase, cal- 
cium ions had little effect on lipolysis of (35) 
chylomicrons, so the user must seek the opti- 
mal acceptor. The inhibitory effect of FFA and 
its reversal by fatty acid acceptors should be 
reinvestigated, since much of this work was 
done before purified lipase preparations became 
available. Another reason is that some lipases 
may be metalloenzymes, because some of the 
cations appear to enhance activity beyond their 
role as fatty acid acceptors. This could easily 
be tested by binding the FFA with an ion ex- 
change resin or bovine serum albumin during 
digestion in the absence of cations. 

The digestion should be terminated by the 
addition of acid to the incubation vessel. The 
acid inactivates the lipase, converts soaps to 
free acids and prevents emulsification during 
subsequent extraction. Acidification is a must, 
because Ca and Mg soaps of 16:0 and 18:0 are 
similar to limestone and will not be recovered 
unless the acids are free. The mixture is then 
extracted with organic solvents. The mixture 
can also be analyzed directly by addition of sol- 
vents and titration (36). However, the endpoint 
pH must be above 8.0 so that all the FFA are 
ionized and irreversible acceptors of FFA can- 
not be present. 

The digestion mixture must be vigorously 
agitated during incubation to renew the sur- 
face constantly and remove FFA which can in- 
hibit lipases. We use a water bath in which 
tubes, etc., can be agitated. Others have em- 
ployed a dental amalgamator (Wig-L-Bug) or an 
orbital sander equipped with tube damps in 
incubators. Whatever the nature of the shaker, 
the same size and shape of incubation vessel 
must be used to maintain the same surface-to- 
volume ratio throughout. If sequential studies 
are being done, separate vessels should be em- 
ployed for the same reason. 
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Screening 

Purified 4:0-4:0-4:0 mixed with nonnutr ient  
agar and poured into a Petri dish is convenient 
for screening. Cultures of microorganisms can 
be added to any desired originally clear medium. 
Pieces of tissue can be placed on the surface of 
the agar or holes cut into it with a cork borer, 
and these filled with the fluid being investi- 
gated. The agar is opaque, but if a diffusible 
lipase is present, the substrate will be hydrolyzed 
to water-soluble 4:0 (and possibly 1-4:0) which 
leaves a clear ring around the source of the en- 
zyme. We utilized this procedure to detect 
lipase activity in dental pulp (37). Visualization 
of the zone of clearing can be enhanced by the 
inclusion of the dye, Victoria blue (38) and 
MgSO 4 (22) or CaC12 (23) which form insolu- 
ble white soaps. These will appear as rings 
around the sites of application. Although suit- 
able for screening, these methods are insensi- 
tive. Trioleoylglycerol can be substituted for 
4:0-4:0-4:0 with the enhancement procedures. 
Screening with the aid of 4:0-4:0-4:0 may in- 
dicate lipolytic activity, but since this substrate 
is not, by definition, a substrate for lipases only, 
all positive results should be confirmed by hy- 
drolysis of 18:1-18:1-18:1, or purified olive oil 
or 12:0-12:0-12:0. 

Legakis and Papavassilliou (37) screened for 
lipases in microorganisms with thin layer chrom- 
atography (TLC). Cultures were grown in a 
medium containing 18:1-18:1-18:1, the medi- 
um was extracted with 0.5 ml of ethyl ether 
and 50 /al of the ether was potted on TLC 
plates. The plates were sprayed with a copper 
acetate reagent after development for visuali- 
zation and the spots quantitated densitometri- 
cally. Estimates of the FFA produced could 
also be made visually. Bennett et al. (40) simi- 
larly observed the hydrolysis of corn oil by Hel- 
minthosporium maydis. This microorganism 
causes southern corn leaf blight. They employed 
2 solvent systems for development of TLC 
plates. The first, benzene/ethyl ether/ethanol/ 
acetic acid (50:40:2.0:0.2, v/v), was allowed to 
migrate 70% of the plate length. After drying in 
air, the plate was placed in the second solvent 
system of hexane/ethyl ether (94:6, v/v) and 
development allowed to the top. Benzene should 
be replaced by cyclohexane because it is ex- 
tremely toxic and may be carcinogenic. In both 
of these procedures, the disappearance of TG 
as an indicator of lipolysis could be estimated. 

DETERMINATION 

The conditions of assay are available in the 
references below. This information plus the ob- 
servations made during discovery of the lipase 

should provide sufficient data to prepare an 
assay medium for a new lipase. At this point, it is 
not necessary that optimal activity be achieved, 
only that it be reproducibly measurable. The 
conditions required for optimal activity will be- 
come apparent as the enzyme is fully charac- 
terized, also unnecessary for initial assay. The 
number of trials required for full assessment of 
pH, temperature, etc., can be greatly reduced 
by use of a statistical treatment, response sur- 
face methodology (41). The design minimizes 
the number of combinations which need to be 
tested, and provides values for the provision of 
the maximum response by several variables. So 
far as I know, it has not been applied to the 
characterization of lipases, but  Smith et al. (42) 
employed the procedure to evaluate the effect 
of 3 variables upon the physical stability of 
milk fat emulsions. 

In the methods to be described, the FFA 
usually are not separately recovered from the 
digestion mixture. If this is necessary, it can be 
done by selective extraction (43), trapping with 
an ion exchange resin (32,44) or arrestant col- 
umn of basic silica gel (45), and thin layer (40, 
46) and high performance liquid chromatog- 
raphy (47). Edwards-Webb (44) trapped extrac- 
ted rumen FFA (4:0-18:3) on an ion exchange 
resin, eluted the acids and converted them to 
methyl esters with the eluting solvent in a sealed 
vial. The method avoids the problem of serious 
loss when analyzing short-chain acids. Dutta et 
al. (48) hydrolyzed TG with pancreatic lipase 
directly on a thin layer plate, then separated 
the digestion products. The FFA were recovered 
and quantitated by gas liquid chromatography 
(GLC). The method has the advantage of speed 
but reaction conditions would have to be deter- 
mined for other lipases. 

In the methods to be discussed, FFA are 
determined by (a) titrimetry, (b) conversion to 
Cu salts and colorimetry, (c) inclusion of a 
chromophore in the acyl chain, in glycerol or as 
a substitute for glycerol (umbeUiferone) and 
spectrophotometry or fluorimetry, (d) use 
and measurement of radioactive fatty acids, 
(e) GLC, (f) treatment with enzymes and mea- 
surement of a product, and (g) immunolo#cal 
methods. The glycerol produced by lipolysis 
has been measured by enzymatic production of 
bioluminescence. 

(a) Titrimetry. Titrimetry can be done direct- 
ly on the assay mixture. Moskowitz e t  al. (36), 
in a study of Mucor miehei lipase, titrated to 
pH 9.5 after stopping the reaction by the addi- 
tion of ethanol. The addition of ethanol also 
dissolves the fatty acids, in this case from olive 
oil. With direct titrations, it is imperative that 
the assay mixture does not  contain Ca 2+ or Mg 2§ 
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which would remove fatty acids from the ti- 
tration reaction, the endpoint be above pH 8.5 
(6.5 for 4:0-4:0-4:0) to ensure complete ioni- 
zation of the FFA and the substrate be 4:0-4:0- 
4:0, 18:1-18:1-18:1 or olive oil containing 
fatty acids which will dissolve readily in the 
aqueous ethanol. The Food Chemicals Codex 
has a procedure for this titration with 4:0-4:0- 
4:0 as the substrate (49). Direct titration has 
also been carried out continaously with a re- 
cording pH stat for pancreatic lipase (50) and 
adipocytes (51). The other type of titrimetry is 
nonaqueous titration of the digestion mixture 
in the extraction solvent with alcoholic base 
(52). Again, the endpoint must be above pH 8.5 
to obtain complete ionization of the FFA. 

(b) Conversion to Cu salts. Fatty acids can 
be converted to Cu soaps which are measured 
spectrophotometrically after reaction with 
chromogenic reagents. The method originally 
developed by Duncombe (53) has been refined 
and applied to plasma (54), serum (55), milk 
(56) and single oat grains (57). The procedure 
is sensitive. Hron and Menahan (54) readily 
detected 50 nmol of 16:0 and employed 50 pl 
of plasma. The correlation coefficient (n = 51) 
between the Cu soap method and GLC was 
0.989 over a wide range of concentrations (55). 
The test can be applied to routine analysis. 
Shipe et al. (56) tested 200 milk samples/hr 
with the aid of an automatic sampler and a flow- 
through cell for the spectrophotometer. Bowyer 
et al. (58) described a semiautomated assay for 
FFA in serum employing Cu soaps. Sensitivity 
was improved 2-fold by Redding et al. (59) to 
the 20-400 nmol range. 

(c) Inclusion o f  a chromophore. Gatt et al. 
(24) assayed lipases of rat brain microsomes, 
lyophilized rat bile, hog pancreas and Rhizo- 
pus arrhizus delemar with acylglycerol esters of 
trinitrophenylaminolauric acid. The free acid is 
measured spectrophotometrically. The method 
is sensitive; 0.012 absorbance unit  is equivalent 
to 1. nmol of the 12:0 derivative, but the sub- 
strate is not commercially available. Directions 
for synthesis are given. 

Rick and Hockeborn (25) and Furukawa 
et al. (26) determined lipolytic activity in 
serum with 2,3-dimercapto-l-propanol-tributy- 
rylglycerol as the substrate. Lipolysis releases 
2,3-dimercapto-l-propanol and 4:0. The thiol 
compound is coupled with 5,5'-dithio-bis 
(2-nitrobenzoate) and the absorbance deter- 
mined. Fifty pl of serum was analyzed so the 
sensitivity is equivalent to the Cu soap methods. 
Cox and Horrocks (27) synthesized the 10:0 
and 12:0 derivatives of 2,3-mercapto-l-propanol 
and assayed the MG lipase activity ofRh.  dele- 
mar. Fifty nmol of released thiol was easily 

detected and directions for synthesis of the sub- 
strates are given. With this substrate, the chrom- 
ogen is actually on the glycerol moiety. 

The successful employment of umbelliferyl 
esters by Severson et al. (21) suggests that these 
compounds can be used as substrates for assay. 
The method is sensitive, 0.1-5 nmol, and the 
substrates are available and relatively inexpen- 
sive. Severson et al. (21) also checked activity 
with trioleoylgiycerol; a precaution that I 
recommend. 
(d) Use o f  Radioactive fatty acids. The activ- 
ities of lipases from the following sources have 
recently been obtained with radioassays: post- 
heparin plasma (32), chicken (43) and rat adi- 
pose tissue (60,61), mouse adipocytes (62), and 
rat (63) and human liver (64). Oleoylglycerols 
labeled with 14C or 3H were substrates and 
nanogram quantities of the product are detec- 
table. 

(e) Gas liquid chromatography. GLC has 
been applied to the quantitation of FFA in 
serum (55), plasma (65,66), and vegetable oils 
(67). Internal standards of 15:0 or 17:0 were 
employed to determine the absolute amounts 
of the FFA and the methylation procedures 
derivatized FFA only. The methods were cap- 
able of measuring 100 nmol of FFA in serum 
and plasma and 2 mg in the oils. Chapman (67) 
presents the calculations for conversion of GLC 
recorder peak areas to weight with 17:0 as the 
internal standard and summation of the individ- 
ual FFA. 

(f) Treatment with enzymes. Treatment of 
FFA with various enzymes results in products 
which are detectable at very low levels. Ulitzer 
and Heller (68) isolated mutants of a luminous 
bacterium, Benecke harveyi, which, via a luci- 
ferase, responds to as little as 1 pmol of 14:0 
and 100-200 pmol of 16:0 or 18:1 with the 
production of light. The luminescence was mea- 
sured in a photomultiplier photometer. They 
analyzed the activity of Candida cylindracea 
and porcine pancreatic lipases with the system 
at substrate levels of 100 pmol of 14:0-14:0- 
14:0 and 10 ng/ml of C. cylindraeea lipases ob- 
taining 160 pmol of 14:0 per minute. The 
method, although extremely sensitive, presents 
difficulties because the microorganism sup- 
plying the luciferase must be cultured. Commer- 
cially available luciferase (Boehringer-Mann- 
heim) might be suitable. 

Minzuno et al. (69) converted FFA to the 
CoA esters with a synthetase, oxidized the acyl 
CoA to a trans enoyl CoA and H202 using an 
oxidase and then oxidized the H~O2 with per- 
oxidase to a chromogen. The range of detec- 
tion was 0-200 nmol of 18 : 1. 

When 18:2 is oxidized by lipoxygenese, an 
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18:2 hydroperoxide results. Proelss and Wright 
(70) oxidized Fe 2§ to Fe 3§ with the hydroper- 
oxide and reacted the latter with thiocyanate 
to produce a red complex which was quanti- 
tatively tested. Griebel et al. (71) continuously 
monitored the oxygen consumption during the 
lipoxygenase reaction with a polarographic 
oxygen electrode. They added serum to a reac- 
tion mixture containing 18:2-18:2-18:2 and 
measured 0-12 #mol (0-520 #1 lipase) of 18:2/1 
of reaction mixture. As compared to a Cu soap 
method, they obtained a correlation coeffi- 
cient of 0.98. 

Miles et al. (72) reported on the direct deter- 
ruination of FFA in 2-5 #I of  plasma elimina- 
ting extraction. The method is based on the 
quantitation of adenosine monophosphate pro- 
duced by the formation of acyl-CoA with 
ATP and acyl CoA synthetase. Zero to 10 nmol 
of FFA were measured and the enzymes needed 
are commercially available. 

Glycerol released by lipolysis from human 
fat cells was analyzed by bioluminescence (73). 
Glycerol-dependent ATP consumption was 
measured with a kit containing luciferon and 
luciferase and 0.5 /amol of  glycerol/1 was deter- 
mined. The authors were able to assay the gly- 
cerol released from only 5,000-10,000 fat cells. 
There are many kits available for the enzymatic 
determination of  serum TG in which glycerol is 
actually determined. Five of  these have been 
evaluated for analysis of TG (74) and the infor- 
mation can be applied to the selection of  a kit 
for the determination of  glycerol produced by 
lipolysis. 

(g) Immunolo#ca l  methods. Specific immun- 
oassays have been developed for chicken adi- 
pose tissue lipoprotein (75) and human pan- 
creatic (76) lipases. Cheung et a l .  (75) incu- 
bated antilipoprotein lipase immunoglobulins 
coupled to hydrophilic beads with the lipase 
and immunoglobulins labeled with t2sI were 
added. The labeled immunoglobulin was reacted 
with the antigen (lipase) associated with the 
immunoabsorbent.  The quantity of lipoprotein 
lipase in the sample was proportional to the 
amount of radioactivity bound to the solid 
phase immunoabsorbent.  The range of the assay 
was 0.1-1.1 ng of  lipase. Bovine milk lipopro- 
tein and pigeon and chicken liver lipases were 
not detected. The specific activity of  the origi- 
nal purified enzyme preparation was 10,815 
peg FFA/hr /mg protein. 

Grenner et al. (76) described an immuno- 
assay (enzyme linked immunoabsorbent assay 
or ELISA) for human pancreatic lipase in plas- 
ma which followed the sandwich principle. 
Antibodies to pancreatic lipase (sp act, 2000 
IU/mg) were raised in sheep and dogs. Peroxi- 

dase was conjugated to the canine antibodies. 
Serum, containing pancreatic lipase, was incu- 
bated with the sheep antibodies in a test tube, 
then the peroxidase conjugated antibodies 
added forming the sandwich. After this reac- 
tion, bound lipaso was determined by the color- 
imetric estimation of peroxidase with H202 
and o-phenylenediamine. Lipase concentrations 
in serum of between 3 and 300 /ag/s can be 
measured. One of  the advantages of the method 
is that the user does not have to work with 12si 
as in radioimmunoassay. This disadvantage of  
both methods is the requirement for a highly 
purified lipase but, with both, enzyme mass 
and activity are measured. In enzymology, 
enzymes have almost always been indirectly 
determined by their activity, not directly as 
above by mass. 

Which method should be selected? The de- 
cision depends upon the user's requirements 
and resources. For most, a direct titration of  
the assay medium or of a nonaqueous extract 
will suffice. With the latter, a pH meter is not  
needed as indicators are satisfactory. The 
choice of  procedure will also be influenced by 
the number of samples to be analyzed, the sen- 
sitivity desired and the availability of equip- 
ment and enzymes. The information I have pro- 
vided should enable users to select a method 
which will suit their needs. 
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COMMUNICATIONS 
Effect of Age on Plasma Bile Acids 
and Lipid Components in the Rat 
HIRAMITSU SUZUKI',  SEIICHI HAYAKAWA and MAKOTO TAJIMA, National Food 
Research Institute, 2-I-2, Kannondai, Yatabe, Tsukuba, Ibaraki 305, Japan 

ABSTRACT 

With increasing age, total plasma bile acid contents increased in rats over a period of 11 months, 
and also total plasma cholesterol and carcass fat contents increased in the same manner. Plasma show- 
ing high bile acid levels at 11 months was found by means of high performance liquid chromatography 
to contain cholic acid as one of the major components, chenodeoxycholic acid and trace deoxycholic 
acid. These results suggest that there are close relationships between the plasma bile acids and age- 
dependent changes of lipid components in the rat. 
Lipids 18:000-000, 1983. 

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

It  has been  well es tabl i shed  t ha t  food  and  
n u t r i t i o n  play an i m p o r t a n t  role  in the  e t io logy 
of h y p e r c h o l e s t e r o l e m i a  and a theroscleros is  
(card iovascular  disease) ( 1 ). 

In this  repor t ,  we examine  the  ef fec t  of  age 
on p lasma bile acids and  lipid c o m p o n e n t s  in 
the  rat.  

on a Sh imadzu  LC-3A liquid c h r o m a t o g r a p h  
wi th  a Sh imadzu  R F - 5 1 0  f luorescence  spect ro-  
moni to r .  We employed  2 c h r o m a t o g r a p h i c  s teps  
cons is t ing  of  a p re l iminary  pur i f i ca t ion  of  bi le  
acids by  ion-exchange  c h r o m a t o g r a p h y  on  an 
Amber l i t e  XAD-7 c o l u m n  (50  x 8 m m )  and  an 
ana ly t ica l  step by reversed-phase HPLC wi th  

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

Weanl ing male  rats  of  the  Wis ta r - lmamich i  
s t ra in  (our  Ins t i t u t e ' s  s t ra in)  were housed  in 
suspended  cages wi th  wire mesh  b o t t o m s .  T he  
an imal  r o o m  was k e p t  at  22 .0  + 0.5 C and  the  
relat ive h u m i d i t y  at  65 + 5%. R o o m  l ight ing 
consis ted  of  12-hr per iods  of  l ight  and dark.  
Rats  weighing 50-60 g were r a n d o m l y  assigned 
to 1 of  3 groups,  each con ta in ing  6 animals.  
Each group was fed the  same diet.  C o m p o s i t i o n  
o f  the  diet  is s h o w n  in Table  1. The  diet  and  
wa te r  were provided  ad l ib i tum.  The  rats of  
each group aged 3, 5 and  11 m o n t h s  were 
fasted for  16-20 h r  and  the  b o d y  weights  of  the  
individual  rats  were measured  before  t hey  were 
killed. The  b lood  was col lec ted  by  in fe r ior  vena  
cava wi th  a hepar in ized  syringe while  the  ani- 
mals were unconsc ious  (e ther ized) .  The  b lood  
was cen t r i fuged  and  the  p lasma f rozen  at - 2 0  C. 
The  liver was r emoved  and  the  liver weights  of  
the  individual  rats  were de t e rmined .  

The  liver and  carcass were ana lyzed  for  to ta l  
fat  by  the  Soxh le t  m e t h o d  using e thyl  e ther .  
To ta l  p lasma bile acid levels were d e t e r m i n e d  
by the  m e t h o d  of  Mashige et al. (2)  and choles- 
terol  b y  the  m e t h o d  of  Zak (3). 

Bile acids in p lasma were assayed by a rapid 
m e t h o d  based on  high p e r f o r m a n c e  l iquid chro-  
m a t o g r a p h y  (HPLC)  (4). HPLC was p e r f o r m e d  

*To whom correspondence should be addressed. 

TABLE 1 

Composition of the Diet 

Percent 

Wheat flour 44.0 
Rice 24.0 
Corn 13.0 
Fish meal 4.0 
Skim milk 3.0 
Casein 2.0 
Defatted soybean 2.0 
Yeast powder 2.0 
Salt mix a 3.9 
Vitamin mix b (water-soluble) 0.08 
Soy oil c 2.0 

Contents 
Protein 15.8 
Fat 4.3 
Carbohydrate 67.9 
Vitamins and minerals 12.0 

aComposition in g/kg: CaHPO 4-2H20,  355.6; 
K3C6HsOT,H20 , 237; CaCO 3, 163.5; NaCI, 108; 
K2HPO4, 77.36; MgCO 3, 40.9; FeC~HsOT-3HzO, 
16.01; MnSO4, 1.24; CuSO4-SH20, 0.178; CoCI 2. 
6H20'  0.089; K2AI2(SO)4, 0.089; ZnCO 3, 0.044; 
KI, 0.044; NaF, 0.0009. 

bcomposition in g/kg: choline chloride, 659; 
inositol, 263; nicotinic acid, 19.8; para-amino benzoic 
acid, 19.8; calcium pantothenate, 19.8; thiamine 
hydrochloride, 5.2; riboflavin, 5.2; pyridoxine-HCl, 
5.2; folic acid, 2.6; biotin, 0.13; cyanocobalamin, 0.04. 

CSoy oil (g) contained: retinyl acetate, 350 IU; 
cholecalciferol, 100 IU; t~-tocopheryl acetate, 0.35 rag; 
menadione, 0.15 rag. 
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fluorometric detection (EX = 350 nm, EM = 
460 nm, cell vol = 25 pl) using 3a-hydroxyster- 
oid dehydrogenase as a post-column reaction 
enzyme. ZorbaxTMBP-ODS packed into a col- -~ 
umn (250 x 4 ram) was used as the packing E 
material for HPLC with a mobile phase of 0.3% 
ammonium carbonate/acetonitrile (10:4, v/v). 
The standard mixture of cholic acid, chenode- .; 2 0  

co 
oxycholic acid, deoxycholic acid and litho- 
cholic acid was separated satisfactorily. Calibra- r~ 
tion curves plotting the peak height of  each bile 1 o 
acid were linear over their concentration ranges 
of  0-50 /amol/1. The recoveries of their bile 3 
acids were satisfactory (81.7-92.5%). The re- 
suits with these methods were in fairly good o 
agreement with the standard additions method. 

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

With increasing age (3-11 months), carcass 
fat contents increased in the same manner as 
body and liver weights (about 2 times); how- 
ever, liver fat contents did not increase signifi- 
cantly. Changes in total plasma bile acids and 
cholesterol contents in the rat with regard to 
increasing age are shown in Figure 1. Total bile 
acids and cholesterol contents increased. 
Changes of total bile acids were essentially 
parallel to those of  total cholesterol and carcass 
fat. These results indicate that both total cho- 
lesterol and bile acid levels in plasma have a 
good correlation under conditions in which rats 
become fat with increasing age. 

Significantly higher total bile acid levels 
were observed in l l -month-old  rats (Fig. 1). 
Figure 2 demonstrates good separation for the 
bile acids in the plasma. The plasma was found 
to contain cholic acid as one of  the major com- 
ponents, chenodeoxycholic acid and trace 
deoxycholic acid. Uchida et al. (5) showed that 
the pattern of bile acids in fecal excretion was 
different from that in biliary excretion, and 
their data suggest that most bile acid, of  which 
cholic acid is a major component,  is reabsorbed 
and regulated by enterohepatic circulation. 
T~eir results and suggestions clearly seem to 
support our results. 

It has been known that cholesterol levels in 
the plasma increase with advancing age in 
humans (6) and are higher in old animals (7). 
Cholesterol levels and metabolism in the body 
can be regulated by several mechanisms, includ- 
ing the synthesis, excretion and absorption of  
cholesterol and bile acids. The results of  this 
study suggest that there are close relationships 
between plasma bile acids and age-dependent 
lipid components. 
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FIG. 1. Changes in total plasma bile acids (A) and 
cholesterol (B) contents in the rat with increasing age. 
Each point represents the mean _+ SD for 6 animals. 
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FIG. 2. Chromatogram of HPLC in the assay of 

bile acids in plasma of the rat indicated high total bile 
acid levels. Peaks: 1 = methanol; 2 = unknown; 3 = 
cholic acid (28.7 t~mol/1); 4 = unknown; 5 = cheno- 
deoxycholic acid (1.5 ~mol/1); 6 = deoxycholic acid 
(trace). 
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ABSTRACT 

Feeding rats diets containing brominated corn oil or di- or tetrabromostearate as the monoglyceride 
produced changes in fatty acid composition of liver lipids. Those changes associated with the feeding 
of brominated corn oil or tetrabromostearate could be explained by the accumulation of triglyceride, 
and the changes associated with the feeding of dibromostearate could result from the proliferation of 
a membrane system. A unique response to the feeding of diets containing brominated corn oil is an 
increase in the level of -r-linolenic acid. 
Lipids 18:xxx-xxx, 1983. 

Brominated oils have been used as food 
additives (1) and more recently as flame re- 
tardants (2). Only limited information is avail- 
able concerning the toxicological properties of 
these products and even less is known of the 
toxicology of the brominated fatty acids them- 
selves. In our laboratory, the response of rats 
fed brominated corn oil has been compared to 
that produced by feeding the monoglyceride of 
either dibromostearate or tetrabromostearate 
or a mixture of these two monoglycerides (3). 
The most pronounced changes were observed in 
heart and liver with brominated corn oil being 
more active than the brominated monogly- 
cerides. The di- and tetrabromostearates varied 
in the effects they produced and in the manner  
they were distributed in the animal. Additional 
indices of the effects of these compounds have 
been derived from analysis of the fatty acid 
composition of liver lipids. 

MATERIALS AND METHODS 

Male Wistar rats (150 g) were fed semi- 
synthetic rations in which the lipid com- 
ponent comprised: 10% corn oil, 8% corn oil + 
2% brominated corn oil (BCO), 8% corn oil + 
2% monoglyceride of dibromosteamte (DBS), 
8% corn oil + 2% monoglyceride of tetrabromo- 
stearate (TBS), and 8% corn oil + 2% mixture 
of brominated monoglycerides (BMG). The 
latter mixture was prepared to correspond to 
the brominated fatty acid composition of the 
BCO. The composition of the diets and the 
prodedures used to prepare the brominated 
components have been reported elsewhere (3). 
Zinc was added at a level of 6 mg/kg of diet as 
zinc acetate. 

Animals were sacrificed after feeding the 
experimental diets for 35 days, the livers 
excised and held frozen until analyzed. Lipid 

was extracted with chloroform/methanol (4) 
and the methyl esters prepared using 5% 
hydrogen chloride in anhydrous methanol. 
Fatty acid analysis was carried out with an F&M 
Model 700 gas chromatograph fitted with a 
flame ionization detector and a LDC 308 in- 
tegrator. The methyl esters were separated on a 
stainless steel capillary column (200 ft x 0.03 
in.) coated with ethylene glycol succinate. 

Thin layer chromatography was used to 
separate fatty acid esters on the basis of their 
degree of unsaturation with alumina as adsorb- 
ent and hexane as the developing solvent (3). 
Double bond location was established using 
ozonolysis (5,6) and the mass spectrum of an 
unknown fatty acid was obtained with a gas 
chromatograph-mass spectrometer (GC/MS) sys- 
tem (Varian 1200/MAT CH-7 modified with a 
glass jet interface). 

Analysis of variance was used to establish 
the effect of the dietary variables on levels of 
different fatty acids and the Newman and Keuls 
method (7) used to evaluate the difference 
among treatment means. 

RESULTS AND DISCUSSION 

The proportions of the major fatty acids in 
liver lipids are summarized in Table 1. Other 
polyunsaturated fatty acids (22:4, 22:5, 22:6) 
were detected but were present in smaller pro- 
portions (2% or less). Highly significant (p< .01 ) 
changes in the levels of 18:0, 18:1, 18:2 and 
20:4 were associated with the dietary variables. 
These changes can be accounted for by either 
the accumulation of triglyceride or the prolifer- 
ation of some membrane. 

Stearate and arachidonate are common con- 
stituents of phospholipids, in particular, phos- 
phatidylcholine (8). Consequently, membrane 
proliferation results in an increase in the pro- 
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por t ion  o f  these fat ty  acids whereas tr iglyceride 
accumula t ion  produces a decrease. Fat ty  acid 
changes associated with feeding BCO and 
TBS would be consistent  with the accumula t ion  
of  tr iglyceride as changes in crude lipid con ten t  
(Table 2) also suggest.  Feeding DBS increases 
the p ropor t ion  of  18:0 and 20:4 ,  suggesting the 
proliferation of  a membrane system - most 
l ikely peroxisomes (3). In fact, the hepato-  
megaly and fatty acid changes observed with 
DBS are comparable  to those observed with the 
hypocho les te ro lemic  agent, ch lorphenoxyiso-  
bu tyra te  (Tinsley, unpubl ished results), a sub- 
stance known to induce prol i ferat ion of  hepat ic  
peroxisomes.  

Fatty acid changes induced by the feeding of  
the monoglycer ide  mixture  were in termedia te  
be tween those produced  by DBS and TBS. With 
an increase in crude lipid content ,  one might  
predict  both  tr iglyceride accumulat ion  and 
membrane  prol iferat ion.  The difference in 
response be tween  BCO and an equivalent  mix-  
ture of  brominated  acids fed as the mono-  
glycerides is consistent  with previous observa- 
t ions ( 3 ) .  

Another  interest ing observat ion is that  the 
feeding of  b romina ted  fat ty acids increases the 
p ropor t ion  of  3,-linolenic acid in liver lJpids. 
This increase is most  p ronounced  with the BCO 
and some inhibi tory effect  on the t ransformat ion  
of  l inoleate to arachidonic acid could be 
involved.  Again, the brominated  corn oil is 
producing a much greater  ef fec t  than the bro- 
minated monoglycerides .  

When fat ty acid esters f rom livers of  rats 
fed BCO were chromatographed  on alumina,  
the gas chromatograph  indicated the presence 
of substantial amounts of an unknown fatty 
acid in the fraction containing the polyun-  
saturated and bromina ted  fat ty  acids. This fat ty 
acid was not affected by procedures used 
for  debromina t ion  (9). Mass spectral analysis 
also demonst ra ted  that  the c o m p o u n d  was not  

TABLE 2 

Effect of Brominated Oils on Liver Size 
and Crude Lipid Content 

Liver size 
(g[l O0 g .Crude l ip id  

Diet body wt) (mg/g liver) 

, t :  

> 

o 

Corn oil 4.08 44.1 
Brominated corn oil 9.36 82.2 
Monoglyceride of 

dibrom ostearate 7.10 49.9 
Monogly ceride of 

tetrabrornostearate 8.25 76.5 
Mixture of brominated 

monogly cerides 7.84 68.0 
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b r o m i n a t e d  and  t h a t  m / z  and  ( m + l ) / z  were 292  
and  293,  respect ively.  This molecu la r  weight  
c o r r e s p o n d e d  to  a l ino len ic  acid m e t h y l  es ter  
and  the  mass s p e c t r u m  of  the  u n k n o w n  com-  
p o n e n t  c o r r e s p o n d e d  closely to  t h a t  o f  a s tan-  
da rd  sample  o f  the  7-1inolenic acid ester .  Re- 
t e n t i o n  t imes  were also comparab le .  The  pre- 
sence o f  this  i s o m e r  was con f i rmed  by  the  
i den t i f i c a t i on  o f  the  appropr i a t e  C-6 a ldehyde  
e s t e r  u p o n  ozonolys i s  of  the  f r ac t ion  c o n t a i n i n g  
the  u n k n o w n  c o m p o n e n t .  

These da ta  con f i rm  prev ious  obse rva t ions  of  
t he  toxicologica l  ef fects  of  b r o m i n a t e d  fa t ty  
acids. D i b r o m o s t e a r a t e  p r o d u c e d  a response  
d i s t inc t  f r o m  the  t e t r a b r o m o s t e a r a t e ,  while 
the  b r o m i n a t e d  corn  oil p r o d u c e d  a more  
p r o n o u n c e d  ef fec t  t h a n  its c o n s t i t u e n t  bro-  
m i n a t e d  acids fed as monoglycer ides .  W h e t h e r  
t he  l a t t e r  e f fec t  is due  to  some  add i t iona l  com-  
p o n e n t  in  the  BCO or s tems  f rom a d i f fe rence  
in the  d i s t r i bu t ion  of  the  f a t ty  acids on  the  
glycerol  is n o t  a p p a r e n t  at  th is  t ime.  

Sciences. Oregon State University Agricultural Expe- 
riment Station Technical Paper No. 6721. 
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G. REBEL a, P. GUERIN b and K.N. PRASADb, *. aCentre National de la Recherche 
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ABSTRACT 

The effect of methylmercuric chloride (CH 3 HgC1) on the levels of gangliosides in mouse neurobla- 
stoma cells (NBP 2 ) in culture was studied. The treatment of NB cells with low concentrations (0.1/~M 
and 0.2 #M) of CH 3 HgC1, which did not affect the growth rate or morphology, caused an increase in 
the level of the GM3 ganglioside without changing the level of other gangtiosides. The treatment of NB 
cells with higher concentrations (0.5 ~M and 1 ~tM) of CH 3 HgC1, which inhibited the growth of NB 
cells, caused a decrease in the level of GM3 and an increase in the level of GM2. These results show 
that alterations in the levels of specific gangllosides can be observed in cells which do not exhibit any 
detectable change in growth rate or morphology. This change may be associated with subtle changes in 
brain functions, including behavioral and psychological changes, after exposure to low concentrations 
of organic mercury. 
Lipids 18:xxx-xxx, 1983. 

INTRODUCTION 

It is well established that methylmercuric 
chloride (CHaHgCI) causes a neurological dis- 
order in humans which is referred to as Minimata 
Disease (1-2). CHaHgC1 accumulates in the 
central nervous system in rather large propor- 
tions after ingestion or after intravenous or 
intraperitoneal administration (3-6). The exact 
mechanisms of the effect of CH3HgC1 on 
nervous tissue are unknown, Using monolayer 
cultures of  neuroblastoma (NBP2) and ghoma 
(C-6) as a model system, we have made several 
new observations. The most important of these 
include a marked alteration (increase and de- 

t 
crease) in the adenosine 3', 5 -cyclic monopho- 
sphate (cAMP) -dependent and -independent 
phosphorylation of  cellular proteins in NB and 
glioma cells (7-8), an inhibition of PGE1- 
sensitive adenylate cyclase in glioma cells but 
not in NB cells (9), an increase in the intra- 
cellular level of  cAMP in both NB and glioma 
cells (10), and an alteration (increase and de- 
crease) in the uptake of certain putative neuro- 
transmitters in NB and glioma cells (1 1). We 
now report that the treatment of NB cells with 
low concentrations (0.1-1.0 /aM) of CHaHgC1 
cat-:es an alteration in the levels of specific 
gangliosides. 

MATERIALS AND METHODS 

Tissue Culture 

Mouse neuroblastoma clone (NBP2), which 
has both tyrosine hydroxylase and choline 
acetyltransferase, was used in this study (12). 

*To whom correspondence should be addressed. 

NB cells were grown in F12 medium containing 
10% a-7-globulin newborn calf serum, penicillin 
(100 units/ml) and streptomycin (100/ag/ml). 
Cells were maintained at 37 C in a humidifie.d 
atmosphere of 5% CO2. Cells (0.25 • 106 
cells for control, 0.1 /aM and 0.2/aM CH3HgC1 
treatment; 0.5 • 106 cells for 0.5/aM and 1/aM 
CH3HgC1 treatment) were plated in Lux tissue 
culture dishes (100 mm). CH3HgC1 was added 
24 hr after plating. The medium (20 ml) and 
CH3HgC1 were changed daily; the levels of 
gangliosides were determined after 3 days of 
treatment. CH 3 HgC1 inhibits the growth of  NB 
ceils (13-14). Therefore, different numbers of 
cells were plated, depending upon the concen- 
tration of  CH3HgC1 , in order to obtain similar 
cell densities at the time of harvesting the cells 
for the assay of  gangliosides. The daily change 
of  medium was necessary in order to minimize 
the effect of  acid pH of the medium, which has 
been reported to affect several cellular func- 
tions (15). 

To determine the level of ganglioside~, ceils 
were washed 3 times with saline (0.9% NaC1), 
and then were removed in saline (1-2 ml) by 
a rubber policeman. The contents were lyo- 
philized, weighed and then the levels of gan- 
gliosides were determined. 

Ganglioside Analysis 

Lipids were extracted from the lyophilized 
ceils according to Suzuki (16). After reequi- 
librating, chloroform/methanol (2: 1, v/v) and 
0.2 vol of  water were added (17). The resulting 
lower phase was washed by mixing with Folch's 
theoretical upper phase. 

The gangliosides were purified by passage 
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t h r o u g h  a G25 Sephadex  super f ine  c o l u m n  as 
descr ibed by  Dreyfus  et  al. (18) .  L ip id -bound  
sialic acid d e t e r m i n a t i o n s  were p e r f o r m e d  b y  
t he  resorc ino l  m e t h o d  (19) .  

The var ious  ganglioside species were separa ted  
b y  high p e r f o r m a n c e  t h in  layer  c h r o m a t o g r a p h y  
wi th  the  3 successive so lvent  sys tems  descr ibed 
b y  Har th  e t  al. (20).  Quan t i f i ca t ion  was done  
b y  scann ing  (21) .  

RESULTS AND DISCUSSION 

The l ipid sialic acid c o n t e n t s  of  NBP2 cells 
were s imilar  to  those  r e p o r t e d  for  m o s t  o f  the  
o t h e r  u n d i f f e r e n t i a t e d  mur ine  n e u r o b l a s t o m a  
clones (22-29) .  The ganglioside p a t t e r n  o f  th is  
NB c lone  (Fig. 1) is charac te r i zed  by  the  com- 
p le te  absence  o f  tri- and  te t ras ia logangl iosides .  
Traces o f  the  dis ialoganglioside G D l b  could  be  
observed  in Some ext rac ts .  However ,  NBP2 cells 
d i f fer  f rom the  o t h e r  ana lyzed  clones (22-29)  
b y  t h e i r  l ow  pe rcen tage  of  GM3 and  GM2. 

The t r e a t m e n t  o f  NB cells wi th  low concen-  
t r a t i ons  o f  CH3 HgC1 sl ightly decreased  the  to ta l  
ganglioside c o n t e n t  of  the  cells (Table  1). The  
Specific ganghoside ,  GM3, c o n t e n t  increased by  
60  and  36% of  con t ro l  at 0.1 and  0.2 p M  
CHaHgCI , respect ively;  however ,  at  h i g h e r  
c o n c e n t r a t i o n s ,  the  level of  GM3 decreased in 
a d o s e - d e p e n d e n t  fash ion  (Table  1). The level 
o f  GM3 d r o p p e d  to  31% of  con t ro l  in  NB cells 
t r ea t ed  wi th  1 pM of  CHaHgC1. On the  o t h e r  
h a n d ,  the  level of  GM2 did  n o t  change at  l o w e r  
c o n c e n t r a t i o n s  of  CH3HgC1 (0.1 and  0.2 pM);  
however ,  the  level increased  by  30 and  38% at 
c o n c e n t r a t i o n s  of  0.5 and  1.0 p M  CHaHgC1, 
respect ively.  

FIG. 1. Ganglioside pattern of neuroblastoma cells 
treated with methylmercuric chloride. Cells were 
grown in the presence of (A) 0,2, (B) 0.5, and (C) 1 
#M methylmercuric chloride. (D) Control cells. In 
our experimental conditions, each ganglioside gave a 
double spot (see ref. 23, for the discussion of this 
phenomenon). The compound running faster than 
GM3 was not a ganglioside. It gave a faint blue spot 
with the resorcinol reagent. The same amount of lipid 
sialic acid was applied to the plate for the 4 samples. 
In order to show clearly the decrease of the GM3 
gangliosides, this chromatography was overloaded. 
Markers gangliosides (T) were obtained from pig brain, 
Tay-Sachs disease (GM2) and glioma cells (GM3). 

TABLE 1 

Effect of Methylmercuric Chloride (CH 3 HgCI) on the Levels of 
Gangliosides in Mouse Neuroblastoma (NBP 2 ) Cells in Culture 

Concentrations of CH a HgCI 
Controls 0.2 #M 0.5/~M 1 #M 

Lipid neuraminic acid: 
(/~g per mg dry weight) 0.55+0.004 a 0.38+-0.004 0.49-+0.003 0.43-+0.004 

Gangliosides in % 
Total gangliosides 

GM3 6.8-+0.8 9.3+0.3 4.2-+0.4 2.1-+0.3 
GM2 9.9-+1.7 9.9-+2.3 12.9+0.6 13.7-+0.5 
GM 1 21.0-+3.0 20.4-+ 1.6 22.9-+2.0 22.2-+2.0 
GD3 11.5-+ 1.6 11.8-+ 3.0 10.0-+2.0 12.7+-2.3 
GDIa S 1.4+- 1.4 48.6-+ 3.1 $0.0-+2.0 49.3-+ 1.6 

aStandard deviation. 
Cells were plated in Lux culture dishes and CH 3HgCI was added 24 hr after plating. 

CH 3 HgCI and growth medium were changed and the levels of gangliosides were determined 
3 days after treatment. Each value is the mean of 2 different sets of experiments done in 
duplicate. Gangliosides are named according to Svennerholm (43). 
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Few studies have been performed on the 
effect of  heavy metals on brain lipids. It has 
been suggested that the main effect of heavy 
metals is the inhibition of the synthesis of 
myelin-specific galactolipids (30-33). However, 
a slight decrease of  total brain gangliosides has 
been observed after administration of lead to 
newborn rats. This change was characterized by 
a slight increase of the simplest brain ganglio- 
sides at the expense of the higher polysialo- 
gangiiosides (33). 

The effect of  CH3HgC1 on myelin galacto- 
lipids (31-33) shows that oligodendrocytes are 
one of the target cells for the effect of this 
metal compound on brain cells. This fits welt 
with our previous study (13), which shows that 
glioma cells are more sensitive to CH3 HgC1 than 
are NB cells for the criterion of  growth inhibi- 
tion (due to cell death and partial or complete 
inhibition of  cell division). The present study 
shows that low concentrations of CH3 HgC1 
(0.1 and 0.2 /aM), which do not cause any 
detectable alterations in growth rate or mor- 
phology (8), increase the level of  GM3. How- 
ever, the concentration of CH3HgC1 (1 /aM) 
which inhibits the growth of NB ceils by 50% 
(13) markedly reduces the level of GM3, but 
increases the level of GM2. The mechanism of 
CH3HgCl-induced changes in the levels of  gan- 
gliosides is unknown. 

The changes observed when the cells were 
grown in the highest CH3HgCI concentrations 
may probably be attributed to two separate 
mechanisms: the decrease of GM3 might be 
the consequence of a decrease in the synthesis 
of  this ganglioside. That only GM3 decrease in 
the mercury-treated cells suggests that the GM3 
found in the membrane is different from the 
pool of  GM3 used for the synthesis of  GM2. 
This hypothesis is supported by data showing 
that the pool of gangliosides used for the syn- 
thesis is different from the pool which is de- 
posited into cell membranes (34, see also for 
neutral glycolipids ref. 35, p. 315). However, 
we cannot exclude the possible interference of  
Hg 2§ in the intracellular transport of GM3 or 
its incorporation into plasma membrane, the 
regulation of these 2 mechanisms being as yet 
totally unexplored. 

Pathological studies have largely shown that 
an increase in a specific glycolipid is related to 
a decrease of  the lysosomal enzyme involved in 
the catabolism of the accumulated glycolipid. 
GM2 is catabolized by a fl-D-N-acetyl galacto- 
saminidase. Kozik et al. (36-37) have observed 
that Hg 2§ ions inhibit neuronal acid phospha- 
tase but not  alkaline phosphatase in intoxicated 
rats. Moreover, a notable inhibition of/3-D-N- 
acetyl glucosaminidase was observed in C. 

flexuosa maintained in the presence of 5 • 10 -5 
M mercuric chloride, the concentration at 
which the growth of  the hydroid (38) is only 
slightly inhibited. 

Our earlier studies show that low concen- 
trations of  CH3 HgCI (0.1 and 0.2/aM) produce 
marked alterations in the cAMP-dependent and 
-independent phosphorylation of cellular pro- 
teins in NB cells (8). It remains to be established 
whether these changes in the phosphorylation 
of specific proteins could lead to alterations in 
the levels of gangliosides. In this respect, we 
have to mention the recent report of  McLawhon 
et al. (39) showing that the stimulation of 
adenyl cyclase by opiates could be linked to the 
observed decrease of  GM2 gangliosides in 
neuroblastoma cells. 

Our present and previous (7-9) studies show 
that CH3HgC1 induces biochemical alterations 
in cells which do not exhibit any detectable 
change in growth rate or in morphology. Auto- 
radiography has shown that methyl mercury 
distributes quite unevenly in the different 
areas of  the brain (40). Berlin et al. (41) and 
Magos (42) reported mercury concentration of  
ca. 10 /ag/g brain tissue in the animals intoxi- 
cated with methyl mercury. When employing 
mercury at 1 /aM concentration, it may be that 
this concentration could be reached in the af- 
fected areas during chronic intoxication. Thus, 
our results may, in part, account for the subtle 
changes in brain functions, including behavioral 
and psychological, observed after exposure to 
low concentrations of  organic mercury. 
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Evidence that Chtorpromazine Inhibits Sterologenesis 
at Post-HMGCoA Reductase Sites in Rat Liver, in vitro 
FRANK P. BELL* and E.V. HUBERT, Diabems-Atherosclerosi$ Research, The Upjohn Company, 
Kalamazoo, M149001 

ABSTRACT 

The mechanism by which chlorpromazine inhibits cholesterogenesis in rat liver was investigated in 
vitro with the use of [ ~4 C] acetate and [ ~4 C] mevalonate as sterol precursors. Evidence was obtained 
that chiorpromazine blocks cholesterogenesis at multiple sites beyond HMGCoA reductase (#-hydroxy- 
0-methylglutarylCoA reductase, EC 1.1.1.34), the rate-limiting step. Squalene synthesis from both 
labeled acetate and mevalonate is reduced to a similar extent in the presence of chlorprom~ine 
(29-36% at 0.5 mM). The data indicate that there is also an impairment of conversion of squalene to 
lanosterol, and of lanosterol to cholesterol. Overall inhibition of cholesterogenesis by chiorpromazine 
reached 65-75% at 0.5 mM and was concentration-dependent over the range 0.15-1.0 mM. 
Lipids 18:xxx-xxx, 1983. 

INTRODUCTION 

Chlorpromazine, a commonly used tranqui- 
lizer, has a number of interesting effects on 
sterol metabolism both in vivo and in vitro. 
The drug is mildly hypercholesterolemic in 
man (1,2) and the rabbit (3) but not in the rat 
(4,5). It is also an inhibitor of plasma LCAT 
(lecithin: cholesterol acyltransferase, EC 2.3.1. 
43) (5) and tissue ACAT (acylCoA: cholesterol 
acyltransferase, EC 2.3.1.26) (6-8). Paradoxi- 
cally, chlorpromazine does not appear to affect 
hepatic cholesterogenesis in man (9) but does 
inhibit cholesterogenesis in arterial tissue (I0) ,  
cultured cells (11), and in rat and pigeon liver 
(4,12,13). Studies reported to date with liver 
have investigated the effect of  chlorpromazine 
on sterologenesis using labeled acetate as a 
precursor only (4,12,13). Since the studies 
employing labeled acetate measured only the 
incorporation of label into cholesterol or digi- 
tonin-precipitable products, no information was 
gathered on the possible site or sites of inhibition 
by chlorpromazine along the sterol biosynthetic 
pathway. In order to gain information on the 
site(s) of inhibition, the incorporation of 
[ I J 4 C ]  acetate and DL-[2-t4c] mevalonate 
into cholesterol, lanosterol, squalene and 
digitonin-precipitable sterols was studied in rat 
liver minces. 

Tissue Preparation and Incubation Procedures 

The rats were killed by decapitation between 
9 a.m. and 10 a.m. and the livers were imme- 
diately excised and rinsed in chilled 0.9% NaC1 
solution. One to four 500-mg pieces of liver 
were cut from the central region of the large 
lobe, placed on a watch glass on crushed ice 
and minced by hand using a scalpel blade (14). 
The minced tissue was transferred to 25-ml 
Erlenmeyer flasks containing 3.5 ml Krebs- 
Ringer-bicarbonate buffer, pH 7.4, which con- 
tained either [ I J4C]  acetic acid, sodium salt 
(0.66 /aCi/ml, SA 56.0 Ci/mol) or DL-[2J4C] 
mevalonic acid, dibenzylethylenediamine salt 
(0.57/aCi/ml, SA 47.0 Ci/mol). The isotopically 
labeled reagents were obtained from New Eng- 
land Nuclear Corp., Boston, MA. In all expe- 
riments except those described in Table 1 and 
Figure 1, paired tissue samples from each rat 
w e r e  incubated in the presence and absence of 
chlorpromazine'HC1 (Sigma Chemical Corp., 
St. Louis, MO) which was added to the incuba- 
tion flasks dissolved in 25/al saline. In studies in 
Figure 1, 4 pieces of tissue were taken from 
each rat liver in order to establish a timecourse 
in autologous tissue. All incubations were per- 
formed at 37 C under ambient air for periods 
of  15 min to 3 hr, depending upon the particular 
experiment. 

MATERIALS AND METHODS 

Animals 

Normal male rats (Upj:TUC(SD)spf, 225- 
250 g) were used in all experiments. The animals 
were individually caged with free access to food 
(Purina Chow) and water. 

*To whom correspondence should be addressed. 

Analyses 

Tissues were either extracted with CHC13/ 
MeOH (2:1, v/v) after incubation and the 
cholesterol fraction isolated by thin layer 
chromatography (TLC) (10) or the incubations 
were terminated by the addition of KOH and 
ethyl alcohol to give a final concentration of 
11% and 82%, respectively. In the latter case, 
the samples were heated to 65 C for 2 hr to 
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FIG. 1. Time course of  the incorporation of ["el 
mevalonate into cholesterol in rat liver minces. Four 
prices of liver (500 mg each) from each of  4 rats were 
used to prepare liver minces for incubation with [ '*C] 
mevalonate for 15, 30, 60 or 90 min. Tissue from 2 of  
the rats was incubated in the presence of 0.5 mM 
CPZ. After incubation, the tissues were extracted with 
CHCI3/MeOH (2: I, v/v) and the cholesterol isolated 
by TLC as indicated under Materials and Methods. 
Data points are means of 2 observations (control, 
-o-; CPZ, -o-). 

hydrolyze the tissue and to saponify the lipids 
(15). The nonsaponifiable lipid fraction (NSF) 
was extracted with n-hexane (I 5). Cholesterol, 
lanosterol and squalene were isolated from 
portions of  the NSF by' TLC as previously des- 
cribed (15). In all experiments,  the lipids of  
interest were scraped directly into vials con- 
raining 15 ml of counting fluid (Liquifluor, 
New England Nuclear Corp., Boston, MA) for 
radioactive assay by liquid scintillation coun- 
ting (16). 

Digitonin-precipitable sterols were obtained 
by adding digitonin to port ions of the NSF that 
were evaporated to dryness under N 2 and then 
redissolved in acetone/ethanol (1:1, v/v) (17). 
The digitonides were dissolved in 0.2 ml pyridine 
(18) and then assayed for radioactivity as above. 
All radioactivity data were corrected for quen- 
ching by the external standardization method.  

Statistical analysis of paired samples was 
performed using Student 's  t-test for paired 
variates. 

RESULTS 

An inhibitory effect of chtorpromazine (CPZ) 
on sterol biosynthesis from mevalonic acid was 
demonstrated in rat liver minces by measuring 
the incorporation of [~4C] mevalonate into 
digitonin-precipitable sterols (sterols possessing 

T A B L E  i 

Effect of Various Concentrations of Chlorpromazine 
on the Incorporation of [t4C] Mevalonate into 

Digitonin-precipitable Sterols in Rat Liver Minces 

Chlorpromazine dpm/g wet 
(mM) N wt X 10 -3 % Control 

0 10 75.0-+ 5.4 100 
0 .15 2 5 9 . 8 -  + 11.6 80 
0 .25 5 49.0-+ 3.2 65 
0 .50  3 27.2-+ 2.4 36 
1.00 2 13.2-+ 4 .3  18 

Liver minces from each of 22 mal rats (225-250 g) 
were incubated for 3 hr at 37 C in 3.5 ml Krebs- 
Ringer-bicarbonate buffer, pH 7.4, containing 0.57 
#Ci DL-[2-a4C] mevalonic acid, dibenzylethylenedi- 
amine salt/ml and various concentrations of  chlorpro- 
mazine-HCI. Digitonin-precipitable sterols were iso- 
lated from the nonsaponifiable lipid fraction after 
treatment of  the tissue with alcoholic KOH as described 
under Materials and Methods. Values are means -+ 
SEM when 3 or more rats (N) were used and means +- 
range when 2 rats were used. 

a 3 ~-OH group)over the concentration range 
0.I 5-1.0 mM CPZ (Table 1). In a separate study,  
a timecourse for the incorporation of [ t4c]  
mevalonate into cholesterol in the presence of  
0.5 mM CPZ was performed at the intervals 15, 
30, 60 and 90 rnin. The inhibitory effect of 
CPZ on cholesterogenesis was evident through- 
out  the entire 90-min period. In subsequent 
studies, the effect of CPZ on the formation of 
cholesterol and cholesterol precursors (lano- 
sterol and squalene) was examined (Table 2). 
Chlorpromazine (0.5mM) significantly reduced 
the incorporation of [14C] mevalonate into 
cholesterol by ca. 65% (p < 0.001) in rat liver 
minces (Table 2). This reduction was paralleled 
by significant reductions in the incorporation 
of  [ t4c]  mevalonate into the cholesterol pre- 
cursors lanosterol (p < 0.02) and squalene 
(p < 0.01). The reduction in sterol formation in 
the presence of  CPZ was further confirmed by 
the reduction (70%, p < 0.001) in [14C] 
mevalonate incorporation into digitonin-pre- 
cipitable sterols (Table 2). In addition, the ratio 
of [ t4c]  label incorporated into squalene vs 
cholesterol, which was 1.71 + 0.14 in the 
control tissues, was significantly higher in 
tissues incubated with CPZ (3.57 +- 0.27, p < 
0.001). The labeled lanosteroh cholesterol ratio 
was also higher in the CPZtreated tissue (p < 
0.001). 

Experiments similar to those using [14C] 
mevalonate were conducted with [ 14C] acetate 
as a sterol precursor (Table 3) and yielded 
results that were qualitatively similar to the 
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TABLE 2 

Effect of Chlorpromazine on the Incorporation of 
[14 C] Mevalonate into Squalene and Sterols in Rat Liver Minces 

Ratio Digitonin- 
precipitable Squalene/ Lanosterol/ 

Cholesterol Lanosterol Squalene sterols Cholesterol Cholesterol 

(dpm/g wet wt) 

Control 20765 10665 34600 20785 1.71 0.53 
• • • • • • 

CPZ 6965 8930 24675 6150 3.57 1.29 
• • • • • • 

p<0.001 p<0.02 p<0.01 p<0.001 p<0.001 p<0.001 

Liver minces were prepared in duplicate from each of 7 male rats (225-250 g) and in- 
cubated for 90 min at 37 C in 3.5 ml Krebs-Ringer-bicarbonate buffer, pH 7.4, containing 
0.57 ~Ci DL-[2-14C] mevalonic acid, dibenzylethylenediamine salt/ml in the presence and 
absence of 0.5 mM chlorpromazine~ (CPZ). Values are means • SEM of data from 7 rats. 
Statistical analyses were performed using Student's t-test for paired variates. 

TABLE 3 

Effect of Chlorpromazine on the Incorporation of 
[ 1-14C] Acetate into Squalene and Sterols in Rat Liver Minces 

Ratio Digitonin- 
precipitable Squalene/ Lanosterol/ 

Cholesterol Lanosterol Squalene sterols Cholesterol Cholesterol 

(dpm/g wet wt) 

Control 1650 1150 1195 1665 0.75 0.73 
• • • • • • 

CPZ 420 525 770 610 1.83 1.14 
• • • • 75 • • 

p<0.001 NS p<0.01 p<0.001 p<0.01 NS 

Liver minces were prepared in duplicate from each of 8 male rats (225-250 g) and in- 
cubated for 90 min at 37 C in 3.5 ml Krebs-Ringer-bicarbonate buffer, pH 7.4, containing 
0.66 /~Ci 11-1. C] Acetic acid, sodium salt/ml in the presence and absence of 0.5 mM chlor- 
promazine (CPZ). Values are means • SEM of data from 8 rats. Statistical analyses were 
performed using Student's t-test for paired variates. 

[14C] m e v a l o n a t e  s tud ies  in tha t  [14C] ace ta te  
i n c o r p o r a t i o n  in to  choles tero l ,  squa lene  and  di- 
g i ton in-prec ip i tab le  s terols  was s ta t is t ical ly  
s ign i f ican t ly  r educed  by  0.5 mM CPZ; m e a n  
i n c o r p o r a t i o n  in to  l anos te ro l  was also lowered  
( 1 1 5 0 + 3 8 5  vs 5 2 5 +150  d p m / g  wet wt liver) 
b u t  did n o t  reach  a s ta t is t ical  level o f  signifi- 
cance  (p > 0 .05)  because  o f  a h igh  level o f  vari- 
abil i ty i n t r o d u c e d  by 2 o f  the  animals .  As wi th  
[14C] m e v a l o n a t e ,  the  ra t io  of  [14C] label 

i n c o r p o r a t e d  in to  squa lene  vs cho les te ro l  f r o m  
[14 C] aceta te  was also s igni f icant ly  h ighe r  in 
the  CPZ- t rea ted  t i ssue ( 0 . 7 5 + 0 . 1 0  vs 1 .83+0.31 ,  
p < 0 .01) .  The  labeled lanos tero l :  cho les te ro l  
ratio was also e levated ( 1 . 5 - f o l d ) b u t  n o t  
s ign i f ican t ly ,  for  reasons  ou t l i ned  above.  

DISCUSSION 

The  m e c h a n i s m  of  CPZ inh ib i t i on  o f  hepa t i c  
cho les te rogenes i s  has  been  inves t iga ted  in rat  
liver, in vi t ro,  u s ing  labeled ace ta te  and  meva-  
l ona t e  as choles te ro l  percursors .  Since these  
p recursors  en te r  the  choles te ro l  b i o s y n t h e t i c  
p a t h w a y  prior  to  (i.e., ace ta te )  and  b e y o n d  
(i.e., m e v a l o n a t e )  t he  ra te - l imi t ing  e n z y m e  
H M G C o A r e d u c t a s e  (t3-hy dro xy-/3-rnethylglu t aryl- 
C o A  reduc tase ,  meva lona te :  N A D P  ox idore -  
duc ta se ,  EC 1 .1 .1 .34)  (19) ,  t he  relative e x t e n t  
o f  label ing o f  cho les te ro l  and  p o s t - m e v a l o n a t e  
i n t e r m e d i a t e s  suc h  as squa lene  and  l anos t e ro l  
can be u se d  to provide  i n f o r m  at ion on the  si tes(s) 
o f  ac t ion  o f  an inh ib i to r .  
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In these s tudies  which  conf i rm t h a t  CPZ 
inh ib i t s  choles terogenes is  (Fig. 1, Tables  1-3), 
an  i n h i b i t i o n  of  i n c o r p o r a t i o n  of  rad io labe led  
ace ta te  and  ' m e v a i o n a t e  i n t o  squa lene  also 
occurred.  The  fact  t ha t  the  decrease was 
similar  in magn i tude  (36% wi th  [14C] ace- 
t a te  and  29% wi th  [14C] meva lona te )  sug- 
gests t ha t  a CPZ b lockade  occurs  at a site 
b e y o n d  H M G C o A  reduc tase  bu t  p r io r  to  the  
f o r m a t i o n  o f  squalene.  Add i t iona l ly ,  the  ra t io  
of  labeled  squa lene  to labeled choles te ro l  
fo rmed  f rom [14C1 aceta te  and  [14C] meva-  
l ona t e  (Tables  2 and  3) was s tat is t ical ly sig- 
n i f ican t ly  h i g h e r  in  the  CPZ- t rea ted  t issue t h a n  
in the  paired u n t r e a t e d  con t ro l  t issue;  this  
obse rva t ion  ind ica tes  t h a t  CPZ also b locks  the  
s terol  p a t h w a y  b e t w e e n  squa lene  and  chole-  
s terol .  The  data  f u r t he r  ind ica te  t h a t  such  a 
b lockade  occurs  at  mul t ip le  sites. F o r  example ,  
a r e d u c t i o n  in the  convers ion  of  squa lene  i n t o  
l anos te ro l  is ind ica ted  by b o t h  the  [14C1 
ace ta te  and [14C] meva lona t e  da ta  (Tables  2 
and  3) and  in add i t ion  the re  is ev idence  t h a t  the  
convers ion  of  l anos te ro l  to  cho les te ro l  is also 
s o m e w h a t  impai red ,  i.e., t he  ra t io  of  labeled  
l anos te ro l  to  labeled  choles te ro l  in con t ro l  
t issue in Tables 2 and  3 is 0 .53 and  0 .73,  
respect ively,  whereas  the  ra t io  in pai red  CPZ- 
t r ea t ed  t issue is 1.29 and  1.14, respect ively ,  
t hus  ind ica t ing  an a c c u m u l a t i o n  of  
labeled l anos te ro l  relat ive to  choles te ro l  in  
t he  CPZ- t rea ted  tissues. 

In s u m m a r y ,  the  da ta  p re sen ted  here  suggest  
t h a t  CPZ exer t s  i n h i b i t o r y  effects  at  mul t ip le  
sites in  the  s terol  b iosyn thes i s  p a t h w a y  b e y o n d  
H M G C o A  reductase .  Overall i n h i b i t i o n  o f  
cho les te ro l  syn thes i s  in these s tudies  ref lects  an  
i n h i b i t i o n  o f  squa lene  synthes is ,  impa i red  con-  
vers ion o f  squa lene  to  l anos te ro l ,  and  impa i r ed  
convers ion  o f  l anos t e ro l  to  choles terol .  Precise 
i den t i f i ca t ion  of  the  e n z y m e s  a f fec ted  will 
requi re  a more  deta i led inves t iga t ion  since the  
f o r m a t i o n  of  squalene  f rom meva lona te ,  of  
l anos t e ro l  f rom squalene ,  and  of  cho les te ro l  
f rom lanos te ro l  all involve the  pa r t i c ipa t ion  o f  
mul t ip le  e n z y m e s  (20) .  
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Reduced Plasma Lecithin Cholesterol Acyl Transferase 
Activity in Rats Fed Iron-Deficient Diets 
G. A N A N D A  R A O * ,  R. THOMAS CRANE and EDWARD C. LARKIN ,  Hematology 
Research Laboratory, Veterans Administration Medical Center, 150 Muir Road, Martinez, 
CA 94553 

ABSTRACT 

An iron-deficient diet containing no fat ([:F-Fe) or containing either 14% hydrogenated coconut 
oil (HCNO-Fe) or 14% corn oil (CO-Fe) was fed to separate groups of rats for 10 weeks. In the control 
group, the corresponding iron-supplemented diets were fed FI:+Fe, HCNO+Fe, CO+Fe. When rats 
were fed iron-deficient diets, their plasma lecithin cholesterol acyl transferase (LCAT) activity was 
significantly reduced as compared to controls. Their plasma also contained relatively more cholesteryl 
esters (CE) than free cholesterol (Ctt). In rats fed FF+Fe and CO+Fe diets, plasma contained similar 
levels of CE and CH. I11 those fed HCNO+Fc diet, plasma had 40% less CE than Ctt. Red cell CII con- 
tent was significantly greater in the CO-Fe group. Iron deficiency, as indicated by low blood hemo- 
globin (Hb) and hematocrit (ltct) values, was also observed only in this group. The triglyceride and 
phospholipid contents of plasma in rats led iron-deficient diets were significantly lower than of those 
in the control groups. Thus, changes in LCAT activity and CE/CH ratio in plasma showed the effect 
of iron-deficient diet consumplion even before the blood Hb and Hct levels were reduced. 
Lipids 18:673-676, 1983. 

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

Numerous  studies have demonst ra ted  that  
dietary restr ict ion of  iron causes many changes 
in the lipid metabol ism of animals (1-6). The 
type  of  fat consumed along with the iron- 
deficient  diets has a role in the onset of  iron 
deficiency as moni tored  by the levels o f  hemo-  
globin (Hb) and hematocr i t  (Hct)  in blood.  
Consumpt ion  of  low iron diets containing 
polyunsatura ted  fat p romotes  iron deficiency,  
whereas those which are fat-free or contain 
saturated fat delay the onset  of  iron deficiency 
(7,8). We have found that  when low iron diets 
are fed to rats, the specific activity of  liver 
microsomal  s tearoyl-CoA desaturase, an iron- 
containing enzyme  complex ,  is reduced regard- 
less of  whether  the blood Hb and Hct levels 
are altered (8). 

Studies on the et iology of  hyper l ip idemia 
associated with iron deficiency have led Jain 
et al. (9) to suggest that  plasma lecithin: 
cholesterol  acyl transferase (LCAT) act ivi ty is 
significantly diminished in severely iron- 
deficient  but  not  in modera te ly  iron-deficient  
rats. Since the LCA-f assays by Jain et al. 
measured only the radioact ivi ty (cpm) in the 
cholesteryl  ester (CE) fract ion and not  the 
amount  o f  CE produced,  it was not  certain 
whether  the reported result reflected actual 
changes in enzyme activity. In the present 
s tudy,  LCAT was quant i ta ted  as nmol  chole- 
sterol esterif ied/min/1 plasma. W e  also deter- 
mined whether ,  as in the case of  A9 desaturase, 
LCAT activity was altered in rats which did 
no t  become anemic even though they con- 
sumed iron-deficient  diets. 

*To whom correspondence should be addressed. 

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

Plasma was obtained from the blood of  the  
same groups of  Sprague-Dawley male rats 
which were used to investigate the effect  of  
feeding i ron-deficient  diets on the hepatic 
microsomal  s tearoyl-CoA desaturase activity 
(8). Thirty-six male Sprague-Dawley rats 
weighing ca. 75 g were obta ined from Charles 
River, Wilmington,  MD. They were divided 
into 6 groups o f  6 each and housed in plastic 
cages with plastic venti lated covers. Rats had 
free access to deionized-disti l led water 
fed through glass sipper tubes. Cages had 
sawdust bedding which was changed twice a 
week. The animal room had a 12-hr light and 
12-hr dark cycle. It was maintained at 24 C 
with 40-50% relative humidi ty .  Each group was 
fed ad l ibi tum one of  the i ron-deficient  diets 
(fat-free, FF-Fe ;  14% hydrogenated  coconut  
oil, HCNO-Fe,  14% corn oil, CO-Fe) or  iron- 
supplemented  (FF+Fe ,  HCNO+Fe,  CO+Fe)  
diets for 10 weeks. Diets were cus tom-made 
by ICN Nutr i t ional  Biochemicals,  Cleveland, OH. 
The composi t ion  of  the FF-Fe  diet was the 
same as that  o f  the fat-free diet described ear- 
lier (8), except  that  ferrous ammon ium citrate 
was excluded from the USP salt mix ture  X1V. 
The composi t ions  of  the CO-Fe and HCNO-Fe 
diets were same as the low iron diet supplied 
by ICN (8) except  that  the vegetable oil was 
replaced with corn oil and hydrogenated  coco- 
nut  oil, respectively.  Low iron diets contained 
13 /.tg Fe/g  diet. The supplemented diets 
contained 80/~g Fe/g diet. 

Rats were anesthet ized by an intraperi toneal  
inject ion of  sodium pentobarbi ta l  (50 m g / m l /  
300 g rat) and exsanguinated using heparin- 
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levels of eicosatrienoic acid, a sign of essential 
fatty acid deficiency, although they were less 
depleted of 18:2 and 20:4 as compared to the 
iron-supplemented controls (7). 

As reported previously (7), when rats were 
fed the FF-Fe diet, their growth was not re- 
duced markedly as compared to those fed the 
FF+Fe diet. The final body weights of rats on 
the FF-Fe and FF+Fe diets were 300 + 28 g 
and 326 +- 36 g, respectively. A marked effect 
on growth by dietary deprivation of iron was 
also not observed in rats maintained on the 
HCNO diet. On the contrary, in the case of 
rats fed the CO diet, omission of iron caused 
a significant reduction in growth (7). The 
weights of rats fed the CO-Fe and CO+Fe 
diets were 379 -+ 24 g and 484 + 11 g, res- 
pectively. 

Plasma LCAT Activity 

In previous studies which reported that the 
LCAT activity was reduced in severely but not 
moderately iron-deficient rats (9), for the 
enzyme assays, labeled CH was not preincubated 
with plasma to allow for its equilibration with 
endogenous cholesterol. Such preincubations 
are vital to obtain optimal LCAT activity (15). 
Furthermore, the evaluation of LCAT was 
based only on the radioactivity of CE and not 
on the amount of  CE produced (9). In the pre- 
sent study, the amount of CE produced was 
measured after the substrate CH and plasma 
CH were allowed to equilibrate. Our results 
show that when rats consumed low iron diets, 
their plasma had reduced LCAT activity regard- 
less of whether they were iron-deficient or not 
(Table 1). It is possible that in earlier experi- 
ments, plasma LCAT would have been found to 
be decreased in severe as well as moderate iron- 
deficient rats if the enzyme activity was mea- 
sured based on the amount of CE produced. 
Significant differences in the specific activity 
of labeled CH can occur due to the variations in 
the cholesterol content of plasma in rats fed 
the various diets (Table 2). These observations 
also suggest that the reduction of LCAT found 
in severely anemic rats would have been further 
amplified if the dilution effect of CH was 
taken into consideration (9). 

Plasma CH and CE Levels 

It is not known whether the CE/CH ratio in 
plasma is altered as would be expected by the 
reduction of LCAT activity since these parame- 
ters have not been examined previously in the 
same iron-deficient rat. It would be logical to 
expect that, when LCAT activity is reduced in 
animals fed iron-deficient diets (Table 1), the 

relative level of CE to CH in plasma would 
also be reduced as compared to the levels in 
iron-supplemented controls. However, our 
washed syringes and needles. Whole blood was 
centrifuged at 1500 rpm at room temperature 
in a Dynac centrifuge for 7 rain, and plasma 
was removed. Red ceils were washed 3 times 
with resuspension in standard incubation 
medium (10) and centrifugation at 1500 rpm 
for 7 min. 

Lipids were extracted from 1-ml aliquots of 
plasma and red cells as described by Folch et al. 
(11) and by Rose and Oklander (12), respec- 
tively. Free cholesterol (CH) and CE contents 
were analyzed by the O-phthalaldehyde method 
(13). Plasma triglyceride and phospholipid 
contents were determined by analyzing their 
fatty acid composition by gas liquid chromato- 
graphy and using methyl pentadecanoate as 
an internal standard (14). 

Assay of LCAT was carried out according 
to the procedure by Stokke and Norum (15). 
Plasma (100 /al) was incubated at 37 C with 
albumin-[4J4C] cholesterol emulsion (100 #1) 
and Ellman reagent (1.4 mM in 0.2 M phos- 
phate buffer, pH 7.1, 20 gl) for 2 hr to allow 
the equilibration of  added labeled CH with the 
plasma lipoprotein cholesterol. Mercaptoethanol 
(0.1 M, 20 #1) was then added and incubation 
was continued for an additional 2-hr period. 
The reaction was stopped by the addition of 
5 ml chloroform/methanol (2:1, v/v), lipids 
were extracted, separated by thin layer chrom- 

T A B L E  1 

Leci th in  Choles tero l  Acyl  Transfe rase  
Act iv i ty  in Plasma o f  Rats F e d  I r o n - D e f i c i e n t  

or I r o n - S u p p l e m e n t e d  Diets 

Diet  a L C A T  Act iv i ty  b 

FF-Fe 560 + 79 c 
FF+Fe  1047 -+ 151 

HCNO-Fe  668 -+ 43 c 
H C N O + F e  1041 +- 72 

CO-Fe 689 + 97 d 
CO+Fe 1096 + 116 

aDiet abbreviations are: FF, fat-free; HCNO, 
14% hydrogenated coconut oil diet; CO, 14% corn oil 
diet. Iron-deficient and iron-supplemented diets are 
given as -Fe and +Fe, respectively. 

bLCAT activity is given as nmol cholesterol esteri- 
f ied/min/ l  plasma. Values are mean -+ SE from duplicate 
determinations  with plasma sample from each of the 
6 rats in the diet groups. 

CSignificantly different with p<O.01 using 2-tailed 
t-test as compared to the value in the corresponding 
+Fe group. 

dSignificantly different with p<0.02 as compared 
to the value in the CO+Fe group. 
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TABLE 2 

Cholesterol and Cholesteryl Ester Contents of Plasma 
from Rats Fed Iron-Deficient or.Iron-Supplemented Diets a 

Cholesteryl ester 

Diet b Cholesterol Cholesteryl ester Cholesterol 

FF-Fe 17.6 -+ 1.3 30.4 -+ 1.8 1.76 -+ 0.1 c 
FF+Fe 23.4 -+ 1.6 21.4 +- 4.4 0.97 -+ 0.23 

HCNO-Fe 18.6 -+ 0.4 23.9 + 2.5 1.40 -+ 0.11 c 
HCNO+Fe 26.3 + 3.6 15.7 -+ 4.9 0.72 -+ 0.24 

CO-Fe 19.0 -+ 2.7 31.5 + 4.0 1.64 -+ 0.26 c 
CO+Fe 27.8 -+ 6.4 29.8 -+ 5.2 0.82 + 0.10 

aplasma cholesterol and cholesteryl ester contents are given as mg %. these are mean -+ 
SE obtained from duplicate analysis with plasma sample from each of the 6 rats in the diet 
groups. 

bSee Table 1 for diet designation. 
CSignificantly different from the corresponding value in the +Fe group with p<O.O01 

using the 2-tailed t-test. 

atography and the (14C) activities in the  CH 
and CE fract ions were quant i ta ted.  [ 4 J 4 C ]  
Cholesterol  (52.5 mCi /mmol ,  0.01 mCi) was 
purchased f rom New England Nuclear,  Boston,  
MA. 

RESULTS AND DISCUSSION 

In the  present  s tudy,  a l though rats were 
fed different  i ron-def ic ient  diets, only  those 
in the CO-Fe group became modera te ly  iron- 
deficient  as indicated by their  reduced b lood  
Hb and Hct levels (ca. 8.4 g % and 34%, respec- 
t ively,  as compared  to  ca. 14 g % and 44% 
in o ther  -+ Fe  groups) (8). In humans,  the  CH 
con ten t  of  red b lood ceils (RBC) has been re- 
por ted  to be increased markedly  due to anemia 
(16,17).  We found that  the  CH con ten t  o f  RBC 
was significantly (p< 0.01 ) increased only  in the 
CO-Fe group (1.41 + 0.13 mg/ml  as compared  
to 1.10 + 0.18 mg /ml  in the  CO+Fe group).  The 
cholesterol  con ten t  of  RBC of  rats in the  o the r  
groups was no t  altered significantly (FF+Fe ,  
1.0 + 0.18;  FF-Fe ,  1.13 + 0.09;  HCNO + Fe,  
1.13 + 0 .16;  HCNO-Fe,  1.0 + 0.22). 

Rats mainta ined on the  FF-Fe  or  HCNO-Fe 
diets were deprived of  essential fa t ty  acids and 
iron. On the  o ther  hand,  those fed the  CO-Fe 
diet were exposed only to a low intake o f  dietary 
iron. In rats on the FF-Fe  and HCNO-Fe  
diets, the  plasma lipids conta ined appreciable 
results showed that  CE/CH rat io was increased 
significantly rather  than decreased when com- 
pared to the controls  (Table 2). It would  appear  
that  the LCAT activity is low under  condi t ions  
when the relative level of  CE to CH in the  
plasma is already high. On the  o ther  hand, 
enzyme  act ivi ty is high in i ron-supplemented  
animals when CE/CH ratio is reduced. An 
evaluat ion of  the data f rom earlier studies also 

suggests that  it is difficult  to correlate plasma 
LCAT and CE/CH levels in i ron-deficient  ani- 
mals. The relative level of  CE to CH in plasma 
lipids had been found to be ei ther decreased 
(2, 18, 20) or  unchanged (3, 19) in iron- 
def ic ient  rats. Fur the rmore ,  the  values for  CE/  
CH decreased most ly  due to  increased levels of  
CH and no t  due to decreased levels of  CE (2, 
18, 20). In some exper iments ,  even though the 
b lood Hb levels were decreased to 4.1 g % (vs 
15.9 g % in controls) ,  plasma cholesterol  con- 
tents  have remained unchanged (6). Hence,  
fur ther  exper iments  are needed to  unders tand 
the relat ionship be tween  iron deficiency,  
plasma CE/CH levels and LCAT activity.  

Hyperlipidemia 

Anothe r  repor ted  effect  of  iron deficiency is 
the  p roduc t ion  of  hyperl ipidemia.  However ,  
i ron def ic iency during both  pregnancy and 
lac ta t ion  causes hyper l ip idemia  in 18-day-old 
offspring but  no t  in maternal  rats (1). When 
male weanling rats were fed i ron-deficient  diets 
for  5 weeks, their  b lood  tr iglyceride levels were 
5-fold greater than in those in animals fed an 
i ron-supplemented  diet  (6). Marked l ipemia was 
also observed in weanling male and female 
rats and chicks when they  were fed iron- 
def ic ient  diets (4). However ,  hyper l ip idemia  

a p p e a r s  to  be dependen t  on the a m o u n t  and 
type  of  dietary fat fed and also on the  strain 
o f  rat used (5). In some exper iments ,  hyper-  
l ip idemia was no t  p roduced  and instead the  
serum tr iglyceride levels were depressed mar- 
kedly (60-75%) by iron deficiency (3,5). The  
present  s tudy supports  this finding since t h e  
analysis o f  the plasma lipid conten ts  showed 
that  the  tr iglyceride levels were significantly re- 
duced in rats fed i ron-deficient  diets as corn- 
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pared to the  cont ro ls  (Table 3). The plasma 
levels o f  phosphol ip ids  in i ron-def ic ient  rats 
have been  r epo r t ed  to  be increased (3), bu t  
t hey  also have been  f o u n d  to  be unchanged  
(20). We found  tha t  the  plasma phospho l ip id  
c o n t e n t  was significantly reduced  in rats fed  
low iron diets as compared  to the  cont ro ls  
(Table 3). Our results as well as those  o f  o thers  
(3,5) on  plasma tr iglyceride levels d e m o n s t r a t e  
tha t  hyper l ip idemia  does no t  always occur  
during i ron def ic iency.  

TABLE 3 

Triglyceride and Phospholipid Content of Plasma from 
Rats Fed Iron-Deficient or Iron-Supplemented Diets a 

Diet b Triglyceride Phospholipid 

FF-Fe 32 +- 8 c 35 + 4 c 
FF+Fe 62 + 8 61 -+ 7 

HCNO-Fe 38 + 6 d 60 +- 4 e 
HCNO+Fe 81 -+ 7 84 + 11 

CO-Fe 46-+ 8 d 57-+ 7 e 
CO+Fe 131 +- 16 86 -+ 10 

The present  s tudy  suppor t s  and ex tends  the  
conclus ions  of  Jain et  al. (9). Plasma LCAT 
activity is reduced  no t  only in severe bu t  also 
in mo d e ra t e  i ron def ic iency.  Moreover ,  even in 
the  absence of  an overt  i ron def ic iency as in- 
dicated by  b lood  Hb and Hct  levels and,  in the  
absence of  l ipemia, c o n s u m p t i o n  of  low i ron 
diets causes a decrease in the  plasma LCAT 
activity. Al though  iron def ic iency produces  
significant changes in lipid metabol i sm,  it is 
diff icul t  to make general izat ions since m a n y  
of  the  effects  are inf luenced  by fac tors  such as 
age and strain of  the  exper imenta l  animal mode l  
and the  dietary regimen.  Fo r  this reason,  the  
in te r re la t ionsh ips  be tween  reduced  LCAT ac- 
t ivity,  CE/CH ratio and hyper l ip idemia  and 
hematologica l  values in i ron-def ic ient  animals 
r emain  poor ly  unde r s tood .  
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aValues given are mg/dl and are mean -+ SE from 
duplicate determinations with 4 different plasma 
samples from each group. Triglyceride and phospho- 
lipid contents are given as the amount of fatty acid 
methyl esters obtained from them. 

bSee Table 1 for diet abbreviations. 
CSignificantly different with p<0.01 using the 2- 

tailed t-test as compared to the value in the corres- 
ponding +Fe group. 

dSignificantly different with p<0.001 as compared 
to the value in the corresponding +Fe group. 

eSignificantly different with p<0.02 as compared 
to the value in the corresponding +Fe group. 

The compos i t ions  o f  the  diets used in 
the  p resen t  s tudy  were the  same as those  of  the  
diets  in our  earlier expe r imen t s  (7,8). There  
were  several d i f ferences  in the  con ten t s  o f  the  
F F  and fa t -conta in ing  diets. The FF  diet  con- 
ta ined sucrose and USP XIV salt mix ture ,  and 
the  CO and  HCNO diets con ta ined  corn  s tarch 
and the  Hubbell ,  Mendel  and Wakeman (HMW) 
salt mix ture .  Alphacel  was present  in the  F F  
diet  bu t  n o t  in the  fa t -conta in ing  diets.  Fur the r -  
more ,  the  USP XIV and HMW salt mix tu res  
were devoid of  zinc and did n o t  con ta in  ad- 
equa te  levels of  copper  and manganese.  In 
spite of  these d i f ferences  and deficiencies  
be tween  the  3 diets, the  c o m p o s i t i o n  of  each 
-Fe diet  was the  same as tha t  of t he  corres- 
pond ing  +Fe  diet  excep t  tha t  i ron c o n t e n t  was 
low. Hence,  it  is likely tha t  the  effects  observed 
due to  feeding the  -Fe diet  in this and earlier 
s tudies (7,8) are due  to  the  low iron c o n t e n t  in 
the  diet. However ,  whe the r  o t h e r  d i f ferences  in 
the  diet  compos i t i on  discussed above also 
play a con t r i bu to ry  role has n o t  ye t  been  deter-  
mined .  
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Alterations of Phospholipids in Ischemic Canine Myocardium 
During Acute Arrhgthmia 

RICKY Y.K. MAN, TRACY L. SLATER, MARC P. PELLETIER and PATRICK C. CHOY* ,  
Departments of Physiology and Biochemistry, Faculty of Medicine, University of 
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ABSTRACT 

Myocardial ischemia was produced in the left ventricle of the canine heart by a Harris two-stage 
occlusion of the left anterior descending coronary artery. The lipid content in the ischemic myocar- 
dium was analyzed and compared with the control tissue. No significant change in total phospholipid 
and cholesterol was detected. A 2-fold elevation in the levels of the major lysophospholipids was 
observed during acute ventricular arrhythmias at 24 hr after the onset of ischemia. Such increases were 
not caused by preferential hydrolysis of phospholipid plasmalogens from the parent phospholipids. 
Lipids 18:677-681, 1983. 

The development of cardiac arrhythmias 
following the onset of cardiac ischemia has 
been well established (1). However, the exact 
biochemical factors involved in the production 
of cardiac arrhythmias in vivo remain obscure. 
Recently, lysophosphatidylcholine has been 
implicated as one of the biochemical factors 
that may produce membrane alterations con- 
ducive to the generation of arrhythmia. The 
direct action of lysophosphatidylcholine and 
other lysophospholipids on cardiac arrhy- 
thmias has been observed in isolated perfused 
hearts (2). During short intervals of experi- 
mentally produced ischemia, elevated levels of 
lysophosphatidylcholine in the ischemic myo- 
cardium have been reported (3,4). Exogenous 
addition of lysophosphatidylcholine to the 
superfusate of cardiac tissue preparations 
appears to produce electrophysiological changes 
similar to those seen in ischemic tissues (5,6). 
Although a direct relationship between lyso- 
phospholipids and cardiac arrhythmia in vivo 
has not been established, results obtained from 
the preceding studies clearly support the in- 
volvement of lysolipids in the genesis of malig- 
nant arrhythmia induced by ischemia (7,8). 

To correlate the involvement of endogenous 
lysophospholipids and other lipids in ischemic 
myocardium with cardiac arrhythmia, we used 
an ischemic model of the canine heart which 
developed acute arrhythmia within 24 hr after 
o c c l u s i o n  of the left anterior descending coro- 
nary artery. The phospholipid profile in the is- 
chemic region of the heart was then compared 
with tissue obtained from the control region. We 
report that the levels of lysophosphatidyl- 
choline and lysophosphatidylethanolamine were 
elevated over 2-fold in the ischemic tissue, and 
the increased levels of these lysophospholipids 
were not due to preferential hydrolysis of 
plasmalogens in the ischemic tissue. 

*To whom correspondence should be addressed. 

MATERIALS AND METHODS 

Phospholipid standards were obtained from 
Serdary Research Laboratories. [1-14C-Palmi - 
toyl] lysophosphatidylcholine and [ 1-14C-pal - 
mitoyl] dipalmitoylphosphatidylcholine were 
obtained from New England Nuclear. Palmit- 
�9 aldehyde sodium bisulfite was purchased from 
K and K Laboratories, Plainville, NY. Thin 
layer chromatographic plates (SiI-G25) were the 
product of Brinkmann. Other chemicals and 
solvents were of reagent grade and were pur- 
chased from Fisher Scientific Company. Chole- 
sterol oxidase, cholesterol standards and phenol/ 
4-aminoantipyrine chromogenic agent were 
purchased from Sigma. 

Mongrel dogs of either sex, weighing 8-15 
kg, were used throughout this study. The dogs 
were anesthetized by intravenous injection of 
sodium pentobarbital (30 mg/kg body weight). 
Subsequent to the exposure of the heart, the 
left anterior descending coronary artery was 
isolated and occluded by the Harris two-stage 
technique (9). The chest cavity was closed after 
the occlusion of the artery and the animal was 
allowed to recover. Appropriate dosages of 
morphine sulfate and diazepam were given as 
analgesic and sedative. The cardiac rhythm of 
these animals after surgery was monitored by 
electrocardiac recording (lead 2). At 24 hr 
after the occlusion of the artery, the heart was 
removed from the animal and tissues from the 
nonischemic and ischemic areas of the left 
ventricle were taken. In pilot experiments, 
tissue samples were (a) frozen in liquid nitrogen 
by the Wollenberger technique (10), and (b) 
stored in ice and homogenized within 10 min 
of excision. No difference in lipid content and 
composition was found between these 2 modes 
of preparation. Hence, the latter mode was 
used for all subsequent experiments. 

The dry weight of the tissue was determined 
by complete dehydration in an oven at 100 C 
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under reduced pressure. For histological ex- 
amination, the tissue was fixed in 10% buffered 
formaldehyde solution, and subsequently em- 
bedded in paraffin. The tissue sections were 
stained with eosin and hemotoxylin. In the 
determination of total protein, the tissue was 
homogenized in 20 vol of saline, and an aliquot 
was used for protein determination by the 
method of Lowry et al. (11). 

Lipids were extracted from the tissue by the 
method of Connor et al. (12). The tissue was 
homogenized in 10 vol (w/v) of chloroform/ 
methanol (1:2, v/v) and extracted twice with 
the same solvent. The extracts were pooled 
and a biphasic mixture was obtained by the 
addition of 0.1 M KC1 to provide a solvent mix- 
ture of CH3OH/CHC13/H20 (2: 1:0.8, v/v/v). 
The lower phase was removed and evaporated 
under reduced pressure. The lipid extract was 
reconstituted in a small volume of chloroform/ 
methanol (2: 1) and was used immediately for 
lipid analysis. Complete extraction of phos- 
phatidylcholine and lysophosphatidylcholine 
was achieved by this mode of extraction in 
pilot studies. Hydrolysis of phosphatidylcholine 
and lysophosphatidylcholine was monitored by 
the addition of labeled lipids to the sample in 
chloroform/methanol prior to homogenization. 
No hydrolysis of the labeled lipids was detected. 

Quantitation of total cholesterol was per- 
formed by enzymatic assay with cholesterol 
oxidase (13). The phospholipids in the lipid 
extract were separated by thin layer chromato- 
graphy (TLC) in a solvent containing chloro- 
form/methanol/water/acetic acid (70: 30:4: 2) 
(14). In some experiments, the phospholipids 
were separated by another solvent containing 
chloroform/methanol/water/ammonium hy- 
droxide (70:30:4:1)  (15). The phospholipids 
on the thin layer chromatographic plates were 
visualized by iodine vapor and identified by 
comparison with phospholipid standard. Quan- 
titation of lipid phosphorus was performed by 
the method of Bartlett (16). To account for 
loss during chromatography, defined amounts 
of phospholipid standards were also subjected 
to TLC prior to the establishment of a stan- 
dard curve for lipid phosphorus determination. 

The plasmalogen content of the phospho- 
lipids was determined as follows. Subsequent 
to the separation of the phospholipids by TLC, 
the lipids were eluted from the silica gel by chlo- 
roform/methanol (1:2). An aliquot was used 
for lipid phosphorus determination and the 
remaining volume was used for plasmalogen 
determination by the procedure of Wittenberg 
et al. (17). Palmitaldehyde was used as a stan- 
dard for this determination. The percentage 
of plasmalogen in each phospholipid was calcu- 

lated by the molar ratio of plasmalogen to total 
lipid phosphorus. 

RESULTS 

Histological and Morphological 
Changes in the Ischemic Tissue 

Periodic ventricular arrhythmias developed 
spontaneously after the occlusion of the left 
anterior descending coronary artery. A quies- 
cence period was observed between 4 and 8 hr 
post-surgery, which was followed by another 
onset of ventricular arrhythmias. Ventricular 
arrhythmias were recorded at 24 hr post- 
surgery which persisted for several days. Mor- 
phological examination of the ischemic area in 
the left ventricle revealed that the texture and 
color of the ischemic tissue were quite distinct 
from the other tissues. The ischemic area co- 
vered ca. �88 the size of the left ventricle and 
extended from the upper one-third of the left 
anterior papillary muscle down to the apical 
region. The tissue from the posterior side of the 
left ventricle from the same heart appeared to 
be similar to  normal cardiac tissue under mor- 
phological and histological examination, and 
was used as control tissue for this study. 
Histological comparison betweeen the control 
and ischemic tissues (Fig. 1) showed that most 
fibers in the ischemic area underwent coagula- 
tive necrosis. The nucleii of the cell had dis- 

FIG. 1. Histological study of normal and ischemic 
tissues. Panel A (low magnification) and panel B (high 
magnification) depict sections obtained from the 
normal areas of the heart. Muscle fibers are well 
organized and the nuclei are clearly visible. Panel C 
and D show sections obtained from the ischemic areas. 
Most fibers have undergone coagulative necrosis and 
nuclei have disappeared in some cells. Interstitial 
inflammation with edema and neutrophil infiltration 
are indicated by arrows (panel D). Calibration bar is 
100 ~tm for panels A and C; 25 t~m for panels B and D. 
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appeared  in some areas and in te rs t i t ia l  in f lam-  
m a t o r y  reac t ion  wi th  e d e m a  was very apparen t .  
Neu t roph i l  in f i l t ra t ion  o f  the  i schemic  t issue is 
s h o w n  by the  arrows in Figure 1. In o t h e r  
e x p e r i m e n t s  where  the  left  an te r io r  descend ing  
co ronary  ar tery was no t  occ luded ,  no  ven- 
t r i cu la r  a r r h y t h m i a s  were observed.  Concur r en -  
t ly ,  no  i schemic  area in the  hea r t  was ident i f ied .  
This clearly es tab l i shed  t ha t  a r r h y t h m i a  resul- 
ted f rom the  d e v e l o p m e n t  of  i schemia  in the  
hear t ,  and  was no t  caused by the  surgical pro-  
cedures.  

Lipid Content and Composition 
in Ischamic Tissues 

Since a l t e ra t ions  in l ipid c o n t e n t  and  com-  
pos i t ion  have been  impl ica ted  as one  o f  the  
b iochemica l  causes for  the  p r o d u c t i o n  o f  cardiac 
a r rhy thmias ,  the  lipid c o m p o s i t i o n  in con t ro l  
and i schemic  t issues was compared .  As depic ted  
in Table  1, a decrease in to ta l  choles te ro l  and 
phospho l ip id s  was observed in the i schemic  
tissue based on  tissue wet  weight .  Such a de- 
crease,  however ,  migh t  or ig inate  f rom the  change 
in tissue w a t e r  c o n t e n t  since local e d e m a  was 

ident i f ied  in i schemic  tissues in morpho log ica l  
s tudies .  The re fo re ,  the  wate r  c o n t e n t  and to ta l  
p ro t e in  c o n t e n t  (Table  2) in i schemic  t issues 
were d e t e r m i n e d  and compared  wi th  con t ro l  
tissues. A 14% increase in wa te r  c o n t e n t  was 
observed  in the  i schemic  tissue wi th  a 12% 
decrease in to ta l  p ro te in .  When to ta l  cho les te ro l  
and p h o s p h o l i p i d s  were expressed i ,  ury weight  
o f  the  t issues or  by p ro te in  c o n t e n t ,  no  signi- 
f i can t  d i f ference  was de tec ted  be tween  the  
con t ro l  and  i schemic  tissues. The  results  clearly 
ind ica te  t ha t  the  decrease in lipid c o n t e n t  in 
i schemic  tissue by wet  weight  d e t e r m i n a t i o n  
ref lects  the increase in tissue water  c o n t e n t  
dur ing  ischemia.  

Analysis of Phospholipifl Classes in 
Control and Ischemic Tissues 

The comple t e  analysis  of  phospho l i p id  classes 
in con t ro l  and  i schemic  tissues wi th  respect  to  
t issue p ro te in  c o n t e n t  is dep ic ted  in Table  3. A 
s igni f icant  increase (2-fold)  in b o t h  lysophos-  
p h a t i d y l c h o l i n e  and ly sophosph  a t idy le th  an- 
o l amine  was seen in the  i schemic  tissue, wi th  a 
c o r r e s p o n d i n g  decrease in p h o s p h a t i d y l c h o l i n e  

TABLE 1 

Total Cholesterol and Phospholipid Content  in 
Control and lschemic Canine Heart 

Control lschemic 

Cholesterol 
(mg/g wet wt) 2.21 a • 0.24 b (15) c 1.91 -+ 0.27 (8) d 
(mg/gdrywt)  10.38 -+ 1.13 (15) 11.13• 1.53(8) 
(mg/g protein) 15.67 • 1.70 (15) 15.40 • 2.17 (8) 

Phospholipids 
(~mol Pi/g wet wt) 24.85 • 2.00 (7) 21.42 • 1.54 (7) d 
(/.tmol Pi/g dry wt) 116.67 • 9.39 (7) 121.02 • 8.70 (7) 
(/zmol Pi/gprotein) 176.24 • 14.18 (7) 172.74 +- 12.42 (7) 

aMean. 
bStandard deviation. 
CNumber of experiments. 
dp < 0.05. 

TABLE 2 

Tissue Water and Protein Contents in Control and Ischemic Canine Hearts 

Control lschemic 

g H~ O/g wet weight 0.787 a • 0.021b (6)c 0.823 -+ 0.11 (6) 
gH 20 /gdry  weight 3.880 -+ 0.411 (6) 4.671 -+ 0.360(6)~ 
dry weight/wet weight 0.207 • 0.019 (15) 0.177 + 0.011 (6) u 
gprote in /gwet  weight 0.141 • 0.019 (15) 0.124-+ 0.010(15) d 

aMean. 
bStandard deviation. 
CNumber of experiments. 
d p <  0.05. 
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TABLE 3 

Analysis of Phospholipid Classes in Control and Ischemic Canine Hearts 

Phospholipids Control Ischemic 

Lysophosphatidylcholine 
Sphingomyelin 
Phosphatidylcholine 
Phosphatidylserine and phosphatidylinositol 
Lysophosphatidylethanolamine 
Phosphatidylethanolamine 
Phosphatidylglycerol and cardiolipin 
Others 

(~mol/g protein) 
1.00a-+0.2 lb(11) c 2.07• 0.61(8) d 

16.74 • (11) 16.46• 3.61(11] 
88.93 • (6) 76.07• 9.29(6) ~ 
13.05 • (8) 15.84• 3.61(8)j 
0.51 • (5) 1.23• 0.46(5) o 

46.03 • (8) 39.23• 2.84(8) d 
28.37 • (11) 37.30• d 

4.82 • (6) 4.23• 1.23(6) 

aMean. 
bStandard deviation. 
CNumber of experiments. 
dp < 0.05. 

TABLE 4 

Plasmalogen Content of Phospholipids in Control and Ischemic Canine Hearts 

Phospholipids Control Ischemic 

Lysophosphatidylcholine 
Lysophosph atidyleth anolamine 
Phosphatidylcholine 
Phosphatidylethan olamine 

(% plasmalogen) 
28.5 a + 10.6 b (4) c 27.3 • 8.6 (4) 
17.9 • 11.5 (4) 18.5 • 8.5 (4) 
43.6 • 10.4 (4) 37.8 • 8.1 (3) 
31.6 • 5.5 (4) 36.4 • 5.7 (4) 

aMean. 
bStandard deviation. 
CNumber of experiments. 

(15%) and  p h o s p h a t i d y l e t h a n o l a m i n e  (15%).  
The  levels of  sph ingomye l in ,  phospha t i dy l s e r i ne -  
phospha t i dy l i nos i t o l ,  and  o t h e r  m i n o r  p h o s p h o -  
l ipids did n o t  change s ignif icant ly ,  bu t  an in- 
crease in phospha t idy lg lyce ro l  and cardio-  
l ip in  was observed .  The  sums of the  p h o s p h o -  
l ipids  in this  analysis is in agreement  wi th  the  
values ob t a ined  f rom the  analysis of  the  to ta l  
p h o s p h o l i p i d  c o n t e n t  (Table  1). 

Analysis of Phospholipid Plasmalogens 

Since a s ignif icant  a m o u n t  of p h o s p h o l i p i d  
in the  hea r t  is p resen t  in p lasmalogen  form,  
the  p lasmalogen  c o n t e n t  in each p h o s p h o l i p i d  
class b e t w e e n  con t ro l  and i schemic  t issues was 
de t e rmined .  The  p lasmalogen  c o n t e n t  in the  
l y sophospho l ip id s  b e t w e e n  con t ro l  and i schemic  
tissues did n o t  seem to change (Table  4),  b u t  
were s ignif icant ly  decreased w h e n  compared  
wi th  the  p a r e n t  phospho l ip id .  The  high s tan-  
dard devia t ions  ob ta ined  in this  s tudy  are 
p r o b a b l y  due to the  var ia t ion  of  p lasmalogen  
c o n t e n t  in these phospho l ip ids  be t w een  ex- 
p e r i m e n t a l  animals.  
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DISCUSSION 

In previous  s tudies ,  t he  e f fec t  of  sho r t - t e rm 
i schemia  on  t issue l y s o p h o s p h o l i p i d s  has been  
r epo r t ed  (3 ,4 ,18) .  The  a r r h y t h m o g e n i c  na tu re  
of  e x o g e n o u s  l y sophospho l ip id s  in the  isola ted 
hea r t  has  been  iden t i f i ed  (2 ,19) .  In the  p resen t  
s tudy ,  we have clearly es tab l i shed  a cor re la t ion  
b e t w e e n  the elevated levels of  l y sophospho -  
l ipids in i schemic  tissues and acute  a r rhy thmias .  
Al though changes  in o t h e r  phospho l ip id s  were 
also observed  in th is  i schemic  mode l ,  none  o f  
these  phospho l ip id s  were found  to be ar rhy-  
t h m o g e n i c  (19) .  I t  was shown  t h a t  lysophos-  
pha t idy l se r ine  and ly sophospha t idy lg lyce ro l  
were able to  cause cardiac a r r h y t h m i a s  at the  
same c o n c e n t r a t i o n s  as l y s o p h o s p h a t i d y l c h o l i n e  
o r  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  (19) .  How-  
ever, t he  levels of  these  m i n o r  lysol ipids were 
low in b o t h  the  con t ro l  and i schemic  tissues 
(less t h a n  0.1 /~mol/g p ro t e in )  and  hence ,  m a y  
no t  play a s ignif icant  role in the  p r o d u c t i o n  of  
cardiac  a r rhy thmia .  

Al though  a 2-fold increase  in the  levels of  
l y s o p h o s p h a t i d y l c h o l i n e  and  ly sophospha t idy l -  
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e thano lamine  was observed in ischemic tissues, 
the percentages  o f  plasmalogen in these lyso- 
lipids were similar to those found  in the control  
tissues. Since the percentage of  plasmalogen 
form the paren t  phosphol ip ids  was also similar  
in both  the control  and ischemic tissues, it 
can be conc luded  that  the increase in lyso- 
phosphol ip id  levels during ischemia was no t  
caused by preferent ia l  hydrolys is  o f  the diacyl- 
phosphol ip ids  or the phosphol ip id  plasmalogens.  

One intriguing aspect per ta in ing to this s tudy 
is the decrease o f  phosph  at idylcholine and phos-  
pha t idy le thano lamine  levels in ischemic tissues. 
The quant i ta t ive  increases in the cor responding  
lysophospho l ip ids  did no t  account  for the 
amoun t  of  decrease from the parent  phospho -  
lipids. Although it could be argued that  the 
diminished levels of  high energy nucleot ides  
during i schemia  (20-22) caused a reduc t ion  in 
the  b iosynthes is  o f  these phosphol ip ids  (23, 24), 
this appears to be unlikely since the levels of  
o the r  phosphol ip ids  e i t he r  remained the same 
or  elevated in ischemic tissues (Table 3). 
Ano the r  explanat ion  is that  the choline and 
e thano lamine  conta ining phosphol ip ids  were 
subjected to selective hydrolys is  during is- 
chemia,  which might  result in the increase in 
format ion  of  the respective lysophosphol ip ids .  
Due to the cy to ly t ic  nature  o f  the l y sophospho-  
lipids (25), the majori ty of  the l y sophospho-  
lipids formed during ischemia was removed,  
e i ther  by degradat ion or extracel lular  dispersion.  
We postulate  tha t  the 2-fold increase in the 
major  lysophosphol ip ids  during ischemia only 
reflects a fract ion of  the total  increase in lyso- 
phospho l ip id  p roduc t ion  during pro longed is- 
chemia.  
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Urinary Prostaglandin E 2 and Vasopressin 
in Essential Fatty Acid-Deficient Rats: 
Effect of Linolenic Acid Supplementation 1 

Excretion 

HARALD S. HANSEN*  and BENNY JENSEN, Biochemical Laboratory, The Royal Danish 
School of Pharmacy, Universitetsparken 2, DK-2100 Copenhagen, Denmark 

ABSTRACT 

Three groups of weanling male rats were fed on a fat-free diet for 13 weeks. One group received 
only the fat-free diet (FF rats), the other 2 groups received the fat-free diet and a daily supplement of 
2 energy% ethyl linoleate ([n-6] rats), or 2 energy% ethyl linolenate ([n-3] rats). Urinary excretion of 
prostaglandin E 2 (PGE2) , immunoreactive arginine vasopressin (iAVP), and kallikrein were deter- 
mined. PGE 2 was quantitated with a radioimmunoassay having 4.9% cross-reactivity with prostag- 
landin E 3 (PGEa). After 4 weeks on the diet, water consumption and urinary iAVP excretion in- 
creased significantly in the FF rats and the (n-3) rats compared with the (n-6) rats. Urinary PGE 2 
excretion was the same for all 3 groups during the first 10 weeks; thereafter it decreased in FF rats and 
(n-3) rats compared with the (n-6) rats. There was no difference in urinary PGE 2 excretion between 
the FF rats and the (n-3) rats, even though large differences were found in the percentage of arachi- 
donic acid (20:4[n-6]), icosapentaenoic acid (20:5[n-3]), and icosatrienoic acid (20:3[n-9]) of total 
kidney fatty acids as well as of kidney phosphatidylinositol fatty acids. Fractionation of urine extracts 
on high performance liquid chromatography with radioimmunoassay detection indicated that (n-3) 
rats excreted very little PGE3, if any. Urine output followed the same pattern, as did urinary PGE 2 
excretion. Urinary kallikrein was estimated at week 12 only. It was found to be significantly lower in 
FF rats and (n-3) rat~ Increased water consumption and increased urinary iAVP excretion seem to be 
early symptoms (after 4 weeks) of EFA deficiency, whereas decreased urine output and decreased 
urinary PGE 2 excretion occur much later (after 10 weeks). Two'energy% linolenate supplementation 
to a fat-free diet did not change the appearance of any of the measured EFA-deficiency symptoms 
except for a slightly improved growth rate. There was no evidence of a significant urinary PGE 3 excre- 
tion in spite of an extreme enrichment of kidney lipids with 20:5(n-3). It is suggested that urinary 
PGE 2 is derived from precursors delivered from an arachidonic acid pool, which is rather resistant to 
restriction in dietary linoleate. 
Lipids 18:682-690, 1983. 

In previous exper iments ,  we have found  tha t  
E F A  def ic iency in rats induces  decreased uri- 
nary  PGE2 excre t ion  (1) and increased ur inary 
iAVP excre t ion  (2). PGE 2 and iAVP de termina-  
t ions  were carried ou t  af ter  13 and 22 weeks,  
respectively,  on the exper imenta l  diet  (1,2). 
Vasopressin is the  principal  h o r m o n e  for  regula- 
t ion o f  renal water  excre t ion ,  and there  is evi- 
dence  tha t  PGE2 fo rmed  in the  k idney func- 
t ions  as a modu la to r  of  vasopress in- induced 
reabsorp t ion  o f  water  in the  k idney (3,4). Uri- 
nary PGE2 excre t ion  is cons idered  to  ref lect  
renal pros taglandin  p r o d u c t i o n  (5). 

As increased water  c o n s u m p t i o n  and, occa- 
sionaUy, reduced  urine ou tpu t  are well k n o w n  
EFA-def ic iency  s y m p t o m s  (6,7), we found  it o f  

Presented in part at the 23rd International Con- 
ference on Biochemistry of Lipids, Nyborg, Denmark, 
August 1981, and at the Vth International Conference 
on Prostaglandins, Florence, Italy, May 1982. 

*To whom correspondence should be addressed. 
Abbreviations: EFA = essential fatty acid; PGE2, 

PGE 3 = prostaglandin E2, prostaglandin Ea, etc.; 
iAVP = immunoreactive arginine-vasopressin; HPLC = 
high performance liquid chromatography; TLC = thin 
layer chromatography ; PI = phosphatidylinositol. 

in teres t  to  investigate the  t ime course of  these 4 
parameters ,  i.e., ur inary excre t ion  o f  PGE2 and 
iAVP, urine o u t p u t  and water  c o n s u m p t i o n  in 
young  rats reared  on fat-free diets. In addi t ion,  
it would  be o f  value to  examine  the  possible 
inf luence  of  dietary (n-3) fa t ty  acids on the 
prostaglandin p roduc t i on  in a l inoleate defi- 
ciency. 

�9 Icosapentaenoic  acid ( 2 0 : 5 [ n - 3 ] )  is the pre- 
cursor  for  the  t r ienoic  prostaglandins.  However ,  
this fa t ty  acid is a p o o r  subst ra te  for  the  cyclo- 
oxygenase  in vi tro (8,9) as well as a compet i t ive  
inh ib i to r  o f  the  cyc looxygenase-ca ta lyzed  ara- 
ch idona te  convers ion (10). ten  H o o r  et al. (11) 
have repor ted  tha t  feeding rats fish oil high in 
20:5(n-3)  results in reduced  pros taglandin  for- 
ma t ion  in vitro,  a r educ t ion  to  the  same ex ten t  
as tha t  seen for  EFA-def i c i en t  rats. However ,  
t he  arachidonic acid pool ,  which delivers the  
precursor  for  in vivo pros taglandin  fo rmat ion ,  
may  n o t  be the  same as the  one  seen in vi tro 
(12). Thus,  it  is i m p o r t a n t  tha t  a t t e m p t s  to  cor- 
relate dietary E F A  in take  to  pros taglandin  pro- 
duc t ion  involve quan t i t a t ion  o f  in vivo prostag- 
landin p roduc t ion .  

LIPIDS, VOL. 18, NO. 10 (1983) 
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The purpose of the present experiment was 
to establish when the EFA-deficiency symp- 
toms discussed above become apparent; whether 
an extreme enrichment of the tissues with 
icosapentaenoic acid (20:5[n-3])  further de- 
presses urinary PGE2 excretion relative to that 
of EFA-deficient rats; and whether a high tissue 
content  of 20:5(n-3) results in the formation of 
PGE 3 in vivo. 

MATERIALS AND METHODS 

Animals and Procedures 

Sixteen 21-day-old male Mol-Wistar rats (K. 
MfUegaard-Hansens Avlslaboratorium A/S, L1. 
Skensved, Denmark) were reared on a semi- 
synthetic fat-free diet which contained by 
weight: vitamin-free casein (Nutritional Bio- 
chemicals Corp., ICN, Cleveland, OH), 20%; 
sucrose, 74%; choline chloride, 0.5%; vitamin 
mixture, 0.5%; salt mixture, 5%. The composi- 
tions of the vitamin and salt mixtures were 
largely as described by Aaes-Jergensen and 
H~blmer (13) and by Jensen (14), respectively. 
The compositions of the vitamin and salt mix- 
tures ensured that the recommendations given 
by the Laboratory Animal Science Association, 
London (15) were fulfilled or exceeded. 

The rats were divided into 3 groups with 5 
or 6 animals per group. One group received 
only the fat-free diet (FF rats), the other 
groups received the fat-free diet and a daily 
dose of either ethyl linoleate (all cis-9,12-octa- 
decadienoic acid ethyl ester) ([n-6] rats) or 
ethyl linolenate (all cis-9,12,15-octadecatrie- 
noic acid ethyl ester) (In-3] rats) (99% pure; 
NuChekoprep, Inc., Elysian, MN). These supple- 
ments were given per os, with a plastic-tip 
pipette. The daily amounts of the 2 fatty acid 
esters were adjusted in proportion to the con- 
sumption of the basal diet to ensure a dosage 
corresponding to ca. 2% of the daily energy in- 
take. The same animals have been used for 
studies of in vitro lung prostaglandin produc- 
tion (16). 

The linoleic acid content of the fat-free diet 
was less than 0.001 energy%. The fat-free diet 
and water were supplied ad libitum throughout 
the experiment in a 12 hr/12 hr light-dark 
period. The rats were housed in wire mesh 
cages, 2 animals/cage. Once a week the rats 
were housed individually in metabolic cages for 
24 hr with free access to food and water. The 
24 hr urine was collected in a polyethylene 
tube packed in dry ice, which ensured immedi- 
ate freezing of the urine after voiding. The col- 
lected urine samples were stored at - 20  C until 
PGE2 and iAVP determinations were per- 
formed. The experimental feeding period 
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started in February and ended in May. The rela- 
tive humidity was not controUed, and increased 
from ca. 20% to ca. 50% within this period. The 
room temperature was 24 + 1 C. 

After 13 weeks of experiment, the rats were 
decapitated, the various organs were excised, 
weighed, wrapped in aluminium foil, frozen in 
liquid nitrogen, and stored at - 8 0  C until  
analyzed. 

PGE 2-Radioimmunoassay 

[ a H ] PGE2, 160 Ci/mmol, was obtained from 
the Radiochemical Centre, Amersham, England, 
and unlabeled prostaglandins were kindly pro- 
vided by Dr. J. Pike, The Upjohn Co., Kalama- 
zoo, MI. aH-PGE2 was routinely purified on 
Sephadex LH 20 columns before use (17). The 
PGE2 antiserum was kindly provided by Dr. P. 
Christensen, Institute of Experimental Medi- 
cine, Copenhagen, Denmark (17). The radio- 
immunoassay was performed as described 
previously (1), with the modification, however, 
that the standards were extracted in the same 
way as the samples, making the use of 3 H-PGE2 
as internal standard unnecessary. Storage of 
urine samples at - 20  C resulted in a slow, 
apparently monoexponential  decay of immuno- 
reactive PGE2 with time. Ca. 20% had dis- 
appeared after 200 days of storage. Urinary 
PGE2 determinations have been corrected for 
storage decay according to this observation. 

AVP-Raflioimmunoassay 

12SI-AVP, ca 1215 /aCi/btg, was obtained 
from New England Nuclear, Boston, MA, and 
unlabeled AVP, 345 U/me, was from Ferring 
AB, Malm~b, Sweden. The AVP antiserum was 
kindly provided by Dr. J. D. Christensen, Bio- 
logical Laboratory, Royal Danish School of 
Pharmacy, Denmark (18). The radioimmuno- 
assay was performed as described earlier (2). 

Fractionation of Urinary PGE on HPLC 

To test for PGE 3 formation in the (n-3) rats, 
an HPLC system was developed for separation 
of diene and triene prostaglandins. HPLC was 
carried out using a P-45 pump (Waters Associ- 
ates, Milford, MA) equipped with a 20-/al sam- 
pie injector (Rheodyne Inc., Cotati, CA) and a 
Knauer column (Wissenschaftliche Ger/itebau, 
Dr. Ing. H. Knauer, Gmbh, Berlin, G.F.R.) 
(125 x 4.6 mm ID) packed with Nucleosil 
5 Cls (Mackerey-Nagel, Dfiren, G.F.R.). The 
solvent system was water/acetonitrile/tetra- 
hydrofuran/acetic acid (72:28:2:2).  Flow rate 
was 1 ml/min and 1-ml fractions were collected 
on an Ultrarac fraction collector (LKB, Brom- 
ma, Sweden). Elution of standard PGE3 and 
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PGE2 was detected at 278 nm after alkaline 
treatment as described by Bygdeman and Sam- 
uelsson (19). PGB2 and PGB3 thus formed have 
the same molar absorption. 10 2 ml urine was 
added a known amount of [14C]PGEI (55 
Ci/mol from New England Nuclear, Boston, 
MA) as internal standard. The urine was acidi- 
fied to pH 3 with acetic acid, applied to a Sep 
Pak Cls cartridge (Waters Associates, Milford, 
MA), and prostaglandins were eluted as de- 
scribed by Power (20). In short, the cartridge 
was washcd successively with water, 15% 
ethanol and petroleum ether, and the prostag- 
landins were eluted with diethyl ether. The 
diethyl ether was evaporated under a stream of 
nitrogen, and the residue was dissolved in a 
small volume of ethanol for injection into the 
ItPLC column. Urine content of PGE 2 and 
PGE3 was detected after IIPLC separation with 
the PGEz radioimmunoassay. PGE 3 cross- 
reacted 4.9% at the 50% displacement level, 
showing a displacement curve parallel to the 
PGE2 standard curve. 

Kallikrein Determinations 

Urine kallikrein was determined by the 
kininogenase method with heated (59 C for 3 
hr) dog citrate plasma as substrate followed by 
bioassay of the liberated kinins on isolated rat 
uterus (21). One unit of kallikrein is defined as 
the amount of enzyme which forms 1 /~g of 
bradykinin equivalents after 2 min of incuba- 
tion at pll 7.6 and room temperature (21 C). 

Urine osmolality was determined on a freez- 
ing-point osmometer (Knaver tlalbmicro-Osmo- 
meter, Eppelheim bei lleidelberg, G.F.R.). 

Lipid Analysis 

One kidney from each rat was cut into 
smaller pieces and homogenized m 20 vol 
chloroform/methanol (2:1, v/v) using an Ultra- 
Turrax homogenizer with a No. 10 shaft. The 
tube was kept in an ice bath and flushed with 
nitrogen during the 60-sec homogenization. The 
extraction mixture was centrifuged for 10 min, 
and the residue was reextracted with 10 vol 
chloroform/methanol (1:2, v/v) using the Ultra- 
Turrax. The combined extracts were evaporated 
under reduced pressure and at a maximum 
temperature of 30 C The crude lipids were re- 
dissolved in chloroform to a known volume. 
Methyl esters of fatty acids were prepared by 
transesterification with 10% (w/w) hydrogen 
chloride in methanol by heating to 100 C for 
1.5 hr. After methylation, 1 ml water was 
added to the vials, and the esters were extracted 
with petroleum ether. 

The methyl ester extract was gas chromato- 

graphed twice on a packed glass column (10% 
SP 2330 on 100/120 mesh Chromosorb W/AW 
(Supelco, Bellefonte, PA) in a 6 mm x 1.8 m 
column, temperature-programmed from 160 C 
to 210 C (Perkin-glmer 3920 gas chromato- 
graph with flame ionization detector). The peak 
areas were quantitated using a tlewlett-Packard 
3390A recording integrator. ] 'he retention 
times of the prepared methyl esters were com- 
pared with those of standards for tentative 
identification. 

Phosphatidylinositol Analysis 

Pi fatty acids of the kidney lipid extracts 
were analyzed after preparative TLC. Ca. I mg 
crude lipid was applied in a band to the concen- 
trating zone of a 10 X 20 cm silica gel plate 
(Merck Art. 11844, Darmstadt, G.F.R.), which 
was developed twice in chloroform/2-propanol/  
ethyl acetate/methanol/0.25% aqueous potas- 
sium chloride (30:25: 18:9:6) as described by 
Hedegaard and Jensen (22). The plate was dried 
m a nitrogen atmosphere. Butylated hydroxy- 
toluene (0.01% final concentration) was added 
to the solvent and to the spray reagent. The PI 
band was localized by comparison with phos- 
pholipid standards (Serdary, London, Ontario, 
Canada) after spraying with 0.1% 2',7'-di- 
chlorofluorescein. The PI band was scraped 
into a minivial, transesterified, and fatty acids 
were analyzed as above. Unless otherwise speci- 
fied, all organic solvents and reagents used were 
analytical grade (E. Merck, Darmstadt, G.F.R.). 

Statistical analyses were done using Stu- 
dent's t-test. 

R ESU LTS 

The urinary PGE2 excretion was of the same 
magnitude in the 3 groups of rats for the first 
I0 weeks of experiment. Only at weeks 12 and 
13 did separate t-test reveal any significant dif- 
ferences: the urinary PGE2 excretion was sig- 
nificantly lower in the FF rats and (n-3) rats as 
compared with the (n-6) rats (Fig. 1). At week 
8, 2 of the 5 (n-6) rats had a very high urinary 
PGF2 excretion, i.e., 122 and 144 ng/24 hr, 
which was about twice their previous and subse- 
quent excretion rates. fherefore,  in Figure 1, 
these 2 values are not included in the mean 
value for week 8. Thus, thc mean value was 
36 + 9 ng/24 hr (n=3). If the 2 excluded values 
were included, the obtained mean value, 69 -+ 
45 ng/24 hr (n=5), would still not be signifi- 
cantly different from the mean values for the 2 
other groups at week 8. There was no signifi- 
cant difference in the urinary PGE2 excretion 
between the FF rats and the (n-3) rats. Analysis 
on HPLC of the urine samples collected at week 
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FIG. 1. Urinary PGE 2 excretion of male rats 
reared on fat-free diet supplemented with 2 energy% 
ethyl linolenate (n-3) D.=, with 2 energy% ethyl linole- 
ate (n-6) ---, or with no supplementation (FF) e-o. 
The fatty acid esters were given per os daily to the 
rats. The rats were 21 days old when they were started 
on the experimental diet. Once a week the rats were 
housed individually in metabolic cages, and the 24-hr 
urine was collected in a tube packed in dry ice. Uri- 
nary PGE 2 was estimated by radioimmunoassay. The 
bars indicate one SD for n = 5 or 6, except for (n-6) 
group at week 8, where n = 3; for details see Results. 
*Statistically significant difference (p < 0.05) com- 
pared with (n-6) group. 

13 revealed a small peak (fractions 13-16) of 
immunoreactive PGE2 material (less than 2% of 
the PGE2 peak at fractions 21-24) which mi- 
grated as PGE3 (Figs. 2 and 3). 

However, this peak was observed in both the 
(n-3) rats (Fig, 2A) and in the (n-6) rats (Fig. 
2B). Since there was extremely little, if any, 

20:5(n-3)  in the kidneys of the (n-6) rats 
(Tables 1 and 2), this peak probably does not  
represent PGE 3. 

Fatty acid analysis of total kidney lipids 
showed marked differences in 20:3(n-9), 20:4 
(n-6), and 20:5(n-3) (Table 1). In the (n-3) rats, 
the 20:4(n-6) was only half of that seen in the 
FF rats, whereas their urinary PGEz excretion 
was the same (Fig. 1). 

Fatty acid analysis of kidney PI showed that 
20:4(n-6) was reduced to the same extent in 
both FF rats and (n-3) rats (Table 2). The ratio 
between 20:5(n-3)/20:4(n-6) was 5.1 in total 
kidney lipids and 2.1 in kidney PI of the (n-3) 
rats. The content of linolenic acid was rather 
low, indicating desaturation and elongation of 
dietary 18:3(n-3) to 20:5(n-3). The triene/ 
tetraene ratio in the FF rats was 1.9 in total 
kidney lipids and 6.7 in kidney PI. 

Urinary iAVP excretion was the same in the 
3 groups of rats at week 2; thereaft."r, it in- 
creased in both the FF rats and the (n-3) rats 
(Fig. 4). Using separate t-tests, significant dif- 
ferences from the (n-6) rats (p < 0.05) were 
found for the FF rats from week 4, and for the 
(n-3) rats from week 8. There was no significant 
difference between the 3 groups either in urine 
osmolality or in osmotic load (data not shown). 
At week 2, the urine osmolality was 2300-2600 
mOsmol/kg, gradually falling to 1500-2300 
mOsmol/kg at week 13, being highest in the FF 
rats and lowest in (n-6) rats. At week 2, the 
osmotic load was 11-15 mOsmol/24 hr, slowly 
increasing to 18-21 mOsmol/24 hr at week 13, 
generally being highest in the (n-6) rats and 
lowest in the (n-3) rats. 

Urine output was the same in the 3 groups 
of rats for the first 10 weeks of experiment 

(Fig. 5). At week 12, the urine output  was sig- 
nificantly (p < 0.05) lower, both in the FF rats 
and the (n-3) rats, compared with the (n-6) rats. 
The following week, the difference in mean 
urine output was increased between the (n-6) 
rats and the 2 other groups. However, the dif- 
ference was not significant (0.1 > p > 0.05). 

Urinary kallikrein excretion was measured 
by the kininogenase method at week 12 only, 
giving values of 295 + 36 U/24 hr (mean + SD, 
n = 5), 317 + 14 U/24 hr (n = 6), and 417 -+ 65 
U/24 hr (n = 5), for the (n-3) rats, the FF rats, 
and the (n-6) rats, respectively. The urinary 
kallikrein excretion in the first 2 groups was sig- 
nificantly (p < 0.05) lower than that in the 
(n-6) rats. There was a positive correlation be- 
tween urinary kaUikrein and urine output  
(Fig. 6). 

The water consumption of the FF rats and 
the (n-3) rats increased in a parallel manner 
(Fig. 7) over that of the (n-6) rats. This effect 
was significant already at week 2"for the (n-3) 
rats. The FF rats and the (n-3) rats showed the 
well known EFA-deficiency symptoms: re- 
duced growth rate, increase of relative kidney 
weights, and decrease of testis weight (Fig. 8 
and Table 3), as well as deficiency of pigmenta- 
tion of the back and scaliness of the skin (data 
not shown). 

DISCUSSION 

The data of this report (Figs. 1, 4, 5 and 7) 
are presented per animal instead of per unit 
body weight. This is consistent with the presen- 
tation in our earlier reports (1,2). The argu- 
ments for our per animal presentation are, first, 
that the rats have the same absolute kidney 
weights (Table 3) and, secondly, that the dis- 
turbed water balance in the rats probably is of 
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FIG. 2. Separation of urinary immunoreactive PGE 2 material on a reversed-phase HPLC 

column. Two ml of urine from a linolenate (n-3)-supplemented rat (A) and from a linoleate 
(n-6)-supplemented rat (B) were fractionated on Sep Pak Ct~ and the prostaglandin fraction 
was then applied to the HPLC column (125 X 4.6 mm, Nucleosil C18). Flow rate was 
1 ml/min and fractions of 1 ml were collected. A 10-fold enlargement of immunoreactive 
PGE 2 detection in fractions 11-18 is shown in the upper left corners. 
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greater  s ignif icance for  the  ur ine  v o l u m e  and  
t he  iAVP exc re t ion  t h a n  is the  b o d y  weight .  
Since t he  h igh  wa te r  c o n s u m p t i o n  p r o b a b l y  was 
caused by  a change  in the  wa te r  pe rmeab i l i t y  of  
the  skin (6),  i t  could  be  re levant  to  express  
these  da ta  pe r  surface area of  the  animal .  This  
would  on ly  t end  to increase  the  observed  differ- 
ence b e t w e e n  t he  (n-6)  rats  and  the  o t h e r  t w o  

groups.  
It  is r e m a r k a b l e  t h a t  t he  u r ina ry  PGE2 ex- 

c re t ion  seemed to  be  una f f ec t ed  by  the  d ie tary  
in t ake  of  E F A  for  such a long  t ime  (Fig. 1) and  

�9 t ha t  e n r i c h m e n t  of  the  t issue l ipids wi th  icosa- 
p e n t a e n o i c  acid did n o t  resul t  in a f u r t he r  
depress ion  of  renal  PGE2 p r o d u c t i o n  as com- 
pared wi th  the  EFA-de f i c i en t  group ( F F  rats).  
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T A B L E  1 

Fa t ty  Acid  C o m p o s i t i o n  o f  Tota l  Kidney Lipids  af ter  13 Weeks  
of  E x p e r i m e n t  (peak  area %, m e a n  +, SD) 

687 

(n-3) ra ts  FF  rats  (n-6) rats 
Group  n = 6 n = 6 n = 5 

16:0 21.1 + 0.5 c 19.5 -- 1.5 c 21.1 +, 1.4 
16:1 4.3 +, 0.5 d 5.4 +, 0.Td, e 3.5 +, 1.1 e 
18:0 14.0 • 0.7 13.5 -+ 1.0 14.8 +, 1.3 
18:1 24.4 +, 2 .0  f 26.6 -+ I.Tg 19.1 *- 1.8 f,g 
18:2 0.8 *- 0.4 h 0.8 +, 0.1 i 4 .0  x 0 . sh ,  i 
18:3 0.6 +, 0.1 tr nd 
20 :3  (n-9) 1.4 +- 0.3J, 1 14.4 +- 1.3k, I 0 . 7 ,  0.2J, k 
20 :3  ( n 6 )  tra nd b 0.7 *- 0.2 
20 :4  (n-6) 3.2 +, 0 .5m,  o 7.5 +- 0.Tn, ~ 25.4 +, 2 .5m, n 
20 :5  (n-3) 16.4 +- 1.9 nd nd 
22 :4  2.9 • 0.6 2.8 -+ 0.7 2.4 +, 0.6 
22 :5  1.0 +, 0 .6P,q 1.9 -+ 0.3P 2.2 +, 0. sq 
22 :6  3.1 +, 0.1r,  s 0.4 +, o. Ir,  t 1.7 +, 1.0s, t 

atr  ,~ trace. 
bnd = no t  de tec ted .  

c ' tVa lues  wi th  same supersc r ip t  are s ign i f ican t ly  d i f fe ren t  (p < 0.05 ; S t u d e n t ' s  t- test) .  

T A B L E  2 

Fa t ty  Acid C o m p o s i t i o n  of  Kidney  PI af ter  13 Weeks  
of  E x p e r i m e n t  (peak  area %, mean  _+ SD) 

(n-3) rats  FF  rats  (n-6) rats  
Group  n-~ 6 n = 5 n = 5 

16:0 9.9 -+ 2.0c,  d 5.3 +- 0.9 c 5.8 +- 1.2 d 
16:1 1.5 +- 1.1 1.2 +- 1.3 0.3 _+ 0.7 
18:0 29.8 -+ 5.7e, f 38.3 -+ 6.1 e 36.8 +- 3.0 f 
18:1 12.7 -+ 4.4g, i 6.9 -+ 0.8 h,i 4.2 +- 1.3g, h 
18:2 0.5 +- 0.2 1.2 +- 1.1 1.1 +- 1.0 
18:3  1.3 +- 0.6J 0.4 -+ 0.3J 1.3 +- 1.5 
20 :3  (n-9) 8.1 +- 3.2k, m 35.0 +- 4.51, m 2.8 -+ 0.9 k,I 
20 :3  (n-6) nd a nd tr b 
20 :4  (n-6) 6.3 • 2.5 n 5.1 -+ 2.2 ~ 38.4 +_ 4.3 n,o 
20 :5  (n-3) 13.6 +- 2.7P 0.7 • 0.SP tr  

and  = no t  de tec ted .  
btr  = trace.  

c-PValues wi th  same supersc r ip t  are s ign i f ican t ly  d i f fe ren t  (p < 0 .05 ;  S t u d e n t ' s  t - test) .  

G a l l i  e t  al .  ( 2 3 )  h a v e  r e p o r t e d  t h a t  a l i n o l e n i c  
a c i d - r i c h  d i e t  s u p p r e s s e d  d r u g - i n d u c e d  P G F 2 a  

p r o d u c t i o n  in  r a t  b r a i n  t o  a g r e a t e r  e x t e n t  t h a n  

t h a t  s e e n  in  E F A - d e f i c i e n t  r a t s .  T h e s e  r a t s  w e r e  
s a c r i f i c e d  b y  m i c r o w a v e  r a d i a t i o n ,  w h i c h  

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

p r o s t a g l a n d i n s  ( 1 2 , 2 4 ) .  

H o w e v e r ,  t h e  u s e  o f  a d r u g  t o  i n d u c e  p r o -  

s t a g l a n d i n  s y n t h e s i s  in  t h e  b r a i n  c o u l d  c o n -  

c e i v a b l y  i n v o l v e  m o b i l i z a t i o n  o f  a r a c h i d o n i c  
a c i d  f r o m  a n o t h e r  s t o r a g e  p o o l  t h a n  t h a t  s e e n  

in  t h e  k i d n e y  o f  n o n t r e a t e d  r a t s  in  v i v o .  We  

h a v e  f o u n d  t h a t  P G E  2 r e l e a s e  in  v i t r o  f r o m  t h e  
l u n g s  o f  t h e  s a m e  r a t s  w h i c h  a r e  d e s c r i b e d  in  

t h i s  r e p o r t  w a s  r e d u c e d  t o  a g r e a t e r  e x t e n t  i n  

t h e  l i n o l e n a t e - s u p p l e m e n t e d  g r o u p  t h a n  in  t h e  
E F A - d e f i c i e n t  g r o u p  ( 1 6 ) .  T h e  f a t t y  a c i d  c o m -  

p o s i t i o n  o f  t o t a l  k i d n e y  l i p i d s  a n d  k i d n e y  PI  
b o t h  s h o w e d  a m a r k e d  r e d u c t i o n  o f  t h e  2 0 : 4  
( n - 6 )  c o n t e n t  ( T a b l e s  1 a n d  2) .  T h e  2 0 : 4 ( n - 6 )  

p e r c e n t a g e  i n  k i d n e y  P I  o f  t h e  ( n - 3 )  r a t s  w a s  
n o t  d i f f e r e n t  f r o m  t h a t  o f  t h e  F F  r a t s ,  a n d  
t h e r e  w a s  n o  d i f f e r e n c e  b e t w e e n  t h e  t w o  g r o u p s  
in  t h e i r  u r i n a r y  P G E 2  e x c r e t i o n .  T h i s  c o u l d  
s u p p o r t  t h e  h y p o t h e s i s  t h a t  P I  c o u l d  b e  a s t o r -  
a g e  p o o l  o f  a r a c h i d o n i c  a c i d  a v a i l a b l e  f o r  p r o -  
s t a g l a n d i n  p r o d u c t i o n  in  v i v o  ( 2 5 ) .  

We  t r i e d  t o  d e t e c t  P G E 3  i n  t h e  u r i n e  f r o m  
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FIG. 3. Separation of standards: PGEa, PGE~ and 
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[~4C]PGEt on reversed-phase HPLC column (125 X 
4.6 mm, Nucleosil C~s ). 35 #g PGE3, 35 #g PGE 2 and 
360,000 cpm [~4C]PGE~ in 20 #1 ethanol were in- 
jected on the column. Flow rate 1 ml/min and frac- 

20 

15 

10 

I 

FIG. 5. Urine output from mate rats reared on fat- 
free diet supplemented with linolenate (n-3) u-u, with 
linoleate (n-6) o.o, or with no supplementation (FF) 
o.o. For details, see legend to Figure 1. *Statistically 
significant difference (p < 0.05) when compared with 
(n-6) group. 

tions of 1 ml. PGE 3 and PGE2 in the fractions were 
determined after alkaline treatment as described under 
Method~ 
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FIG. 4. Urinary iAVP excretion of male rats reared 
on fat-free diet supplemented with linolenate (n-3) 
u.u with linoleate (n-6) o.o, or with no supplementa- 
tion (FF) o-o. For details, see legend to Figure 1. 

500 

400 

300 
EE 

250 

- / / r  i i 

y = -1L.6 +370 x ~ e  
r = 0890 
p<O001 

o � 9  

W I I I - -  

" 5 lo ~5 
ml  U R I N E  

*Statistically significant difference (p < 0.05) when 
compared with (n-6) group. 

t he  (n-3)  ra ts  us ing HPLC and  PGE2 rad io im-  
munoassay .  A l t h o u g h  we d id  o b t a i n  a peak  of  
i m m u n o r e a c t i v e  mater ia l  wi th  an  e lu t ion  
v o l u m e  co r r e spond ing  to  t h a t  of  PGE3 s t anda rd  
(Figs. 2A and  3), a s imilar  peak  was seen in t he  
ur ine  ex t rac t s  f rom (n-6)  rats  also (Fig. 2B). 
Since the re  was ex t r eme ly  l i t t le ,  i f  any,  icosa- 
p e n t a e n o i c  acid in the  k idneys  of  (n-6)  ra ts  
(Tables  1 and  2), i t  appears  l ikely t h a t  t he  ob-  
served peak  ( f rac t ions  13-16 in Figs. 2A and  
2B) was due  to  cross-react ivi ty  to  one  o f  t he  
m a n y  PGE me tabo l i t e s  f o u n d  in ra t  u r ine  (26) .  

Fe r r e t t i  e t  al. (27)  also could  f ind n o  evi- 
dence  for  u r ina ry  PGE 3 exc re t ion  in fish oil-fed 
rats ;  however ,  t he  2 0 : 5 ( n - 3 ) / 2 0 : 4 ( n - 6 )  ra t io  

FIG. 6. Urinary kallikrein excretion of male rats 
reared on fat-free diet supplemented with linolenate 
(n-3) =.u, with linoleate (n-6) e.o, or with no supple- 
mentation (FF) o.o. The measurements are performed 
on urine collected at week 12, when there were sta- 
tistically significant differences between the urine out- 
put of the (n-6) group and the 2 other groups. 

was cons iderab ly  smal ler  in  t h e  k i d n e y  l ipids of  
the i r  rats  (28).  The  ur inary  i A V P  exc re t ion  in- 
creased in a parallel  m a n n e r  b o t h  in the  (n-3)  
ra ts  and  F F  rats  (Fig. 4). This  con f i rms  o u r  re- 
cen t  f indings  o f  increased  iAVP in EFA-de f i c i en t  
rats  (2). However ,  we f o u n d  n o  s ignif icant  dif- 
fe rences  b e t w e e n  t he  groups  in u r ine  osmola l i ty  
(da ta  n o t  shown) ,  and  t he  ur ine  o u t p u t  in b o t h  
the  F F  ra ts  and  t he  (n-3)  ra ts  was n o t  decreased  
c o m p a r e d  wi th  the  (n-6) ra ts  un t i l  a f te r  t he  
10 th  week  of  e x p e r i m e n t  (Fig. 5). Whereas  the  

LIPIDS, VOL. 18, NO. 10 (1983) 
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FIG. 7. Water consumption of male rats reared on 
fat-free diet supplemented with linolenate (n-3) a-D, 
with linoleate (n-6) *.e, or with no supplementation 
(FF) o.o. For details, see legend to Figure 1. *Statis- 
tically significant difference (p < 0.05) when com- 
pared with (n-6) group. 

300 

o~ 

O_ 200 

o 

lOO 

i i i i ~ E i 

0 2 L 6 8 10 12 WEEKS 

PGE2, AVP AND ESSENTIAL FATTY ACIDS 

FIG. 8. Growth rate of male rats reared on fat-free 
diet supplemented with linolenate (n-3) n.a, with 
linoleate (n-6) *.e, or with no supplementation (FF) 
o-o. For details, see legend to Figure 1. 

ur ine  o u t p u t  did n o t  parallel  t he  u r inary  iAVP 
excre t ion ,  a paral lel ism was f o u n d  in all 3 
groups  for  wate r  c o n s u m p t i o n  (Fig. 7) and  
iAVP exc re t i on  (Fig. 4). Since it  may  be  as- 
sumed  t h a t  u r ina ry  vasopress in  exc re t ion  is an 
index  of  vasopress in  sec re t ion  f rom the  neuro -  
hypophys i s ,  b o t h  t he  increased wa te r  c o n s u m p -  
t ion  and  the  increased  u r ina ry  iAVP exc re t ion  
ind ica te  t ha t  t he  F F  rats  and  t he  (n-3)  rats  a f te r  
a few weeks of  e x p e r i m e n t  were in a s ta te  of  
d e h y d r a t i o n .  A1-Nagdy et  al. (29)  have  pre- 
viously ob t a ined  results  ind ica t ing  t h a t  E F A  
def ic iency resul ts  in d e h y d r a t i o n  o f  the  rat .  I t  is 
r e m a r k a b l e  t ha t  u r inary  iAVP exc re t ion  in- 
creases in the  F F  rats  and  the  (n-3)  rats  early in 
t he  e x p e r i m e n t ,  whereas  the  u r ine  o u t p u t  is un-  
a f fec ted  for  t he  first  10 weeks  o f  expe r imen t .  
Maybe  the  responsiveness  of  t h e  k i d n e y  to  
vasopress in  is decreased in the  2 groups  o f  ra ts  
due  to  the  d ie ta ry  regimen,  so t h a t  an  ef fec t  of  
increased vasopressin  sec re t ion  on  k i d n e y  func-  
t ion  was expressed only  la te  in  the  expe r imen t .  
Sakr and  D u n h a m  (30) ,  w h o  have  i nduced  an 
E F A  def ic iency  in g rown  rats  t h r o u g h  starva- 
t i o n  and  refeeding,  have  r e p o r t e d  t h a t  t h e  renal  
vascular  b e d  of  p r e sumab ly  EFA-de f i c i en t  ra ts  
showed  increased  responsiveness  to  ang io tens in  
II and  n o r e p h i n e p h r i n e .  

T h e  renal  ka l l ikre in-k in in  sys tem has  been  
suggested to  be  involved,  t o g e t h e r  wi th  the  pro- 
s taglandins ,  in t he  regu la t ion  of  renal  f u n c t i o n s  
(31).  We have looked  at u r inary  kal l ikre in  ex- 
c re t ion  in our  rats,  however ,  on ly  at  week  12. 
We f o u n d  a s igni f icant ly  lowered  u r ina ry  kalli- 
kre in  exc re t ion  in b o t h  the  F F  rats  and  in t he  
(n-3)  rats. However ,  s ince there  was a posi t ive  
co r re l a t ion  b e t w e e n  u r ina ry  kal l ikre in  exc re t i on  
and  ur ine  v o l u m e  (Fig. 6), and  since, at  week  
12, there  was a decrease  in ur ine  o u t p u t  (Fig. 5) 
co r r e spond ing  to  t ha t  seen for  kal l ikre in  excre- 
t ion ,  it could  be  h y p o t h e s i z e d  t h a t  u r inary  
kal l ikre in  exc re t ion  was more  re la ted  to renal  
wate r  exc re t i on  t h a n  to the  s ta te  of  E F A  defi- 

TABLE 3 

Body and Organ Weight after 13 Weeks of Experiment (mean -+ SD, n = 5 or 6) 

Group (n-3) rats FF rats (n-6) rats 

Body weight (g) 328 +- 20 a 283 -+ 17 a 357 -+ 27 
Kidney weight (g/pair) 2.34 -+ 0.15 2.32 +- 0.23 2.29 + 0.14 
Testis weight (g/pair) 2.65 -+ 0.79 a 2,65 -+ 0.74 a 3.89 +- 0.20 

aStatistically significant difference (p < 0.05) from the (n-6) rats. 
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ciency o f  the  animal. The 2 supp l emen ted  fa t ty  
acids were given in an a m o u n t  of  2 energy%, 
w h i c h - a c c o r d i n g  to  Mohrhauer  and Holman  
( 3 2 ) - s e c u r e d  opt imal  g rowth  of  the  rats. Ex- 
cept  for  t he  g rowth  rate,  the  l inolenate-supple-  
m e n t e d  rats ( [n-3]  rats) resembled the  EFA- 
def ic ient  rats ( F F  rats) in all the  inves t igated 
parameters ,  i.e., urinary PGE2 excre t ion,  uri- 
nary  iAVP excre t ion ,  water  c o n s u m p t i o n ,  urine 
output ,  ur inary kallikrein excre t ion ,  and k idney  
and testis weight.  Thomasson  (33) t r ied to 
quan t i t a t e  the  essentiali ty of  d i f fe rent  po lyun-  
sa tura ted  fa t ty  acids using a g rowth  test  which  
involved res t r ic t ion  of  the  water  intake.  In this 
test,  l inolenic  acid was a very poor  subs t i tu te  
for  l inoleic acid (33,34).  

In summary ,  we have found  tha t  increased 
water  c o n s u m p t i o n  and increased ur inary iAVP 
excre t ion  are early s y m p t o m s  o f  E F A  defi- 
ciency. Both  o f  these s y m p t o m s  are probably  
due to  increased t ransepidermal  water  loss. De- 
creased urine o u t p u t  as well as decreased uri- 
nary  PGE2 excre t ion  are EFA-def ic iency  symp-  
toms  which developed m u c h  later, i.e., a f ter  10 
weeks on the  diet.  E x t r e m e  en r i chmen t  o f  the  
k idney  lipids wi th  icosapentaenoic  acid does 
no t  suppress ur inary PGE2 excre t ion  to a 
greater  ex t en t  t han  tha t  seen in  EFA-def ic ien t  
rats. This is in cont ras t  to  the  e f fec t  on PGE2 
release in vitro f rom the  lungs ob ta ined  f rom 
the  same rats (16). We could n o t  de tec t  any uri- 
nary  PGE3 excre t ion  in the  l inolenate-supple-  
m e n t e d  rats in spite o f  a very high 20:5(n-3) /  
20:(n-6)  rat io of  b o t h  to ta l  k idney  lipids and 
k idney  PI. 
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Extremely Decreased Release of Prostaglandin E2-Like Activity 
from Chopped Lung of Ethyl Linolenate-Supplemented Rats 1 
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ABSTRACT 

Three groups of weanling male rats were reared on a fat-free diet for 13 weeks. One group received 
only the fat-free diet (FF rats), the other 2 groups received the fat-free diet and a dally supplement of 
2 energy% ethyl linoleate ([n-6] rats), or 2 energy% ethyl linolenate ([n-3] rats). The chopped lung 
preparation was used to illustrate an in vitro prostaglandin formation. PGE z-like activity was quanti- 
fied on rat stomach strip. The release of PGE 2 -like activity expressed as ng PGE 2-equivalent per g lung 
tissue (mean _+ SD) was 23 +- 7, < 6, and 65 -+ 20 for the FF rats, the (n-3) rats, and the (n-6) rats, 
respectively. PGE 2 quantification by radioimmunoassay of the chopped lung effluent collected after 
passing over the rat stomach strip revealed the same release pattern as the bioassay. Fractionation of 
chopped lung effluent on HPLC with radioimmunoassay detection indicated that the lung tissue from 
(n-3) rats released very little PGEa, if any, in spite of a 20:5(n-3)/20:4(n-6) ratio of 5.2 in the lipids of 
the lung. It is suggested that the pool of arachidonic acid for prostaglandin production in vitro is dif- 
ferent from the one which functions in vivo,-and that these pools are differently affected by dietary 
EFA. 
Lipids 18:691-695, 1983. 

Fo rma t ion  of  dienoic  prostaglandins in vi tro 
has been repor ted  to be decreased in tissues of  
rats fed EFA-def ic ient  diets (1, and references 
therein),  ten Hoor  et al. (2) repor ted  that  
dienoic  prostaglandin p roduc t ion  was reduced 
in the tissues o f  rats fed diets containing linseed 
or  cod liver oil to the same ex ten t  as that  seen 
f rom tissues of  EFA-def ic ient  rats. Linseed oil 
and cod liver oil are rich in (n-3) fa t ty  acids. 
Ingest ion of  l inolenic acid can result  in accumu- 
lat ion of  icosapentaenoic  acid ( 2 0 : 5 [ n - 3 ] ) i n  
the phospholipids of  the tissues at the expense 
of  arachidonic acid ( 2 0 : 4 [ n - 6 ] )  (3). 

Arachidonic  and icosapentaenoic  acid are 
precursors for the dienoic  and t r ienoic  prostag- 
landins, respectively (4). However ,  the  la t te r  
fa t ty  acid is a relatively poor  substrate for  the 
cyclooxygenase  (4,5) and it  also is a compet i -  
tive inhib i tor  for  arachidonic acid oxygena t ion  
by the same enzyme  (6). Prostaglandin produc- 
t ion can be s t imulated by dif ferent  stimuli,  e.g., 
mechanical ,  neuronal ,  ho rmona l  or electrical 
(7). I t  is l ikely that  these different  st imuli  in- 
volve different  precursor  pools  (8) and that  
these pools  are inf luenced dif ferent ly  by 
dietary essential fa t ty  acids (9). 

The  purpose o f  the present  exper iment  was 
to see whether  ex t reme enr ichment  of  the 
tissues with icosapentaenoic  acid ( 2 0 : 5 [ n - 3 ] )  

1 Presented in part at the Vth International Confer- 
ence on Prostaglandins, Florence, Italy, May 1982. 

*To whom correspondence should be addressed. 
Abbreviations: EFA = essential fatty acid; PGE2, 

PGE a = prostaglandin E 2, prostaglandin Ea, etc.; 
HPLC = high performance liquid chromatography; 
RIA = radioimmunoassay. 

fur ther  depresses PGE2 format ion  in relat ion to 
that  seen in EFA-def ic ient  rats; and whether  a 
high tissue con ten t  of  20:5(n-3)  resul ts  in for- 
mat ion  o f  PGE3. To answer these questions,  we 
have used bo th  an example  of  in vivo prostag- 
landin format ion,  i.e., ur inary PGE2 excret ion,  
as well as an example  of  in vi tro prostaglandin 
format ion ,  i.e., release o f  PGE2 f rom chopped  
lung. Results of  the in vivo studies are described 
in the previous paper (10). 

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

Animals and Diets 

Sixteen 21-day-old male Mol-Wistar rats (K. 
M<bllegaard-Hansens Avls laborator ium A/S,  L1. 
Skensved, Denmark)  were reared on a semi- 
synthet ic  fat-free diet. The diet  is described in 
our  previous paper  (10), which is based on the 
same animals. 

The rats were divided in to  3 groups with  5 
or  6 animals per group. One group received 
only the fat-free diet  ( F F  rats), the  o ther  2 
groups received the same diet  and a daily dose 
of  ei ther  e thyl  l inoleate  (all cis-9,12-octadeca- 
dienoic acid ethyl  ester) (In-6] rats) or  e thyl  
l inolenate  (all cis-9,12,15-octadecatrienoic acid 
ethyl  ester) ([n-3] rats) (99% pure;  NuChek- 
Prep, Inc., Elysian, MN). Details of  the experi- 
mental  condi t ions  are given in our  previous 
paper (10). 

Chopped Lung Preparation and Assay 
of PG E 2 -Like Activity 

After  the 13-week feeding period, the rats 
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were decapitated, the chest opened, and the 
heart and lungs removed. The chopped lung 
preparation was prepared as described by 
Fjalland (11). Accordingly, the pulmonary 
artery was cannulated with a polyethylene can- 
nula which was passed through the right ventri- 
cle. The lungs were perfused free of blood with 
37 C warm carbogenated Krebs solution (NaC1 
118, KC1 4.7, KH2PO 4 1.2, NaHCO3 25, 
glucose 10, MgC12 1.2, and CaClz 2.5 mM), dis- 
sected free from the heart and frozen in liquid 
nitrogen. The lungs were stored at -80  C until 
use. The lung tissue was chopped with scissors 
into pieces of ca. 2 mm 3, washed and placed in 
a stainless steel wire-mesh basket. Krebs solu- 
tion containing combined antagonists according 
to Gilmore et al. (12) was dripped through the 
chopped lung at a rate of 5 ml/min. The efflu- 
ent from the lung tissue superfused a rat stom- 
ach strip as described by Vane (13). Release of 
PGE2-1ike activity was induced by mechanical 
agitation of the lung tissue with a blunt rod for 
45 sec. The contraction produced by different 
concentrations of PGE2 directly applied to the 
rat stomach strip was compared with that ob- 
tained after mechanical agitation of the lung 
tissue. The contractions of the isolated stomach 
strips were recorded isometrically by means of 
force displacement transducers, Grass FTO3 
(Grass, Quincy, MA) coupled to a Servogor 
polygraph, model 330 (BBC, N/irnberg, F.R.G.). 
The tissues were suspended under a resting 
tension of 1 g. 

PGE 2 Radioimmunoassay 

[3 H] PGE2, 160 Ci/mmol was obtained from 
the Radiochemical Centre, Amersham, England, 
and unlabeled prostaglandins were kindly pro- 
vided by Dr. J. Pike, The Upjohn Co., Kalama- 
zoo, MI. 3H-PGE2 was routinely purified on 
Sephadex LH 20 columns before use (14). The 
PGE3 sample was also purified on a Sephadex 
LH 20 column. The PGE 2 antiserum was 
kindly provided by Dr. P. Christensen, Institute 
of Experimental Medicine, Copenhagen, Den- 

mark (14). The radioimmunoassay was per- 
formed as described previously (15) with the 
modification, however, that the standards were 
extracted in the same way as the samples, 
making the use of 3 H.PGE2 as internal standard 
unnecessary. 

Fractionation of Chopped Lung 
Released PGE on HPLC 

A known amount of [14C]-PGE1 (55 mCi/ 
mmol from New England Nuclear, Boston, MA) 
was added as internal standard to 8-12 ml 
chopped lung effluent which was collected after 
passing over the rat stomach strip. The prostag- 
landins were extracted by the use of Sep Pak 
Cls cartridges (Waters Associates, Milford, MA) 
using the method of Powell (16) as described in 
the previous paper (10). After purification, the 
prostaglandins were injected into a HPLC sys- 
tem to separate PGE3, PGE2 and 14C-PGEa 
(10). 

Lipid Analysis 

Lipid analysis was carried out as described in 
our previous paper (10). Unless otherwise speci- 
fied, all organic solvents and reagents used were 
of analytical grade (E. Merck, Darmstadt, 
G.F.R.). 

Statistical analyses were done using Stu- 
dent's t-test, 

RESULTS 

The mechanically stimulated release of 
PGEz-like activity from the lungs of the three 
groups of rats is shown in Table 1. 

The PGE2-1ike activity was stable for more 
than 12 min in buffer, thereby excluding the 
possibility that prostacyclin contributed to the 
measured activity. PGE2 radioimmunoassay of 
10- and 20-/A samples of lung effluents col- 
lected after superfusion of the rfit stomach strip 
was estimated for two lungs from each group 
(Table 1). In both the bioassay and the PGE 2 
radioimmunoassay, the release of PGE z from 

T A B L E  1 

PGE Release from Chopped Lung Tissue 

Bioassay PGE 2 -RIA of collected superfusion fluid 
Group PGE 2-equiv (ng/g) 2 lungs from each group (ng/g) 

(n-3) rats < 6(n= 5) < 0.90&< 0.40 
FFrats 23 • 7 (n= 6) a 4.65 & 12.84 
(n-6) rats 65 + 20 (n 3) b 25.57 & 20.93 

aMean -+ SD, statistically significant difference from (n-6) rats (p < 0.01). 
bThe lung preparation from one of the (n-6) rats showed a PGE 2-like activity release of 

235 ng/g tissue, and this has been excluded from the table. 
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the lungs of (n-3) rats was below the detection 
limit of the assay. The cross-reaction of PGEa 
with the PGE 2 radioimmunoassay was 4.9% at 
the 50% displacement level. Thus, the radio- 
immunoassay and the bioassay both (Fig. 1) 
had low sensitivity for detection of PGEa 
release. 

Extract of the lung effluent, collected after 
it had passed over the rat stomach strip, was 
analyzed by HPLC using the PGE 2 radioim- 
munoassay for detection of significant PGE3 
release. Ten pg immunoreactive PGE2 was 
equivalent to 230 pg PGE 3. In Figure 2 are 
shown 2 representative HPLC chromatograms 
of PGE2 immunoreactive material released 
from chopped lungs from an (n-3) rat (Fig. 2A) 
and from an (n-6) rat (Fig. 2B), respectively. 
The small peaks at fractions 13-16, which have 
an elution volume equilvalent to a PGEa 
standard as described in our previous paper 
(10), amount to ca. 2% of the immunoreactive 
material in the PGE2 peak for both the (n-3) 
rats and the (n-6) rats. Since there was ex- 
tremely little, if any, 20:5(n-3) in the lungs of 
the (n-6) rats, Table 2, these small peaks of 
immunoreactive material probably do not 
represent PGEa. 

Fatty acid analyses of lung lipids revealed 
marked differences in 20:3(n-9), 20:4(n-6) and 
20:5(n-3) between the 3 experimental groups 
(Table 2). The ratio of 20:5(n-3)/20:4(n-6) was 
5.2 in the lungs of the (n-3) rats. 

DISCUSSION 

Chopped lung preparations of (n-3) rats re- 
leased very little PGE2 as was seen from both 
bioassay and PGE 2 radioimmunoassay (Table 
1). The release was less than half that seen in 
lungs from FF rats. Lower values were obtained 
by radioimmunoassay than by bioassay, prob- 
ably because some of the released PGE2 was 
absorbed or metabolized by the rat stomach 
strip. The radioimmunological quantification 
was done on lung effluents after they were 
passed over the stomach strip. HPLC analysis 
of concentrated extracts of lung effluents re- 
vealed that lungs of (n-3) rats indeed released 
PGE 2 and a small peak (shoulder) of immuno- 
reactive PGE 2 material (ca. 2%) which could be 
PGE 3 (Fig. 2A). A similar peak, however, was 
also seen in extracts of lung effluent from (n-6) 
rats (Fig. 2B), which had negligible amounts of 
the triene prostaglandin precursor, icosapen- 
taenoic acid, in lung lipids. Thus, it appears 
more likely that these small peaks of immuno- 
reactive material were due to compounds other 
than PGE3. Ferretti et al. (17) found a PGEa 
production from kidney medulla homogenates 

to be 14-20% of the PGE2 production, al- 
though the 20:5(n-3) /20:4(n-6) ra t io  in the 
lipids of kidney medulla was only 0.29 (18) as 
compared with a ratio of 5.2 in the lungs of the 
present experiment. This difference between 
their result and ours is probably more likely 
due to different ways of stimulating prostag- 
landin formation, i.e., tissue homogenates vs 
mechanical stimulation of lung pieces, than to 
the difference in organs. There seem to be no 
differences in the kinetics of the cyclooxy- 
genases from different tissues (19). 

The arachidonic acid percentages in total 
kidney lipids in the (n-3) rats, the FF rats and 
the (n-6) rats were 3.2%, 7.5% and 25.4%, 
respectively (10). The ratios between these 
percentages are 1:2.3:7.9. In total lung lipids, 
the corresponding ratios are 1:1.9:5.9 (Table 
2). Thus, the relative arachidonic acid percent- 
ages between the dietary groups are similar for 
kidney and for lung total lipids. Nonetheless, 
the relative PGE2 production from the same 
tissues was quite different, i.e., urinary PGE2 
production was of the same magnitude in (n-3) 
rats and FF rats (10), whereas this was not the 
case for PGE2 release from the chopped lung 
preparation (Table 1). This difference could be 
due to different availability of arachidonic acid 
in the kidney in vivo as compared witla the lung 
in vitro. Although we compare 2 different 
organs and in vitro/in vivo conditions, we sug- 
gest that it was the in vivo vs the in vitro situa- 
tion which caused the difference between the 
PGE2 production of the kidney and the lungs 
of the (n-3) rats. From several studies, there is 
circumstantial evidence that in vitro prepara- 
tions often release free fatty acids, resulting in 
an artifact of prostaglandin production which 
has no physiological relevance (9,20). 
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FIG. 1. Dose response curves for rat stomach strip 
to PGE 2 , PGE 3 and PGI 2 . For details of the bioassay, 
see Materials and Methods. 
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FIG. 2. Separation of  chopped lung released immunoreactive PGE 2 material on a re- 
versed-phase HPLC column. Lung effluents (8-12 ml) from one l inolenate-supplementcd rat 
(A) and from one l inoleate-supplemented rat (B) were collected after passing over the rat 
stomach strip. The effluents were fractionated on Sep Pak C ~  and the prostaglandin frac- 
tions were then applied to the HPLC column (125 • 4.6 nrm, Nucleosil C~8). [~4C]PGE~ 
was used as internal standard. Flow rate was l ml/min,  and fractions o f  1 ml were collected. 
A 1 O-fold enlargement of  immunoreactive PGE 2 detection in fractions 11-17 is shown in the 
upper left corner. 
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TABLE 2 

Fatty Acid Composi t ion of Total Lung Lipids after 13 Weeks 
of Experiment  (peak area %, mean • SD) 

695 

Group (n-3) rats FF rats (n-6) rats 
n = 6  n = 5  n = 5  

16:0 27.3 :!: 1.5 26.2 • 1.5 27.8 + 1.1 
16:1 8.6 :!: 1.0 9.3 +- 0.9 9.7 • 1.5 
18:0 8.9 ~ 1.2 c 8.5 +- 1.8 6.7 • 1.5 c 
18:1 29.9 • 4.7 d 33.7 • 7.8 37.0 • 5.2 d 
18:2 (n-6) tra 0.6 +- 0.2 e 3.1 -+ 0.5 e 
18:3 (n-3) 0.7 • 0.2f 1.1 • 0.2f, g 0.6 • 0.1g 
20:3 (n-9) 0.6 -+ 0.1 h 6.7 • 2.0h, i 0.5 • 0.1 i 
20:3 (n-6) 0.9 • 0.3J 0.7 -+ 0.3 0.5 • 0.2J 
20:4 (n-6) 0.9 • 0.2 k 1.7 • 1.11 5.3 • 2.0k, 1 
20:5 (n-3) 4.7 *- 0.9 tr tr 
22:3 tr 3.0 • 0.8 tr 
22:4 1.7 -* 0.5 m 1.3 • 0.8 0.6 • 0.2 m 
22:5 1.8 • 0.5 1.8 -+ 0.8 1.4 • 0.7 
22:6 2.0 ~+ 0.3 nd b tr  

atr = trace. 
bnd = not detected. 

c-mValues with same superscript are significantly different (p < 0.05; Student 's  t-test). 

In summary, the PGE2 production in the 
chopped lung preparation of  linolenate-supple- 
merited rats was decreased to a greater extent  
than that seen from lungs of EFA-deficient rats. 
No such difference between the 2 groups was 
seen for urinary PGE2 excretion (10). It is sug- 
gested that the pool of arachidonic acid for 
prostaglandin production in vitro is different 
from that which functions in the kidney in 
vivo. We could not  detect any PGE 3 formation 
in the chopped lung preparations of linolenate- 
supplemented rats, although the 20:5(n-3)/ 
20:4(n-6) ratio in lung lipids was very high. 
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Changes in Renal Phospholipid Fatty Acids 
in Diabetes Mellitus: Correlation 
with Changes in Adenylate Cyclase Activity 
DANIEL L. CLARK, F.G. HAMEL and SHERRY F. QUEENER* ,  Departrnentof 
Pharmacology, Indiana University School of  Medicine, Indianapolis, /N 46223  

ABSTRACT 

Male Sprague-Dawley rats made diabetic with alloxan (37.5 mg/kg) or streptozotocin (65 mg/kg) 
were killed after 3-6 weeks of disease; renal tissues were studied for phospholipid content and for fatty 
acid composition of the phospholipids. No consistent change was noted in total phospholipid content 
nor in the proportion of various phospholipids in diabetics. However, diabetic animals showed a con- 
sistent reduction of arachidonic acid content in phosphatidylcholine (PC) and phosphatidylethanol- 
amine in whole renal cortex, plasma membranes purified from renal cortex, and in isolated glomeruli. 
Associated with the fall in arachidonic acid was a rise in linoleic acid in the samples studied. Insulin 
therapy returned the fatty acid profiles to normal. These results are similar to patterns observed in 
other diabetic tissues and suggest that diabetes is associated with generalized changes in cell mem- 
branes. That these structural changes may have functional significance is suggested by demonstrated 
alterations in the temperature-dependence of adenylate cyclase in renal plasma membranes of diabetic 
animals. Adenylate cyclase is thought to be intimately associated with PC in plasma membranes, a 
phospholipid showing significant changes in fatty acid content in diabetes (unsaturation index 165 -+ 
2 for normals, 147 _+ 5 for diabetics). Na§ which is thought to be primarily associated in 
vivo with phosphatidylinositot (PI), shows no change in apparent energy of activation in diabetes. The 
fatty acid content of PI is minimally altered in diabetes, and the unsaturation index is unchanged. 
Lipids 18:696-705, 1983. 

INTRODUCTION 

Diabetes mellitus extensively alters lipid 
metabolism in several tissues. Most of the work 
in this area has focused on fatty acid metabo- 
lism in liver (1-3), or on prostacyclin and 
thromboxane ratios in vascular tissues, includ- 
ing platelets (4,5). Reported renal effects of 
diabetes mellitus on lipid metabolism include 
lowered prostacyclin synthesis in renal cortex 
(4), elevated thromboxane and lipoxygenase 
pathway products in glomeruli (6), and in- 
creased fatty acid synthesis (7). 

Our interest in renal lipid composition and 
metabolism derived from biophysical studies we 
had performed on renal plasma membranes 
from aUoxan- and streptozotocin-diabetic rats 
(8). In those studies, changes suggestive of al- 
tered lipid composition were seen in biophysi- 
cal parameters measured by electron spin reson- 
ance. The present study documents the altera- 
tion of renal lipid composition in experimental 
models of diabetes meUitus. 

MATERIALS AND METHODS 

Animals 

Male Sprague-Dawley rats (160-200 g) were 
injected via the tail vein with a saline solution 
of aUoxan (35-37.5 mg/kg) or streptozotocin 

*To whom correspondence should be addressed. 

(65 mg/kg). Plasma glucose was monitored with 
a Beckman glucose analyzer. Insulin therapy 
was by continuous infusion of regular insulin 
via an osmotic minipump. 

Chemicals 

Reference lipids and reagents came from 
Supelco (Bellefonte, PA) or NuChek Prep, Inc. 
(Elysian, MN). Radioactive compounds were 
from New England Nuclear (Boston, MA). 

Sample Preparation 

Kidneys were removed after cervical disloca- 
tion and exsanguination of the rats. Renal cor- 
tex was homogenized for study or used as a 
source of plasma membranes or glomeruli 
according to published procedures (9,10). 
Lipids were extracted with chloroform/metha- 
nol (2:1, v/v) containing 1 /lg/ml 2,6-ditert- 
butyl-4-methylphenol as antioxidant, purified 
by Sephadex chromatography (G-25 coarse; 
Pharmacia, Piscataway, N]), and analyzed by 
thin layer chromatography (TLC) according to 
standard procedures (11). Briefly, phospho- 
lipids were resolved with 2-dimensional TLC on 
prewashed, heat-activated Redi-Coat 2D plates 
(Supelco) developed first in chloroform/metha- 
nol /ammonium hydroxide (65:25:5, v/v/v) 
then, after 90 ~ rotation, in chloroform/ace- 
tone/methanol/acetic acid/water (5:2:1 : 1:0.5, 
v/v/v/v/v). Phosphorus analysis was by pre- 
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viously described methods (12). Phospholipids 
resolved and analyzed in this way were hydro- 
lyzed and methylated with boron trifluoride 
(14% in methanol). The methyl esters were 
analyzed with a Packard Gas Chromatograph 
(Model 427) equipped with a flame ionization 
detector using 6 in. x 2 mm id glass columns 
packed with 10% SP-2330 on 100/120 Chromo- 
sorb W AW (Supelco). The separation was per- 
formed over a temperature range of 170-250 C 
and the peaks were integrated using a Hewlett 
Packard 3390A integrator. Methyl esters were 
identified by comparison of retention times to 
those of  known standards. 

Biochemical Assays 

Adenylate cyclase and Na+,K+-ATPase were 
assayed by published techniques previously 
employed in this laboratory (13,14). Acetate 
incorporation studies using kidney slices (60-90 
mg) incubated in Krebs-Ringer phosphate 
buffer followed earlier protocols (15). 

Protein was measured by the biuret assay 
(16). 

Statistics 

Values reported in Tables 1, 2, 9 and 10 
represent means + SEM for measurements on 
individual animals. All other entries are derived 
from pooled samples as described in the legend 
to the table. Statistical significance was tested 
with Student's t-test. 

RESULTS 

The fatty acid content of phospholipids 

from normal and diabetic renal cortex is shown 
in 'Fable 1. The largest differences between 
normal and diabetic tissues occur in phos- 
phatidylcholine (PC) and phosphatidylethanol- 
amine (PE). Within these phospholipids, dia- 
betic renal cortex contains higher linoleic acid 
(18:2) and lower arachidonic acid (20:4) than 
normal. Within phosphatidylinositol (PI) and 
phosphatidylserine (PS), the changes between 
normal and diabetic are much smaller; statisti- 
cal significance is achieved only with the small 
percentage increase in linoleic acid in PI from 
diabetic renal cortex. 

Analysis of individual phospholipids did not 
demonstrate any significant change in the pro- 
portion of major phospholipids present, al- 
though a small decline was observed both for 
PS and sphingomyelin (Table 2). 

A subpopulation of  renal cortical mem- 
branes enriched for plasma membranes was iso- 
lated and analyzed for fatty acid content of 
phospholipids (Table 3). In these studies, 
sphingomyelin and diphosphoglycerol were 
measured along with the four phospholipids 
measured in renal cortical homogenates. With 
this more homogeneous sample, linoleic acid in- 
creased and arachidonic acid decreased most 
prominently in PC. PE and PS isolated from 
diabetic renal plasma membranes showed 
smaller changes, similar to those observed in 
Table 2 for whole cortex. PI shows an anoma- 
lous low value for arachidonic acid in the 
normal sample. 

Analysis of the proportion of phospholipids 
in these normal and diabetic plasma membranes 
showed no significant differences (Table 4). 

Insulin therapy by continuous minipump 

T A B L E  1 

Fatty Acid Content of Phospholipids from Normal and Diabetic Rat Renal Cortex 

Phosphatidylcholine 

Fatty acid Normal Diabetic 

P h o s p h a t i d y l e t h a n o l a m i n e  P h o s p h a t i d y l i n o s i t o l  P h o s p h a t i d y l s e r i n e  

N o r m a l  Diabe t i c  N o r m a l  Diabe t i c  N o r m a l  Diabe t i c  

16 :0  32.1+-0.1 31.4+-0.2 11.8+-0.4 11.8+-0.4 11.2-+1.1 11.7-+0.7 5.0+-0.5 5.5+-0.2 
16:1 l.O+-0.1 0.8+-0.2 0.5_+0.1 0.4+_0.1 0.5-+0.1 0.4-+0.1 0.6-+0.2 0.5-+0.2 
18 :0  11.7+-0.4 11.7+-0.6 2 1 . 9 " 0 . 5  22.3_+0.2 37.3_+1.4 36.4_+0.9 41.2+-1.8 41.8-+1.1 
18:1 9.2+-0.2 9.9-+0.1 a 8.7_+0.2 9.8_+0.2 3.5_+0.1 4.34"0.4 5.5_+0.2 6.0+-0.7 
18 :2  18.1+-0.6 2 4 . 5 + ! . 1  a 6.5-+0.2 10.1_+0.5 a 2.6+-0.2 4.2+-0.2 a 3.9+-0.1 5.4+-0.5 
2 0 : 3  1.4+-0.1 1.9+-0.2 0.6-+0.1 O.6-+0.1 3.7+-0.6 4.0+-0.4 1.1+-0.3 1.4-+0.1 
2 0 : 4  22.3+-0.7 14 .5+1 .0  a 45.2_+0.8 40.8+-1.0 a 38 .1 •  36.3+-0.7 38.8-+1.1 35.3+-0.5 
2 0 : 5  0.9+-0.1 0.7+-0.1 1.5-+0.1 1.5+-0.2 1.3+-0.1 1.0-+0.3 1.8+-0.1 1.8-+0.2 
2 2 : 4  0.3+-0.1 0.4+-0.2 0.8+-0.1 0.6-+0.1 1.0-+0.1 0.8+-0.2 1.3+-0.2 1.2-+0.4 
2 2 : 5  0.4+-0.1 0.4+_0.1 0.5_+0.1 0.5-+0.1 -- -- 0.5+-0.1 0.6+-0.1 
2 2 : 6  2.3+-0.1 3.3+-0.8 2.1_+0.4 2.4+-0.6 0.9+-0.2 0.9+-0.2 0.6+-0.2 0.9+-0.2 

ap < 0.020; u = 4. 
Values are mean area % (directly related to concentration) -+ SEM, as determined by integrating the peaks 

observed by gas chromatography. The animals used in this study were alloxan diabetics (37.5 mg/kg) killed after 
3 weeks of diabetes, and age-matched controls. Blood glucose values exceeded 500 mg/dl throughout for the 
diabetics; normals ranged 11 O- 120 mg/di. 
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TABLE 2 

Phospholipid Content of Normal and Diabetic Rat Renal Cortex 

Phospholipid #g Phospholipid/400 #g total lipid % of total phospholipid 

Normal Diabetic Normal Diabetic 

PC 98.01-+5.82 102.00-+4.38 35.2+-2.1 36.6+-1.6 
PE 88.38-+2.46 88.20-+4.11 31.7+0.9 31.7-+1.5 
PS 23.70_+0.48 21.15_+0.87 a 8.5+-0.2 7.6-+0.3 
PI 19.98+-1.83 22.20-+2.43 7.2-+0.7 8.0-+0.9 
Sph 26.04-+0.93 21.00+1.62 a 9.3• 7.5-+0.6 
DPG 22.41+_0.84 23.97-+2.04 8.0+-0.3 8.6+-0.7 

aStatistically significant reduction, p < 0.05. 
Values are means • SEM; n = 4. Phospholipids are analyzed after resolution on 2-dimen- 

sional TLC as described in Methods. Recovery of lipid phosphorus from the plates was 
104-+3%. The lipid/protein ratios for the samples analyzed are 0.298+-0.016 for normals and 
0.274+-0.015 for diabetics. The samples analyzed were the same as those in Table 1. 

infusion in previously diabetic animals re turned 
the fa t ty  acid profiles to normal  (Table 5). This 
s tudy on pooled samples reconfirms the changes 
in l inoleic and arachidonic  acid con ten t  in PC 
and PE. In addit ion,  these longer- term diabetics 
show changes in PS and PI that  were no t  clearly 
demons t ra ted  in the shor ter- term diabetics re- 
por ted  in Table 1. The insulin-treated diabetic 
samples were indistinguishable f rom normals  
for  PC. Linoleic acid con ten t  was re turned  to 
normal  by insulin for  each o f  the phospho-  
lipids. Insulin therapy was wi thou t  effect  on 
the p ropor t ion  o f  phosphol ipids  present  (results 
no t  shown). 

Fa t ty  acid profiles were also measured in 
glomerul i  isolated f rom normal,  diabetic,  and 
insulin-treated diabetic rat k idneys  (Table 6). 
In this renal s tructure,  diabetes decreased 
arachldonic acid in all phosphol ipids  tested ex- 
cept  diphosphoglycerol .  Concomi tan t  nearly 
equal  percentage increases in l inoleic acid con- 
ten t  were seen in PC and PE, but  no t  in PS or 
PI. Also no ted  in these samples was a diabetes- 
induced increase in the  longer-chain highly un- 
saturated fa t ty  acid 22:6 in all phospholipids in 
which it  could be measured.  Al though normal  
con ten t  of  22:6 is low in these tissues, the con- 
ten t  was increased 2- to 3-fold in diabetes. This 
and all o ther  observed diabetic changes were 
reversed by insulin therapy .  No significant 
changes in phosphol ipid  con ten t  was obvious in 
diabetic or  insulin-treated diabetic glomerul i  
(Table 7). 

The t endency  to shift  f rom arachidonic acid 
to l inoleic acid in diabetic renal samples sug- 
gested that  the disease might  alter the unsatura- 
t ion index of  the phosphol ipid  fat ty  acids. In 
fact, large decreases in the unsatura t ion  index 
were observed in PC and PE from diabetic  
kidneys (Table 8). No significant changes in the  
unsatura t ion index could be demons t ra ted  for 

the fat ty  acids acylated to PS or PI. 
De novo synthesis of  lipids was es t imated by 

measuring acetate incorpora t ion  into  various 
l ip id  classes (Table 9). In k idney,  14 [C]-aceta te  
is roughly equally dis tr ibuted in neutral  lipid 
and phospholipid fractions, wi th  very lit t le 
being incorpora ted  into  glycolipids. Al though 
acetate  incorpora t ion  into lipids was increased 
in diabetic kidney,  the p ropor t ion  of  neutral  
lipid to phosphol ipid  remained relatively con- 
stant. 

The two  main phosphol ipids  shown to have 
altered fat ty  acid compos i t ion  in diabetes were 
also studied by acetate  incorpora t ion ,  along 
with cholesterol  (Table 10). These studies again 
demonst ra ted  a higher  acetate  incorpora t ion  in 
all 3 lipids in diabetic  k idney;  each of  the 3 in- 
creased be tween  2- and 2.5-fold f rom normal.  
The ratio of  PC to PE was similar in normals 
and diabetics, as was the rat io of  cholesterol  to 
PC. 

Since our  studies had suggested structural  
changes in the fat ty  acids acylated to phos- 
pholipids in renal diabetic membranes ,  we at- 
t empted  to relate these changes to  the  behavior  
of  membrane-bound  enzymes.  The plasma 
membrane  marker  enzymes  adenylate  cyclase 
and Na§ were selected since these 
enzymes  are dependen t  on the plasma mem- 
brane and are inf luenced by lipids within the 
membranes.  

Arrhenius analyses were per fo rmed  to assess 
transi t ion tempera tures  and ene rg ies  of  activa- 
t ion for  the enzymes  f rom normal  and diabetic 
renal cortical  plasma membranes  similar to 
those analyzed in Tables 3 and 4. With Na+,K +- 
ATPase in these membranes,  no transi t ion 
tempera tures  were observed be tween  40 and 
15 C (Fig. l). The energy of  act ivat ion calcu- 
lated at 37 C was 13.0 kca l /mol  for  bo th  the 
enzyme  from normal  and the enzyme  f rom 
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diabetic kidneys. The diabetic membranes 
tended to have lower specific activity of  Na+,K +- 
ATPase, as iUustrated by the downward shift of  
the diabetic curve. 

Arrhenius analyses of  fluoride-stimulated 
adenylate cyclase showed a transition tempera- 
ture of  22 C for normal and 18 C for diabetic 
enzyme (Fig. 2). No changes were noted in 
energies of  activation (18.0 kcal/mol for both 
samples measured above the break points). 
Specific activity of  adenylate cyclase in the 
diabetic sample was lower than normal. 

DISCUSSION 

The largest diabetes-induced changes ob- 
served in these studies occur in the fatty acids 
acylated to PC and PE. Linoleic acid (18:2)  
increases, whereas arachidonic acid (20:4)  
decreases significantly in diabetic kidney. 
These changes are observed in whole renal 
homogenate, partially purified plasma mem- 
branes, and in isolated glomeruli. When isolated 
glomeruli were analyzed, additional alterations 
were also revealed. In these samples, arachi- 
donic acid was decreased and linoleic acid was 
increased in all phospholipids measured, not 
just in PC and PE. In addition, docosahexaenoic 
acid increased in all phospholipid fractions 
from diabetic glomeruli. 

The changes in fatty acid composition 
tended to be greater in animals that had been 
diabetic longer (Table 5 vs Table 1), suggesting 
that these are progressive changes. Insulin re- 
turned the fatty acid composition to normal, 
suggesting that these were diabetes-specific 
changes. It should be noted that the animals 
received insulin by minipump infusion, a 
method of administration that maintained the 
animals near normal for plasma glucose. These 
well controlled diabetic animals may not model 
the human diabetic taking insulin by intermit- 
tent injection and who may suffer periods of  
hypoglycemia and hyperglycemia. 

The changes we observe in diabetic kidney 
fatty acid composition in phospholipids are 
similar to changes previously observed in dia- 
betic liver (2). In that tissue, the patterns were 
associated with a diabetes-induced fall in A6 
and A9 desaturases. The A6 desaturase is the 
first enzyme in the pathway and the regulatory 
step in the conversion of linoleic acid to arachi- 
donic acid. A decrease in the activity of A6 
desaturase tends to cause an accumulation of its 
substrate, linoleic acid (18:2), and a relative 
depletion of the intermediates and final prod- 
uct in the pathway. These compounds in order 
are 18:3, 20:3 and 20:4 (arachidonic acid). In 
our renal samples, 18:3 was too low to be 
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TABLE 4 

Phospholipid Content of Normal and Diabetic Rat Partially Purified Renal Plasma Membranes 

/~g Phospholipid/400 ~ug total lipid % of total phospholipid 

Phospholipid Normal Diabetic Normal Diabetic 

PC 109.7 103.7 33.8 32.8 
PE 100.4 96.3 31.0 30.4 
PS 27.0 25.9 8.3 8.2 
PI 20.8 16.1 6.4 S.1 
Sph 34.6 35.8 10.7 11.3 
DPG 31.7 38.7 9.8 12.2 

Phospholipids are analyzed after resolution on 2-dimensional TLC as described in Meth- 
ods. Recovery of lipid phosphorus from the plates averaged 92%. Each partially purified 
renal plasma membrane sample represents a pool of membranes from two animals. The lipid/ 
protein ratios for the membranes analyzed are 0.35 for normals and 0.44 for diabetics. The 
samples analyzed were the same as those in Table 3. 

measured, suggesting that in kidney as in liver 
the activity of the elongation enzyme is greater 
than the desaturases in the pathway. We do 
measure 20:3, but find it not to be significantly 
altered in diabetic samples, suggesting that the 
last enzyme in the pathway, a A5 desaturase, 
may not be greatly altered by diabetes. There- 
fore, our results suggest that the increased levels 
of linoleic acid and the decreased levels of  
arachidonic acid are primarily a result of a loss 
of A6 desaturase activity in the diabetic kidney. 

In diabetic liver, A9 desaturase activity is 
also diminished (2). This enzyme converts 
saturated fatty acids to monounsaturated 
forms. A loss of this activity might be expected 
to increase the saturated fatty acids at the 
expense of the monounsaturated ones. We do 
not observe such a pattern in the diabetic renal 
samples. 

Some studies on renal lipid metabolism exist 
(17,18), but no full analysis of renal lipid com- 
position in normal and diabetic rats has ap- 
peared. Our results do compare well with pre- 
viously published fatty acid profiles for normal 
rats (19). 

The relative proportions of phospholipids 
remained constant between normats and dia- 
betics for all renal samples studied (Tables 2, 4 
and 7). Lipid to protein ratios were also not 
significantly altered. Acetate incorporation into 
lipids was greater in samples from diabetic 
kidneys than from normal kidneys (Tables 9 
and 10), but the proportion of acetate incorpo- 
rated into various lipid classes was similar in 
normals and in diabetics (Table 9). The incor- 
poration of acetate into phospholipids reflects 
at least two processes: fatty acid synthesis and 
fatty acid acylation of phospholipids. In addi- 
tion, the apparent rates of  synthesis can be 
affected by uptake rates for acetate into cells 

and the ability of acetate to equilibrate with 
various intracellular pools. Differences in intra- 
cellular acetate pool sizes could exist between 
normals and diabetics. Andersen and Dietschy 
(20) showed that acetate freely enters cyto- 
solic pools where fatty acids and cholesterol are 
synthesized. Moreover, they demonstrated that 
acetate also equilibrates with intramitochon- 
drial pools. Our work also suggests that acetate 
enters the mitochondria and is freely and 
rapidly metabolized to C02. Acetate oxidation 
to CO2 increased in our diabetic samples (un- 
published observations). In work where rates of 
sterol synthesis in kidney and liver were com- 
pared using both tritiated water and acetate 
incorporation, the rate measured with acetate 
was 61.7% of that measured with tritiated 
water (20). In other studies in diabetic kidney, 
rates of fatty acid synthesis, measured by in- 
corporation of tritiated water, were increased 
1.6-fold by diabetes (7). In our studies, diabetes 
apparently increased cholesterol synthesis 2.5- 
fold and increased labeling of phospholipid 
with acetate 1.93- to 2.25-fold. Our results are 
expressed per wet weight of tissue. Since the 
kidneys greatly enlarge in diabetes and body 
weight goes down, increases would be magni- 
fied if expressed as total synthetic ability per 
kidney pair or as synthetic ability per 100 g 
body weight. 

Our major interest in renal lipids was related 
to observations we had made on the biophysical 
properties of certain membrane-bound enzymes 
in diabetes. The one clear compositional change 
in renal membrane lipids is a shift toward more 
saturated, shorter-chain fatty acids in diabetes. 
The unsaturation index of PC and PE, phospho- 
lipids comprising 60-70% of total membrane 
phospholipid, is significantly reduced. The ex- 
pected tendency of such a shift would be to 

LIPIDS, VOL. 18, NO. 10 (1983) 



tt~ 

< 
[..., 

tr 

r~ 

E 

Z 

",7. 

f. 

< 

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

,4 `6 ~ e.i ,A ,-; ,-,; ~ `6 ,6 ~ : ' ~ "  

E 

~'N.-- 
e -  ~ ~ . ~  

~.~. ~ ~ 

m 

C- ~ 4 , A , 6 6 6  ~ 6 " - ~. ~ ~ ~ 

- .~ ~ , ~ "  

- ~ ~- " 5 ~  

6 6 6 ~ t . . . . : 6 , 6 ~ - . . ; 6 r - . i  ~ ~ " c 

.~. -.... = .~ 

~ . ~ = ~  

701 

L I P I D S ,  V O L .  18,  N O .  10 (1983 )  



7 0 2  D.L.  C L A R K ,  F . G . H A M E L  A N D  S.F.  Q U E E N E R  

E 

r~ 

' 0  

-d 

z 

0 

0 r 

0 
e" 

c- 
O 

. ~ o ' ~  ~" 

o ~. r162 

~a 

~ o  ~ 
.~. ,~ ~ .~ 

~-~_~ 

c~ ' , ~oo . ,~ . , ~ - ,~o~ r - . ~  ~ ~,._~._ 

N "r..- ~ 

e~ 
..~ ._~ 

O ~  ~ 

~ �9 
~ -~ .~ -:  

o e ' N c ~  

~ ~,'~ .~ 

m ~ 

r 

L I P I D S ,  VOL.  18, NO.  10 (1983) 



DIABETIC RENAL LIPID COMPOSITION 

TABLE 7 

Phospholipid Content  o f  Glomeruli  from Normal, Diabetic, and Insulin-Treated Diabetic Rats 

7 0 3  

/.~g phosphol ipid/400 tzg total lipid % of  total phospholipid 

Phospholipid Normal Diabetic Insulin Rx Normal Diabetic Insulin Rx 

PC 97.0 94.6 108.4 36.8 37.9 35.0 
PE 80.5 73.3 89.4 30.6 29.4 28.8 
PS 34.6 33.8 40.3 13. I 13.5 13.0 
PI 15.0 12.8 16.6 5.7 5.1 5.4 
Sph 21.5 23.3 40.4 8.2 9.3 13.0 
I)PG 14.7 I 1.9 15.0 5.6 4 . 8  4.8 

Phospholipids are analyzed after resolution on 2-dimensional TLC as described in Methods.  
Recovery of  lipid phosphorus  from the plates averaged 98%. Each sample represents glo- 
meruli  pooled from 4 animals. The lipid/protein ratios for the samples analyzed are 0.236 
for normals,  0.262 for diabetics and 0.258 for insulin-treated diabetics. The samples analyzed 
were the same as those in Table 6. 

TABLE 8 

Unsaturat ion Indices for Fatty Acid 
Componen t s  of  Phospholipids from 

Normal and Diabetic Rat Renal Cortex 

Unsaturat ion index a 
Phospholipid Normal Diabetic 

Phosphatidylcholine 165 t 2 147 +- 5 
Phosphat idyle thanolamine 232 t 2 216-+ 6 
Phosphatidylinositol  186 -t 9 182 +- 4 
Phosphatidylserine 193 t 6 186 -+ 4 

aCalculated as (no. of  double bonds X area %) 
from individual samples whose means are summarized 
in Tables 1 and 5. 

c r e a t e  a m o r e  r igid o r  less  f lu id  m e m b r a n e .  We 
h a v e  n o t  m e a s u r e d  s i g n i f i c a n t  c h a n g e s  in 
f l u i d i t y  as a s s e s s e d  by  e l e c t r o n  sp i n  r e s o n a n c e  
in  d i a b e t i c  m e m b r a n e s  (8) .  S ince  m e m b r a n e  
f l u i d i t y  is s t r o n g l y  i n f l u e n c e d  by  m e m b r a n e -  
b o u n d  p r o t e i n s  and  b y  s t e ro l s ,  i t  is r e a s o n a b l e  
t o  c o n c l u d e  t h a t  t h e  r e g u l a t o r y  p r o c e s s e s  in-  
vo lved  in m e m b r a n e  f o r m a t i o n  are  c a p a b l e  o f  
m a i n t a i n i n g  c o n s t a n t  m e m b r a n e  f l u i d i t y  e v e n  in 
t h e  f ace  o f  t h e s e  c h a n g e s  in f a t t y  ac id  c o m p o s i -  
t i on .  

O u r  r e su l t s  w i t h  t h e  m e m b r a n e - b o u n d  
e n z y m e s  i l l u s t r a t e  t h e  d a n g e r s  o f  g e n e r a l i z i n g  
f r o m  t h e  p r o p e r t i e s  o f  t h e  b u l k  m e m b r a n e  to  
t h e  m i c r o e n v i r o n m e n t  o f  a n y  spec i f i c  p r o t e i n .  
B o t h  Na+,K+-ATPase a n d  a d e n y l a t e  c y c l a s e  a re  
t r a n s m e m b r a n e  p r o t e i n s  f o u n d  o n  t h e  ba so -  
l a t e ra l  s u r f a c e s  o f  r e n a l  t u b u l a r  ceils.  B o t h  a re  
t h o u g h t  to  be  i n t i m a t e l y  a s s o c i a t e d  w i t h  m e m -  
b r a n e  l ip ids .  In r a b b i t  k i d n e y  m i c r o s o m e s ,  
Na+,K+-ATPase h a s  b e e n  d e m o n s t r a t e d  to  be  
c l o se ly  a s s o c i a t e d  w i t h  PI (21) .  In  c o n t r a s t ,  
a d e n y l a t e  c y c l a s e  f r o m  r a b b i t  l iver  is t h o u g h t  to  
r e q u i r e  PC fo r  p r o d u c t i v e  i n t e r a c t i o n  o f  t h e  
e n z y m e  s u b u n i t s  (22 ) .  In  o u r  s t u d i e s ,  PI was  
m i n i m a l l y  a l t e r ed  in  d i a b e t e s ;  we  c o u l d  d e m o n -  
s t r a t e  n o  c o n s i s t e n t  c h a n g e  in  l i no l e i c  ac id  c o n -  
t e n t ,  a r a c h i d o n i c  ac id  c o n t e n t ,  o r  u n s a t u r a t i o n  
i n d e x .  T h e  A r r h e n i u s  p lo t  f o r  Na§ 
was  a lso  u n a l t e r e d  by  d i a b e t e s  in t h e  t e m p e r a -  
t u r e  r a n g e  t e s t e d .  In c o n t r a s t ,  A r r h e n i u s  p lo t s  
fo r  a d e n y l a t e  c y c l a s e  s h o w e d  a t r a n s i t i o n  at  
22  C f o r  n o r m a l  b u t  18 C fo r  d i a b e t i c  s a m p l e s ,  
s u g g e s t i n g  an  a l t e r a t i o n  in t he  m i c r o e n v i r o n -  
m e n t  o f  t h e  p r o t e i n .  M o r e  s t r i n g e n t  o r  de f in i -  
t ive  i n t e r p r e t a t i o n  o f  t h e s e  a l t e r a t i o n s  is at  
p r e s e n t  i m p o s s i b l e ,  s i n c e  t h e  f a c t o r s  i n f l u e n c i n g  

TABLE 9 

Acetate Incorporation into Separate Classes of  Lipids 

Normal 

Fractions from Acetate % of  
silicic acid incorporated total 

(nmol) 

Diabetic 
Acetate % of  

incorporated total 
(nmol) 

Neutral lipid 4.29 +- 0.61 39.7 
Glycolipid 0.87 +- 0.27 8.1 
Phospholipid 5.64 -+ 1.00 52.2 

8.93 +- 0.88 a 42.9 
1.01 -+ 0.09 4.9 

10.87 -+ 1.16 b 52.2 

For normals,  n=3; diabetics, n=5. 
aSignificantly different from normal ,  p<0.O01. 
bSignificantly different from normal,  p<0.0  I. 
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TABLE 10 

Acetate Incorporation into Specific Lipids 

Normal Diabetic 

(nmol acetate incorporatd) 

Cholesterol 1.79+0.36 4.40+0.44 a 
Phosphatidylcholine 1 .26+0 .11  2.49+0.37 b 
Ph osphatidy let hanolamine 0.36+0.07 0.81-+0.23 c 

n=3 n=5 

ap<0.001. 
bp<0.01. 
Cp<0.05. 
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FIG. 1. Arrhenius plot for Na§ Mem- 
branes prepared from normal and diabetic rat renal 
cortices were incubated under standard conditions for 
the assay of Na§247 (see Materials and Meth- 
ods), except that the temperature was varied. The data 
presented are means from separate measurements on 3 
normal and 3 diabetic membrane preparations. 

transition temperatures are complex and only 
imperfectly controlled or measured by current 
methodology. However, other workers have 
shown direct influences of  phospholipid fatty 
acid composition on adenylate cyclase and/or 
Na§ in mouse T lymphocyte tumor 
cells (23) and human platelets (24). These re- 
suits as well as our own suggest that modulation 
of  the action of significant membrane-bound 
proteins by membrane lipids is a significant 
regulatory process in several tissues. 

Recently, other workers have analyzed fatty 
acids in phospholipids from a variety of tissues 
in streptozotocin-diabetic rats (25). Their re- 
suits on whole kidneys are similar to the data 
we show in Tables 1 and 5. Although those 
workers conclude that the 5-desaturase is signif- 
icantly impatred in most diabetic tissues, trtere 
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FIG. 2. Arrhenius plot forNaF-stimulated adenylate 
cyclase. Membranes prepared from normal and dia- 
betic rat renal cortices were incubated under standard 
conditions for the assay of adenylate cyclase (see 
Materials and Methods), except that the temperature 
was varied. The data presented are means from sepa- 
rate measurements on 9 normal and 13 diabetic mem- 
brane preparations.. 

was not a significant increase in 20:3w6 in 
renal phospholipids (unlike other tissues); 
18:26o6 was increased and 20:4606 was de- 
creased by factors similar to those in our exper- 
iments. Our data are entirely consistent with 
the results of Holman et al. (25) and extend 
their observations in greater detail in a single 
organ of interest. Hplman's study (25) analyzed 
all phospholipids as a pool rather than individ- 
ually as we report, analyzed whole kidney only, 
and there were no data on the effects of insulin 
therapy. 

Finally, our results support the conclusion 
that diabetes produces generalized metabolic 
effects in the kidney, in addition to the more 
well known effects on basement membrane. 
Rates of lipid metabolism were increased in 
slices from diabetic kidneys. The lipid composi- 
tion of  the kidney is altered in whole cortex, 
partially purified plasma membranes and 
glomeruli. There is evidence that these lipid 
changes may influence specific proteins and 
processes in the kidney. Another theoretical 
consideration is the effect the lowering of 

arachidonic acid content  in specific renal phos- 
pholipids in diabetics might have on the ability 
of the kidney to autoregulate its function 
through local synthesis of  prostaglandins. These 
questions await further studies. 
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Autoxidation of Phenyl Linoleate and Phenyl Oleate: 
HPLC Analysis of the Major and Minor Monohydroperoxides 
as Phenyl Hydroxystearates 1 

FRANZ HASLBECK and WERNER GROSCH*,  Deutsche Forschungsanstalt fi~r 
Lebensmittelchemie, D-8046 Garching, Federal Republic of Germany 

ABSTRACT 

Phenyl linoleate was oxidized under different conditions. The monohydroperoxide products were 
isolated and subsequently hydrogenated. The isomers of phenyl hydroxystearate obtained were sepa- 
rated by high pressure liquid chromatography. On the basis of cochromatography with reference 
materials and mass spectroscopy, it was shown that the mixture was composed mainly (96%) of 
phenyl 9-hydroxy- and phenyl I3-hydroxystearates (9- and 13-HOPh) with 8-, 10-, 12-and 14-HOPh 
as minor compounds (4%). In the minor fraction, the 8- and 14-HOPh predominated in comparison to 
the 10- and 12-HOPh. The presence of ortocopherol in the autoxidation experiment changed tile 
proportion of the phenyl hydroxystearate isomers: the proportions of the 9- and 13-HOPh increased 
and those of the 8- and 14-HOPh decreased. After addition of 0.05% or higher concentrations of 
a-tocopherol, the minor fraction comprised approximately equal amounts of 8-, 10-, 12- and 14- 
HOPh. Autoxidation of phenyl oleate followed by hydrogenation of the monohydroperoxides resulted 
in the formation of a mixture of phenyl hydroxystearates containing approximately equal amounts of 
8-, 9-, 10- and ll-HOPh. 
Lipids 18:706-713, 1983. 

INTRODUCTION 

A complex  mix tu re  of  volati le a ldehydes ,  
which  are very i m p o r t a n t  for  the  f lavor o f  fat- 
con t a in ing  foods,  results  f rom the  a u t o x i d a t i o n  
of  l inoleic acid (1). The  init ial  p roduc t s  of  
a u t o x i d a t i o n  are m o n o h y d r o p e r o x i d e s  which  
react  fur ther ,  e i t he r  by a fl-scission of  the  OOH- 
group  or  by  an oxidat ive  cleavage of  the  doub le  
�9 bond  sys tems to yield an a ldehyde  mix tu re  
(2-6). 

Dif ferent  geomet r i c  isomers  (cis-trans and 
trans-trans) of 2 m o n o h y d r o p e r o x i d e s  (9- and 
13-OOH) wi th  a con juga ted  diene sys tem are 
well k n o w n  as pr imary  p roduc t s  f rom the  aut-  
ox ida t ion  of  l inoleic acid or  its m e t h y l  es ter  
(7-12).  The  initial  s tep in the f o r m a t i o n  of  
these  m o n o h y d r o p e r o x i d e s  is a hyd rogen  ab- 
s t rac t ion  f rom the  bis-allylic ca rbon- I  1 of  the  
fa t ty  acid molecule  (13 ,14) .  It had been  pro- 
posed tha t  a hyd rogen  a tom is also abs t rac ted  
to a lesser e x t e n t  f rom the  2 monoa l ly l i c  car- 
bons-8  and  -14 of  the f a t ty  acid (1 ,15) .  The  2 
resu l tan t  allyl radicals, whose e lec t rons  are 
delocal ized be tween  e i the r  ca rbon-8  and car- 
bon-  10 or  ca rbon-  1 2 and ca rbon-  14, could then  
oxidize to yield 4 m o n o h y d r o p e r o x i d e s  (8-, 10- 
10-, 12- and 14-OOH), each con ta in ing  an un- 
con juga ted  d iene  system.  

We were recen t ly  able to  d e m o n s t r a t e  (16,  

a Presented at the 74th annual meeting of  the 
American Oil Chemists' Society in Chicago, May 1983. 

�9 To whom correspondence should be addressed. 

17) t ha t  the  m o n o h y d r o p e r o x i d e  f rac t ion  iso- 
la ted f rom au tox id ized  m e t h y l  l ino lea te  con- 
ta ined  1-1.3% of  the 2 m e t h y l  esters of  8- 
and  14-hydroperoxy-cis-9 ,c is- I  2 -oc tadecadieno-  
ic acid. 

To de tec t  these novel  c o m p o u n d s ,  the  m o n o -  
h y d r o p e r o x i d e s  were reduced to the corre- 
spond ing  alcohols.  On the  basis of  the  occur-  
rence  of  2 isolated cis-double bonds  in the  
molecule ,  the m i n o r  c o m p o u n d s  (8- and 14- 
OH)  could be separa ted  f rom the  ma jo r  com- 
p o u n d s  (9- and 13-OH) by high pressure l iquid 
c h r o m a t o g r a p h y  (HPLC)  on  a silica gel /AgNO3 
co lumn  (17).  The  o t h e r  c o m p o u n d s  (10- and  
12-OH), which we expec ted  to find as m i n o r  
c o m p o n e n t s  of  the  mixtures ,  were no t  de tec t -  
able when  pure  silica gel or  si l ica gel impreg- 
na ted  wi th  silver ions  were used as s t a t iona ry  
phases. However,  it is possible tha t  these m i n o r  
isomers  (10- and 12-OI-I) were no t  de tec tab le  in 
the  c o l u m n  e f f luen t s  because of  a lack of  sepa- 
ra t ion  f rom the  ma jo r  i somers  (9- and 13-OH). 
Wi thou t  a good separa t ion ,  the  weak UV- 
abso rp t ion  of  the  u n c o n j u g a t e d  d iene  sys tems 
would be masked by the  very s t rong  UV-ab-  
so rp t ion  of  the  con juga ted  d iene  sys tem of  the  
9- and  13-hydroxy  c o m p o u n d s .  

To ob ta in  an insight  as to w h e t h e r  the  10- 
and  12-hydroperox ides  are fo rmed ,  the  m o n o -  
h y d r o p e r o x i d e s  which  result  f rom the  au tox ida-  
t ion  of  pheny l  l inoleate  have been  analyzed.  
The  d i f ferences  in the  UV-abso rp t ion  of  uncon-  
juga ted  and con juga ted  diene sys tems were 
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eliminated by hydrogenation of the double 
bonds. The phenyl esters were used so that 
after hydrogenation of the double bonds the 
products remained detectable, even at low con- 
centrations, in the effluent from the HPLC by a 
UV-detector. 

EXPERIMENTAL PROCEDURES 

Materials 

The following substances Were purchased 
from the sources given: linoleic acid and oleic 
acid, both at least 99% pure (Sigma, Mtinchen); 
Silica Gel HF254 palladium-charcoal and DL-a- 
tocopherol (Merck, Darmstadt); basic aluminia, 
activity I (Woelm, Eschwege) was deactivated 
with 6% water, Hypersil, 5 /am (Shandon, 
Labortechnik, Frankfurt), meso-tetraphenyl- 
porphine (EGA-Chemie, Steinheim). 

Preparation of Pheny Oleate and Phenyl Linoleate 

Oleoyl chloride and linoleoyl chloride were 
prepared by treatment of the corresponding 
fatty acid with phosphorus pentachloride in 
petroleum ether (18). Phenyl oleate and phenyl 
linoleate were prepared from the fatty acid 
chlorides dissolved in dry ethyl ether and 
phenol in the presence of pyridine (19). After a 
reaction time of 30 min, the mixture was fil- 
tered and, after addition of 50 ml of water, it 
was extracted twice with 50 ml diethyl ether. 
The combined diethyl ether extracts were 
washed with 1 M HCt, 50 ml, then with water, 
and finally dried over sodium sulfate. 

After removal of the diethyl ether, a portion 
of the reaction product (ca. 350 rag) was dis- 
solved in 3 ml of 5% diethyl ether in pentane 
and purified by chromatography at 10 C on a 
column packed with basic aluminia (20 • 1 
cm). The phenyl ester was eluted with 80 ml 
5% diethyl ether in pentane. 

The phenyl esters were obtained in yields of 
ca. 50% (based on the fatty acid starting materi- 
al). For phenyl linoleate, an elemental analysis 
(calc. [C24H3602]: 80.89% C, 10.11% H, 
8.99% O; found: 81.00% C, 10.02% H, 8.84% 
O) gave satisfactory results. The UV spectrum 
of phenyl linoleate has a maximum at 214 nm 
(in hexane) with an extinction coefficient 
e214 = 4800 1 • moY 1 • cm -1. The phenyl 
linoleate used for the autoxidation experiments 
was at least 99.9% pure, as shown by gas liqui d 
chromatography (GLC) on a Silicone JXR- 
column (17) and by HPLC on a Hypersil col- 
umn (4.6 mm id x 50 cm) with 0.05% acetoni- 
trile in hexane (flow rate: 1.4 ml/min). Phenyl 
linoleate was eluted with 14 ml of the solvent. 
No peroxides were detected in the unoxidized 
phenyl esters by the Fe-test (20). 

P hotosensitized Oxidation 

Photooxidations were performed using a spe- 
cially constructed reaction vessel made of 
Duran 50 glass (21). Three mmol of phenyl 
linoleate were incubated with 2/amol of meso- 
tetraphenylporphine in a total volume of 10 ml 
benzene. The stirred solution was irradiated for 
70 min at 15 C using a 125 W mercury lamp 
under a positive pressure of 50 mbar of 99.9% 
oxygen. The solution was concentrated by dis- 
tillation of the solvent in vacuo. The mono- 
hydroperoxides were isolated by preparative 
thin layer chromatography (TLC). 

Autoxidation 

A solution of 3 mmol fatty acid phenyl ester 
in 10 ml diethyl ether was pipetted into a 100- 
ml Eflenmeyer flask. The phenyl ester was 
freed from the solvent under a stream of oxy- 
gen. The sealed flask was stored, in the dark, 
for 72 hr at 37 C (phenyl linoleate) or at 80 C 
(phenyl oleate). The reaction mixture was dis- 
solved in 1-2 ml diethyl ether and the mono- 
hydroperoxides were separated from the un- 
reacted phenyl ester and from other products 
by preparative TLC. 

Hydrogenation of Monohydroperoxides 

The monohydroperoxides (50 /amol) were 
dissolved in 5 ml ethyl acetate and then hydro- 
genated for 6 hr with 10 mg palladium-charcoal 
as catalyst. The reaction mixture was filtered 
and concentrated by distillation of the solvent 
in vacuo. The phenyl hydroxystearates formed 
were purified by preparative TLC. 

Thin Layer Chromatography 

The reaction mixture, resulting either from 
the autoxidation, the photosensitized oxidation 
of fatty acid phenyl ester or from the hydro- 
genation of the monohydroperoxides, was 
applied to Silica Gel HF254 plates (500 /am 
thick). After development with hexane/diethyl 
ether (7:3, v/v), the phenyl esters were located 
by a UV lamp. The position of the monohydro- 
peroxides was recognized by spraying the edges 
of the plate with solutions of potassium iodide 
and starch (22) and that of the phenyl hy- 
droxystearates by cochromatography of a refer- 
ence substance. 

High Performance Liquid Chromatography 

HPLC was performed using a stainless-steel 
column (4.6 mm id x 50 cm) packed with 
Hypersil. The column was coupled with a HPLC 
system (Beckman Instruments, M/inchen) and 
equilibrated at 22 C with 100 ml of the solvents 
detailed in the figure legends. The effluent was 

LIPIDS, VOL. 18, NO. 10 (1983) 



7O8 

moni to red  with a UV detec tor  operat ing at 
214 nm, 

Mass Spectrometry (MS) 

A mass spec t rometer  CH 7 (Varian MAT, 
Bremen) provided with a direct insert ion probe 
was used. The inlet  t empera ture  was 80-90 C, 
the source tempera ture  200 C and the source 
potent ial  70 eV. 

Elementary Analysis 

Determinat ion  of carbon, hydrogen and 
oxygen were carried out  by Labor  Malissa, 
Gummersbach.  

F. HASLBECK AND W. GROSCH 

A214 

R ESU LTS 

HPLC of the isomers from Phenyl Hydroxystearate 

In order to test the ability of  our  HPLC 
method  to separate the isomers of  phenyl  
hydroxysteara te ,  we synthesized suitable refer- 
ence compounds  by hydrogenat ion  of  the 
monohydrope rox ides  produced from the autox-  
idation of  phenyl  oleate and from the photo-  
sensitized oxidat ion  of  phenyl  l inoleate.  

F rom the au toxida t ion  of  phenyl  oleate, the 
resulting phenyl  hydroxys teara tes  appeared as 4 
HPLC peaks (nos. 1-4, Fig. 1), each of  which 
was isolated and analyzed by MS. The MS of  
these compounds  above m/e  110 show 5 char- 
acteristic peaks corresponding to the fragments 
A-E (Table 1). As shown in Figure 2, ions A, B 
and C allow the posi t ion of  the hydroxy  group 
in the phenyl  hydroxys teara te  molecule  to be 
determined.  For  all the isomers, the peak corre- 
sponding to ion B formed the base peak above 
m/e  = 110 (Table 1). Ion D can be envisaged as 
forming f rom the phenyl  hydroxy  stearates via 
cleavage of  the phenoxy  radical and ion E by 
subsequent  loss of  water  (Fig. 2). On the basis 
of  the mass spectra, the compounds  1-4 (Fig. 1) 
were identif ied as the l l - ,  10-, 9- and 8-hy- 
droxy stearic acid phenyl  esters (11-, 10-, 9 -  

11 
9 10 

3'0 ' 20 
(min) 

FIG. 1. Separation of phenyl hydroxystearates 
(produced by hydrogenation from phenyl oleate 
hydroperoxides) by HPLC. Sample: 0.6 t2mol. Elution 
was performed with 0.3% ethanol in hexane (rate 1.4 
ml/min). The isomers (ll-OH, 10-OH, 9-OH and 8- 
OH) were identified by MS. 

O, 1 
J 

CH s -  (CH2) o + 

H20 
r 

E . . . .  D ~ 7  
I 

CH ~ (CH2lm- CO0 
I ' I 

0 - ,  H 
t 

t _ O P h e  
I_ . . . .  - - ~ ' C  

~ A -  - ~ - - - - -  B 
t 

PheOH 

FIG. 2. Proposed reaction scheme for the interpre- 
tation of the MS of phenyl hydroxystearate isomers. 

and 8-HOPh), respectively. F rom the areas of  
the peaks in Figure 1, the fol lowing composi-  
t ion was calculated: 8-OH (24.2%), 9-OH 
(23.6%), IO-OH (23.8%), 1 I-OH (28.4%). Since 
the phenyl  hydroxysteara tes  are simple deriva- 
tives of  the corresponding monohydrope rox -  

TABLE 1 

Ions A-E a Found in the MS of Phenyl Hydroxystearate Isomers 

P o s i t i o n  of m/e (relative intensity, %) 
the OH-group A B C D E 

8 235 (17) 141 (100) 113 (29) 283 (24) 26S (30) 
9 249 (13) 15,5 (100) 127 (31) 283 (24) 26S (26) 

10 263 (11) 169 (100) 141 (3"/) 283 (23) 265 (42) 
11 277 (tS) 183 (100) ISS (SO) 283 (42) 26S (80) 
12 291 (13) 197 (100) 169 ('75) 283 (45) 265 (68) 
13 305 (10) 211 (100) 183 (73) 283 ('/4) 265 (63) 

aThe breakdown of the phenyl hydroxystearates with formation of the ions A-E is de- 
tailed in Figure 2. 
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ides, we can conclude that front the autoxida- 
tion of phenyl oleate the 4 isomeric hydroper- 
oxides (8-, 9-, 10- and 11-OOH) are formed in 
similar amounts. That slightly greater amounts 
of the 8- and 11-hydroperoxides were found is 
in agreement with the regioselectivity which has 
been observed for the autoxidation of methyl 
oleate (23-27). 

To obtain the 12- and 13-HOPh, the phenyl 
stearates, produced by hydrogenation of the 
monohydroperoxides formed from the photo- 
sensitized oxidation of phenyl linoleate, were 
chromatographed using the solvent given in 
Figure 1. With this solvent mixture, the 12- and 
13-isomers eluted as a single peak (IIPLC chro- 
matogram not shown), although the 9 -and  10- 
HOPh were separated. The material responsible 
for this peak was collected and rechromato- 
graphed using a solvent containing less ethanol. 
In this way, as is shown in Figure 3, the 2 iso- 
mers could be separated and subsequently 
identified by MS. The characteristic ions (m/e 
> 110) are given in Table 1. 

Neither the 8- nor the 14-HOPh was detect- 
able after a photosensitized oxidation of phenyl 
linoleate. From the areas of the separated 
phenyl hydroxystearates, the following compo- 
sition was calculated for the mixture: 9-OH 
(37.8%), 10-O11 (11.0%), 12-OH (11.3%) and 
13-OH (39.9%). A predominance of the con- 
jugated (9- and 13-OH) rather than the uncon- 
jugated (10- and 12-OH) isomers has also been 
observed in mixtures resulting from the photo- 
sensitized oxidation of methyl linoleate (28-30). 

A2;4 
13-OH 

35 
(min) 

FIG. 3. Separation of the 12- and 13-hydroxy- 
stearic acid phenyl ester by HPLC. Sample: 0.6 ~mol. 
Elution was performed with 0.12% ethanol in hexane 
(rate 3.6 ml/min). 

Autoxidation of Phenyl Linoleate 

PhenyI linoleate was autoxidized for 72 hr at 
37 C and the monohydroperoxides, after sepa- 
ration by preparative TLC, hydrogenated for 
6 hr. At the end of the hydrogenation, no 
hydroperoxides could be detected with the 
Fe-test (20) and the UV absorption due to the 
conjugated diene system (~-max = 236 nm) had 
disappeared. After separating the resu.l.ting 
phenyl hydroxystearates by preparative TLC, 
their elemental composition was analyzed. 
(Calc. [C~H4oO31: 76.59% C, 10.64% H, 
12.76% O; found: 76.53% C, 10.74% H, 
12.90% O.) 

The agreement between the calculated com- 
position and that found can be seen to be satis- 
factory. The UV maximum for the phenyl 
hydroxystearates (kmax = 214 nm; hexane) was 
shown to have an extinction coefficient e2~4 = 
4400 1 x mo1-1 x crn -1 ; which is somewhat 
smaller than that for the phenyl linoleate (see 
above). Possibly, a slight contribution to the 
absorption at 214 nm by the 2 cis-double bonds 
(31) of the phenyl linoleate molecule is respon- 
ble for its larger absorption coefficient. 

The phenyl hydroxystearates obtained were 
separated by HPLC (Fig. 4). The 2 major peaks 

A214 
9-HO- 

30 

13-H0- 

' 2'0 
(rain) 

FIG. 4. Separation of phenyl hydroxystearates 
(produced by hydrogenation of hydroperoxides 
formed by autoxidation of phenyl linoleate). Sample: 
0.6 t~mol. Elution was performed with 0.3% ethanol in 
hexane (rate 1.4 ml/min). Hatching indicates that 
these portions of the effluent were collected. 

LIPIDS, VOL. 18, NO. 10 (1983) 



710 v. HASLBECK AND W. GROSCH 

A 21/., 

13-H0- 

1-1 

I 

8'5 ' 7 5  
(min) 

FIG. 5. Rechromatography (HPLC) of the fraction 
with the 13-hydroxystearic acid phenyl ester from 
Figure 4. Sample: 0.6 /~mol. Elution was performed 
with 0.08% ethanol in hexane (rate: 4.2 ml/min). 

were identified as the 9- and 13-HOPh on the 
basis of their mass spectra. In addition, a small 
peak (V) was clearly visible. Fractions 11I, IV 
and V (Fig. 4), whose elution volumes were 
identical with those of 11-, 10- and 8-HOPh 
(checked by cochromatography with reference 
materials), were also isolated. 

Furthermore, the fraction containing the 
13-HOPh was collected and rechromatographed 
using a solvent system containing less ethanol. 
As can be seen in Figure 5, 2 small peaks I and 
I1, in addition to the major peak of the 13- 
HOPh, became visible in the chromatogram 
obtained. Cochromatography suggested that II 
had an elution volume identical with that of 
12-HOPh. 

Repetitive chromatography of a larger sam- 
ple (ca. 10 /amol) of the phenyl hydroxystear- 
ates produced enough material of the fractions 
I-V to be collected for a MS analysis of each of 
the individual compounds. 

The MS of compounds II and IV are given in 
Figure 6. Comparison of these spectra with 
those of reference substances (see Table 1) 
indicates that compound II is the 12- and com- 
pound IV the 10-HOPh. 

The MS (m/e > 110) of compound I con- 
tained the ions at m/e 319 (14%), 225 (100%), 
197 (82%), 283 (82%) and 265 (70%), which 
correspond to the fragments A-E (Fig. 2 ) o f  
14-HOPh. Both the elution volume and the MS 
of compound V indicated that this compound 
was 8-HOPh. Finally, although the elution 
volume for compound III suggested that it was 
l l-HOPh, the MS of compound III did not 

agree with that of the reference substance. It 
was not found possible to identify this com- 
pound positively. 

To obtain a quantitative analysis, a defined 
amount of the phenyl hydroxystearate mixture 
was chromatographed as described in Figures 4 
and 5. The individual isomers were isolated and 
their concentrations in the mixture calculated 
by using their UV-absorption at 214 nm. 

With this method, the composition of mono- 
hydroperoxide isomers was determined in 
phenyl linoleate which was autoxidized under 
different conditions. 

If one accepts that the proportion of the iso- 
mers is not altered during the hydrogenation of 
the mononydroperoxides and the work-up of 
the phenyl hydroxystearates produced, then 
the composition of the monohydroperoxide 
mixture resulting from the autoxidation of 
phenyl linoleate is given by the data in 'Fable 2. 
Thus, in addition to the 9-and 13-hydroperox- 
ides, a total of 3.6-5.0% minor hydroperoxides 
are formed in the experiments without addition 
of the antioxidant c~-tocopherol (nos. 1-3 in 
Table 2). In the minor hydroperoxide fraction, 
the 8- and 14-hydroperoxides are the major 
components, whereas the 10- and 12-isomers 
are present only in smaller amounts. The com- 
position of the minor hydroperoxides was 
independent of the reaction time (nos. 1-3 in 
Table 2) but was significantly changed when 
larger concentrations of c~-tocopherol were 
present (nos. 5 and 6 in Table 2). The propor- 
tions of the 8- and 14-isomers on the fraction 
of monohydroperoxides decreases and those of 
the 10- and 12-isomers increases. Nearly equal 
amounts of these 4 isomers are formed. 

To demonstrate the effect of the antioxidant 
on the composition of the minor monohydro- 
peroxides, the individual solutions of com- 
pounds I, I1, IV and V obtained in autoxidation 
experiments with and without 0.5% a-tocoph- 
erol (nos. 3 and 5 in Table 2) were combined 
and rechromatographed by HPLC. The resulting 
chromatograms (Fig. 7) reflect the data given in 
Table 2 for the change in the distribution of the 
minor monohydroperoxide isomers caused by 
the antioxidant. 

DISCUSSION 

The results given above suggest that, when 
phenyl linoleate is autoxidized, in addition to 
the major products (9- and 13-OOH), 4 hydro- 
peroxides (8-, 10-, 12- and 14-OOH) are pro- 
duced in small quantities. As was stated in the 
introduction, these compounds can be ex- 
plained in terms of an H-abstraction from the 2 
monoallylic carbons of the fatty acid radical. 
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FIG. 6. MS of compounds II (spectrum a) and IV (spectrum b). Only the ions with m/e 
> 140 are given. 

The identification of  these minor products 
was achieved after converting them to the cor- 
responding phenyl hydroxystearates and separa- 
tion by HPLC using silica gel columns. This 
process allowed as complete a separation of the 
phenyl derivates as was achieved with the 
methyl hydroxystearates (24,25). However, the 
phenyl hydroxystearates could be monitored 
much more easily than the methyl derivatives 
because of their more intense UV-absorption. 

Since the 10- and 12-monohydroperoxides, 
in addition to the 9- and 13-OOH, have been 
shown to be formed from the photosensitized 
oxidation of linoleic acid or its esters (28-30, 
32-35), analysis of  the samples was made to 
ensure that no monohydroperoxides were 
present before the start of the autoxidation 
process. The autoxidations were then carried 
out in complete darkness to exclude the possi- 
bility of formation of any photosensitized 
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TABLE 2 

Monohydroperoxide Isomers from Autoxidized Phenyl Linoleate a 

Monohydroperoxides 
Reaction 

time Yield c Weight-percent composition of isomers d 
No. ,v-Tocopherol b at 37 C (~tmol) 8-OOH 9-OOH IO-OOH 12-OOH 13-OOH 14-OOH 

l Without 24 hr 93 1.4 46.6 0,4 0.4 49.8 1.4 
2 Without 48 hr 170 1.5 46.4 0.5 0.5 49.6 1.5 
3 Without 72 hr 230 1.5 46.2 0.4 0.4 50.0 1.5 
4 0.05 72 hr 80 1.1 46.9 0.4 0.4 50.1 1.1 
5 0.5 72 hr 110 0.5 46.3 0.6 0.6 51.5 0.5 
6 5.0 72 hr 180 0.7 46.6 0.6 0.6 50.8 0.7 

aln each experiment, 3 mmol phenyl linoleate were oxidized in an excess of oxygen. 
bct-Tocopherol (weight-percent related to the amount of phenyl linoleate) was added in the ex- 

periments nos. 4-6. 
cArter separation by preparative TLC, the yield of the monohydroperoxides was determined with 

the Fe-test (23). 
dThe composition of the monohydroperoxide isomers was determined by HPLC after hydrogena- 

tion to the phenyl hydroxystearates (see Experimental Section). 

A21l, 
V 

| 
II 

IV 

A2~z, 

| 
V IV 

(rain) 

I I 1 

is is is 
(rain) 

FIG. 7. Comparison of the minor compounds I, 1I, IV and V from autoxidized phenyl 
linoleate (a) and phenyl linoleate + 5% a-tocopherol (b) after 72 hr at 37 C. HPLC analysis 
of the phenyl hydroxystearate derivatives after separation from the major compounds 
(9- and 13-HOPh). Samples: 0.2 t~mol. Elulion was performed with 0.3% ethanol in hexane 
(rate: 1.9 ml/min). 

ox ida t ion  products .  
In compar i son  to the 8 - a n d  14-hydroperox-  

ides, considerably smaller quant i t i tes  o f  the 10- 
and 12-hydroperoxides  were found  f rom the 
au tox ida t ion  of  phenyl  l inoleate in the absence 
of  an an t ioxidant .  This d i f ference  in p roduc t  
concen t ra t ions  can possibly be ascribed to the 
same effect  which leads to a reduct ion  in the 
amoun t  of  " i n n e r "  (10- and 12-OOH) relative 
to  " o u t e r "  (9- and 13-OOH) m o n o h y d r o p e r -  
oxides  during the photosens i t i zed  ox ida t ion  of  
t inoleate ( react ion with singlet-O2). The origin 
of  this e f fec t  is assumed to be the d i f fe rent  
reactivities o f  the precursors,  the 10- and 12- 
peroxy radicals (30). These radicals are no t  
only conver ted  to hydroperox ides ,  as are the  9- 

and 13-peroxy radicals, but  can also undergo  
in t ramolecular  cycl izat ion by react ion of  the 
radical with the homoal ly l ic  cis-double bond  to 
form h y d r o p e r o x y  epidioxides  (30,36).  Such 
c o m p o u n d s  can also be p roduced  when the 
hydrope rox ides  f rom the photosens i t i zed  oxi- 
dat ion of  methyl  l inoleate  arc s tored (30). 

We also assume tha t  the react ion of  8- and 
14-peroxy radicals via a similar in t ramolecular  
at tack on the  homoal ly l ic  double  b o n d  is no t  
favorable since an unstable 7 -membered  cyclic 
peroxide  would result. 

Addi t ion  of  a - tocophe ro l  inf luenced the 
compos i t ion  of  the h y d r o p e r o x i d e  isomers.  The 
a m o u n t  of  the unconjugated  hyd rope rox ides  
(8-, 10-, 12- and 14-OOtl)  decreased but  they 

LIPIDS, VOL. 18, NO. 10 (1983) 



AUTOXIDATION OF PHENYL LINOLEATE 713 

were fo rmed  in approx imate ly  equal amounts .  
This result  can be explained with the fol lowing 
2 assumpt ions:  the  an t iox idan t  partially in- 
hibi ts  the  abs t rac t ion  of  a hyd rogen  a tom f rom 
the  2 monoal ly l ic  carbons-8 and -14 of  the  
l inoleic acid molecule  and, in addi t ion,  it  accel- 
erates the  convers ion of  the  peroxy  radicals 
in to  m o n o h y d r o p e r o x i d e s .  This accelerated 
conversion of  pe roxy  radicals has been  observed 
during the  au tox ida t ion  o f  l inoleic acid in the  
presence  of  hyd rogen  donat ing  cosubs t ra tes  
(11,12).  

The inhib i t ion  effect  would lower  the  
amoun t  of  unconjuga ted  (8-, 10-, 12- and 14- 
OOH) in compar i son  to  the  conjugated (9- and 
13-OOH) h y d r o p e r o x i d e  isomers.  The activity 
of  ~- tocophero l  as hydrogen  d o n o r  for  pe roxy  
radicals would suppress the  in t ramolecular  
cycl izat ion of  the  10- and 12-peroxy radicals on 
account  of  the fo rma t ion  of  the  cor responding  
m o n o h y d r o p e r o x i d e s ,  which there fore  would  
increase in relat ion to  the 8- and 14-isomers. 
This explana t ion  agrees wi th  the  observat ion  
(37) tha t  in l inolenate  au tox ida t ion  the  propor-  
t ion of  the  " i n n e r "  (12- and 13-OOH) increased 
in relat ion to the " o u t e r "  (9- and 16-OOH) 
m o n o h y d r o p e r o x i d e s  and no h y d r o p e r o x y  
epidioxides  were p roduced  in the  presence  of  
5% ~- tocopherol .  

Fur the r  expe r imen t s  are under  way to  eluci- 
date w he the r  the h y d r o p e r o x y  epidioxides ,  
k n o w n  f rom the  photosens i t i zed  ox ida t ion  of  
l inoleate  (30,36),  are also fo rmed  f rom the  
au tox ida t ion  of  this unsa tura ted  fa t ty  acid. 
This ques t ion  is of  in teres t  since such com- 
pounds  can lead, on decompos i t ion ,  to  a variety 
of  impor t an t  a roma c o m p o u n d s  such as hex- 
anal, 2-heptenal  and 3-octen-2-one (30).  
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The Binding of Micellar Lipids to Chitosan 1 

J.L, N/~USS 2 , J.L. THOMPSON and J. N A G Y V A R Y * ,  Texas A&M University, Department 
of Biochemistry & Biophysics, College Station, TX 77843 

ABSTRACT 

The lipid binding capacity of chitosan (partially deacetylated chitin) was determined with respect 
to micellar solutions of bile salts, dodecyl sulfate, natural ox bile and an artificial mixed microemul- 
sion. The stoichiometry was determined following the separation of the solid phase by filtration or 
centrifugation. The major variables in the extent of binding were the pH and ionic strength, suggesting 
that the interactions are mainly of ionic nature. It is noteworthy that under optimal conditions 
chitosan could bind, i,e., coprecipitate, with 4-5 times of its weight with all the lipid aggregates tested, 
These results have a bearing on the nutritional and pharmacological applications of chitosan. The 
analyses of the components from the precipitates with microemulsion and ox bile show a significant 
selectivity of binding caused by hydrophobic interactions. 
Lipids 18:714-719, 1983. 

The interest in the polysaccharide chitosan 
(1), which is obtained from chitin by deacetyla- 
tion, has recently spread into the field of nutri- 
tion and food technology. The patent of 
Yoshida and Yamashita (2) claims chitosan as a 
binder for pelletizing fertilizers and feeds. The 
powder of the commercially available free 
chitosan base was shown by Sugano et al. (3) to 
induce hypocholesterolemic properties in rats. 
Nagyvary and co-workers (4) have reported that 
the water-soluble chitosan acetate is superior to 
pectin as a general hypolipidemic agent. The 
promise of chitin and chitosan as an additive to 
bread was pointed out most recently by Knorr 
(5), who was concerned mainly with food func- 
tionality. 

Although chitosan is believed to be of low 
toxicity (6), very little is known of its inter- 
actions with nutrients. Obviously, many proper- 
ties of chitosan are predictable from its poly- 
cationic macromolecular structure. The ration- 
ale for fatty acid binding must be viewed as 
quite compelling. This is evidenced from a 
patent (7) being awarded for the application of 
chitosan as a lipid binder food additive in the 
absence of any biological or quantitative 
in vitro measurements. Since the major action 
of chitosan is expected to be on lipid absorp- 
tion and metabolism, the interactions with indi- 
vidual lipids and their physiological combina- 
tions will have to be quantitated. In this paper, 
we report on the stoichiometry of the precipi- 
tation resulting by mixing chitosan acetate with 

t Presented in part at the 64th annual meeting of 
the Fed. Am. Soc. Exp. Biol., Anaheim, CA, April 
1980, and also in partial fulfillment of the require- 
ment for the degree of Master of Science by J. L. 
Nauss, Texas A&M University (1979). 

2 I.L. Nauss is with the U.S. Army, 95th Chem. Co. 
APO, NY 09169. 

*To whom correspondence should be addressed. 

bile salts and their micelles under a variety of 
conditions. 

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

The chitosan used in this study was donated 
by Dr. Q. Peniston, Kypro Co. It was a low 
viscosity grade preparation with an average 
molecular weight of 80,000. The chitosan was 
dissolved in 4% acetic acid, and then filtered 
through cheesecloth and freeze-dried. From ele- 
mental analysis, the average residue weight was 
established to be 219, i.e., the degree of de- 
acetylation was ca. 90%. A sample of this prep- 
aration was dissolved in the appropriate buffer 
at 1.3 mg/ml, representing 1.0 mg/ml of free 
chitosan base. 

The sodium salts of dodecyl sulfate (i.e., 
lauryl sulfate), cholic, glycocholic and tauro- 
cholic acids were obtained from Sigma Chemi- 
cal Co. (St. Louis, MO) and used without 
further purification. Lecithin from egg yolk was 
purified by alumina chromatography according 
to Singleton et al. (8). The readioactive com- 
pounds, [4-14C]cholesterol, [24-14C]taurocho- 
late and glycerol tri[9,10(n)-3H]oleate were 
purchased from Amersham-Searle Co. (Des 
Plaines, IL). [3 H] Oleic acid was prepared from 
the triolein by hydrolysis in alcoholic KOH, 
followed by acidification with dilute HCI and 
extraction with ether. Questran and cholestyra- 
mine were a gift of Dr. K. W. Wheeler (Mead 
Johnson Pharmaceuticals). Oleic acid was a 
product of Matheson, Coleman and Bell Co. 
(Norwood, OH). Bovine gall bladder bile was 
provided by Dr. T. R. Dutson, Texas A&M 
University. 

The two buffer systems used in the binding 
experiments were 0.01 and 0.05 M imidazole- 
HCI (pH 6.8) and 0.05 M sodium acetate (pH 
4.5). The ionic strength varied between 0.01 
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and 0.25 M, and was adjusted by the addition 
of 3 M NaC1. Phosphate buffer caused a partial 
precipitation of chitosan, and so was avoided. 

Lipid dispersions were composed of 2.0 mg 
taurocholate, 3.0 mg oleic acid, 0.5 mg mono- 
olein, 0.5 mg triolein, 0.5 mg lecithin and 0.3 
mg cholesterol. In some experiments, dodecyl 
alcohol was substituted for monoolein with the 
same results. An etheric solution of the above 
ingredients including one or two radioactive 
markers was added to the appropriate buffer 
solutions at the concentration of 6.6 mg total 
lipid/ml. The ether was evaporated in a stream 
of nitrogen under stirring. The resulting lipid 
dispersion was a fine microemulsion but it was 
stable for a few days. A freshly vortexed solu- 
tion could pass through a 3-/am millipore filter 
with 95% of the radioactivity in the filtrate, but 
after 2 days 30% of the radioactivity was re- 
tained on the filter. For gravimetric determina- 
tions, the same composition was mixed without 
radioactive label at a total lipid concentration 
of 20 mg/ml. 

Binding Experiments 

One mg of chitosan was incubated with in- 
creasing amounts of bile salts (1 to 40 mg) in a 
total volume of 3 ml buffer at 20 C for 15 min. 
The solutions of the free bile salts were sepa- 
rated from the white flocculate by filtration 
through a 3-/.tin millipore filter. The bile salt 
concentration of the filtrates was determined 
by a modified Pettenkofer reaction (9). The 
amounts of bound bile salts were determined 
by subtracting the values obtained in the bind- 
hag experiments from the amount of bile salts 
found in the control filtrates. The experiments 
were done in triplicate and the data were 
plotted as saturation curves. 

The binding of the mixed lipid constituents 
to chitosan was carried out as described above 
except that some of the components were 
radioactively labeled for greater sensitivity. 
Also, it was preferable to use a combination of 
Whatman No. 24 and 3MM filter papers instead 
of millipore. Analytical tests for chitosan (ref. 
1, p. 152) in the filtrate were negative up to a 
lipid/chitosan ratio of 10(w/w). More than 
trace amounts of chitosan were occasionally 
detected at higher ratios. The selectivity of 
binding for the various components was deter- 
mined by using double label combinations such 
as [ 3 H ] triolein and [ 14 C ] cholesterol, or [ 3 H ] - 
triolein and [14C]taurocholate. Samples of 
the filtrates and controls, in triplicate, were 
assayed for radioactivity on a Beckman LS-250 
counter using a scintillation fluid composed of 
300 g naphthalene, 15 g PPO and 0.59 g POPOP 
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in 3 1 of dioxane. Corrections of quenching 
were made by the external standard channel 
ratio technique. The total amount of bound 
lipid mixture was obtained by direct gravimet- 
ric determinations. In these experiments, the 
binding was performed with larger amounts of 
chitosan (20 mg), and the precipitates were 
centrifuged at 800 rpm. The pellets were dried 
in a blow oven at 100 C and weighed on an 
analytical balance. The binding of sodium 
dodecylsulfate was measured in a similar 
manner. 

R ESU LTS 

This study of lipid binding to chitosan was 
initiated by measuring the binding of pure bile 
salts, cholate, glycocholate and taurocholate at 
different values of pH and ionic strength. Gen- 
erally, saturation curves were obtained as 
shown in Figure 1 for cholate but the results 
were erratic at high detergent/chitosan ratios 
(above 40). The most meaningful comparison 
of 3 compounds under the various conditions 
can be done in terms of the saturation densities, 
i.e., maximum amount  of bile salt bound per 
mg chitosan (Table 1). The binding of all 3 bile 
salts was considerable under all conditions 
tested. 

The greatest binding at pH 6.8 was exhibited 
by the weakest acid, cholate, with 2.3 mole- 
cules of cholate bound per one glucosamine 
residue, or 7.3 molecules per one charged 
Glc-NH~ residue. The Scatchard plot of cholate 
binding (Fig. 2) is biphasic with 2 slopes and 
corresponding intercepts of 2.3 and 6.5. The 
values may, in principle, denote the number of 
ligands at 2 different binding sites. The coin- 
cidence with the above-mentioned experimental 
values is intriguing. Because of the complexity 
of the plot, however, one cannot be sure about 

10 20  30  40 

mg r odded/mg chitoson 

FIG. 1. Binding isotherm of cholate binding to 
ehitosan; 0.01 M imidazole-HCl buffer, pH 6.8, o - - o ;  
0.05 M imidazole-HC1, m--R; 0.05 M imidazole-HCl, 
0.2 M NaC1, D----D. 
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T A B L E  1 

The  B ind ing  o f  Mieel lar  L ip ids  to  C h i t o s a n  a 

Buffer Free ligand Bound ligand 

Lipid pH Ionic strength (mg) chitosan 
(M) (mg/mg) (mol/residue) 

C h o l a t e  6 .8  0 .01  36 .9  4 .8  2 .5  
0 . 0 5  38.1  3 .5  2 .5  
0 .25  26 .7  1.2 0 .6  

G l y c o c h o l a t e  4 .5  0 .05  19.1 2 .8  1.3 
6 .8  0 .05  2 0 . 3  1.7 0 .8  

T a u r o e h o l a t e  4 .5  0 . 0 5  2 4 . 8  5.2 2. ! 
6 .8  0 .05  18.4  1.6 0 .6  

0 .25  2 5 . 6  3 .0  0 .9  

D o d e e y l s u l f a t e  6 .8  0 . 0 5  16.7  5.3 2.1 

O x  bile 6 .8  0 .05  2 8 . 0  7 .2  

aThe data were obtained from saturation curves as shown in Figure 1 ; SD within 10-15%. 

2.01 

o 

s 
E 1.0 

,0 2'0 3'~ 

FIG. 2. Scatchard plot of cholate binding to chito- 
san. Experiments were performed in imidazole-HCl 
buffer pH 6.8 at 0.05 M ionic strength. 

the meaning of the association constant (90 
M - t )  calculated from the first slope. The same 
conclusions are valid for glycocholate and 
taurocholate binding which also exhibit a con- 
siderable degree of positive cooperativity and 
several binding sites. It is noteworthy that 
taurocholate binding increased with ionic 
strength from 0.05 to 0.25 M. No measure- 
ments were done in 1 M NaCI but the precipita- 
tion was visibly less significant. 

To gain an understanding of the biological 
activity of chitosan, it appeared relevant to 
study the binding of larger micelles and aggre- 
gates containing the main ingredients found in 
the intestinal contents. 

Experiments with dodecylsulfate micelles at 
pH 4.5 and 6.5 have shown a precipitation of  
the complex which contained optimally 4-5 mg 
miceile/mg chitosan according to a gravimetric 
assay (Table 1). Here we also observed an in- 
creasing solubilization of the precipitates at 
high miceUe to chitosan ratios. To lend some 

physiological meaning to these studies, we also 
used a mixed composition relatively high in 
neutral lipids to yield a microemulsion of  
limited stability. The purpose of our inquiry 
was both to determine the amount of total lipid 
bound and to detect any changes in the compo- 
sition of the mixture as the result of interaction 
with chitosan. Questran or cholestyramine was 
used for comparison because this resin has a 
clear preference for the anionic species. 

The first set of experiments was designed to 
find out whether the anionic or a neutral com- 
ponent is found enriched in the complex. To 
this effect, a double label experiment was 
carried out using [3H]triolein and [14C]- 
taurocholate. Binding isotherms for both com- 
pounds are shown in Figure 3a. The ratios of 
triolein to taurocholate as a function of lipid 
concentration ranged from 1.5 to 2.0, repre- 
senting a considerable increase from 0.25 found 
in the chitosan-free controls. Oleic acid also 
became enriched in the precipitate very much 
like triolein. According to a spot test, per- 
formed with 10 mg lipid added per mg chito- 
san, the oleic acid/taurocholate ratio increased 
to 9 from the original value of 1.5. In con- 
trast, Questran exhibited a preference for 
taurocholate (Fig. 3b). 

Little difference in the binding of neutral 
lipids to chitosan could be found. The molar 
ratios of labeled triolein and cholesterol re- 
mained close to one. When Questran was used 
with the same labels, the curve depicted a maxi- 
mum of binding ca. 18 mg lipid added per 10 
mg Questran, but the data were quite erratic at 
higher lipid concentrations. This phenomenon 
may be due to a precipitation and resolubiliza- 
tion of  the neutral lipids as a result of changes 
in the amounts of the free bile salt. 
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FIG. 3. The selectivity o f  binding to chitosan (A) 
and Questran (B) in imizazole buffer, pH 6.8, ionic 
strength 0.1 M. Triglyceride x - - x ;  taurocholate 
o - - e ;  the ratios of bound triglyceride/taurocholate 
(o - -o )  shown on the right ordinates. 

The binding of  total micellar lipids to chito- 
san was studied by both centrifugation and the 
filtration assays. As apparent from Figure 4, the 
latter method gave higher values and may pro- 
vide the better conditions for binding. The low 
values obtained by centrifugation could have 
been due to the solubilization of the precipitate 
following the formation of a floating layer. 
Even the filtration method became erratic at 
high lipid/chitosan ratios when some chitosan 
complex could pass the filter. 

The most complex natural miceUar solution 
tested was bovine bile which gave a precipitate 
with chitosan composed of over 80% bile con- 
stituents. We have also found some selectivity 
in the binding of cholesterol, triglyceride and 
bile salts (Fig. 5). The data depict the fraction 
bound out of the total bile added. The neutral 
lipids were clearly represented in larger propor- 
tion in the bound fraction than the bile salts. 

8 t~ 
o 
J~ tJ 

g 
J~ 

10 

5 " ~ - -  x 

~ 1 : 1  - - E )  

, i  ! I I I I 
L 8 12 16 20 2& 

mg micel le  o d d e d / m g  ch i toson 

FIG. 4. Binding of artificial lipid aggregate at 0.1 M 
ionic strength, pH 6.8. Filtration and radioactive 
assay, x - - x ;  centrifugation at 5000 rpm, o - -o .  
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FIG. 5. Relative binding of ox bile constituents. 
Bile salts (zx__zx); cholesterol (o_-o); and triglycer- 
ides (o - -o )  were measured by radioactive assays of 
added markers. The bile contained 51 mg/ml cholic 
acid equivalent. 

DISCUSSION 

The results presented above reveal that 
chitosan is a powerful bile salt sequestrant. In 
fact, no other natural or synthetic product is 
known to bind 4 times its own weigh t in bile 
salt under optimal conditions. The mechanism 
of binding appears to be quite complex, but the 
primary driving force is clearly determined by 
ionic interactions. The influence of the pH is 
expectedly strong, due to the respective pK 
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values of the components: chitosan 6.5, cholate 
6.4, glycocholate 4.7, taurocholate ca. 1. 
Theoretically, the number of ionic binding sites 
in chitosan decreases from 100 to 33% as the 
pH is raised from 4.5 to 6.8, but, at the same 
time, the number  of anions increases for glyco- 
cholate and cholate. Since more than one bile 
salt is bound per glucosamine residue, there 
must be hydrophobic interactions operating at 
the secondary binding sites. The greatest bind- 
ing observed for cholate is in agreement with 
the least amount  of electrostatic repulsion ex- 
pected within cholate micelles. It is also possi- 
ble that the unprotonated glucosamine residues 
may be involved in hydrogen bonding with 
some groups of the bile salt. 

With regard to the hypolipidemic action of a 
polysaccharide, the measurement of pure bile 
salt binding has only a limited significance. 
According to Hofmann and Borgstrom (10,11), 
the total dietary lipid may be present in the 
duodenum in concentrations up to 35 mg/ml, 
but the amount  of bile salt is 10 times less. 
Under these conditions, the lipids are present 
predominantly as a microemulsion which is in 
equilibrium with the smaller micelles. There- 
fore, chitosan could exert the most profound 
effect on lipid absorption through an interac- 
tion with the microemulsion and micelles. 

The qualitative demonstration of interac- 
tions between chitosan and a microemulsion is 
a relatively simple matter. When a chitosan 
solution is shaken with oleic acid-triolein mix- 
tures in a wide range of ratios, a stable viscous 
emulsion is formed. The consistency of this 
emulsion is such that it resists conventional 
physical-chemical attempts to quantitate the 
binding interactions. Nevertheless, it appears 
likely that the physiological action of chitosan 
is, to a major extent, due to the direct immobi- 
lization of the microemulsion. For practical 
reasons, our experimental system represents a 
compromise between the well characterized 
small micelles and a labile microemulsion. The 
polydisperse nature of a similar lipid aggregate 
was shown recently (12). 

Of the two methods selected for the above 
studies, the equilibrium membrane filtration 
may be the more reliable one. The alternative 
approach used involved the separation of bound 
and free ligands by centrifugation. The latter 
was also the method recently employed by 
Vahouny et al. (13) for measuring the binding 
of various mixed micelle constituents to dietary 
fibers. These authors reported the pitfall of this 
method, which we have also experienced, the 
formation of a floating layer of largely neutral 
lipids. Accordingly, these results may not  reveal 
the real extent of binding and the observed 

affinities of the various constituents that may 
not correlate well with the physiological condi- 
tions. Because of the forces operating in the 
centrifuge between particles of different buoy- 
ancies, centrifugation is not  a suitable method 
to determine weak interactions which can be 
crucial in holding the fiber and micelles to- 
gether. The suitability of the membrane filtra- 
tion assay is evident f rom the successful appli- 
cation to the study of the elusive pectin-micelle 
interactions (12). 

The extent of lipid micelle binding by chito- 
san as determined by the membrane filtration 
assay is impressive enough to be a major factor 
in the mechanism of its hypolipidemic action. 
Under physiological conditions of slightly 
acidic pH, chitosan could immobolize at least 
4-6 times its weight in mixed micelles. How- 
ever, the optimum binding of bile salts, dode- 
cylsulfate had mixed micelles cannot be as- 
sessed with sufficient certainty because of 
emulsification. It is possible, therefore, that 
chitosan could bind even more of the labile 
intestinal microemulsion which was not  suitable 
for our study. 

Of great theoretical interest is the observed 
disproportionation of the mixed aggregate as a 
result of binding to chitosan. The original 
anticipation of Sugano et al. (14) was the selec- 
tive binding of bile salts to chitosan with the 
consequence of enrichment of neutral compo- 
nents in the solution. The formal analogy to 
cholestyramine would justify such an expecta- 
tion. What we found, however, is the contrary: 
a precipitation rich in neutral lipids and a more 
stable miceUar solution enriched in bile salt. As 
an interpretation of this finding, we may as- 
sume the engulfment of microemulsion droplets 
by chitosan chains. The result is analogous to 
the coacervation process in that two stable 
phases are formed. The capability of chitosan 
to surround and immobilize micelles of various 
composition is a unique property of this poly- 
cation. The crosslinked structure of cholesty- 
famine, on the other hand, precludes the access 
of large aggregates. 

In addition to its potential pharmacological 
use, the general lipid binding capability of 
chitosan described here suggests that soluble 
forms of chitosan could find application as 
emulsifying or binding agents in the food 
industry. 
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(n-3) and (n-6) Polyunsaturated Fatty Acids 
in the Phosphoglycerides of Salt-Secreting Epithelia 
from Two Marine Fish Species 

MICHAEL V. BELL*, CATRIONA M.F. SIMPSON and JOHN R. SARGENT, Natural 
Environment Research Council, Institute of  Marine Biochemistry, St. Fittick's Road, 
Aberdeen ABI  3RA, United Kingdom 

ABSTRACT 

Fatty acid analyses were carried out on phosphoglycerides isolated from microsomal fractions of 
the rectal gland of the dogfish, Scyliorhinus canicula, and gills of the cod, Gadus morhua. Ratios of 
(n-3)/(n-6) polyunsaturated fatty acids were ca. 10 for phosphatidylcholine, (PC), phosphatidyl- 
ethanolamine (PE) and phosphatidylserine (PS) from cod gills, reflecting high concentrations of 20:5 
(n-3) and 22:6(n-3). The ratio for phosphatidylinositol (PI) from cod gills was 1.3, reflecting high 
concentrations of 20:4(n-6) as well as (n-3) polyunsaturates. PC, PE and PS from rectal glands all 
had much lower (n-3)/(n-6) ratios than in cod gills, reflecting higher concentrations of 20:4(n-6), 
but the lowest ratio was again present in PI. The latter phospholipid had high concentrations of 18:0 
in both tissues. The relative constancy of the fatty acid composition of PI in the two salt-secreting 
tissues and its similarity to mammalian phospholipids is considered to reflect its specialized role in 
biomembranes. 
Lipids 18:720-726, 1983. 

INTRODUCTION 

Osmoregulation in marine fish involves the 
elimination of excess ingested NaC1 across 
specialized epithelia, specifically the branchial 
epithelium (gills) of teleosts and the rectal or 
salt gland of elasmobranchs. A similar organ is 
the salt gland of birds which is particularly well 
developed in marine birds. 

The active cell in these "salt-secreting epi- 
thelia," the so-called chloride cell, is characteris- 
tically a large cell containing numerous mito- 
chondria and extensively infolded basal and 
lateral plasma membranes (1). These plasma 
membranes are rich in (Na+K)-dependent 
ATPase which is intimately involved in salt 
secretion across the epithelium. The (Na+K)- 
dependent ATPase of salt-secreting epithelia is 
well characterized, the enzyme first having been 
isolated in a pure form from the rectal gland of 
the spiny dogfish, Squalus acanthias (2). 

The turnover of the phosphate and inositol 
groups of plasma membrane phosphatidyl- 
inositol (PI) in response to cholinergic stimulus 
was first established in the avian salt gland (3). 
Subsequently it was shown that a similar 
turnover of the PI in the gills of seawater eels 
(Anguilla anguilla) was elicited by an ot-adrener- 
gic stimulus, a condition known to inhibit 
salt secretion by the gills, while conversely a 
~-adrenergic stimulus decreased PI turnover 
and stimulated salt secretion in gills (4-6). It 
is now known that salt secretion by both the 

*To whom correspondence should be addressed. 

rectal gland of elasmobranchs and the gills of 
seawater teleosts is stimulated by increasing 
intracellular levels of cyclic AMP either by 
addition of dibutyryl cyclic AMP or theophy- 
line (7,8). 

As well as being involved in the action of 
neural transmitters and/or hormones through 
the turnover of the phosphate and inositol 
groups, PI is also involved in prostaglandin 
formation by being the source of the arachidonic 
acid precursor used for PGE2 synthesis (9-11). 
PGE2 is known to inhibit salt secretion by 
marine teleost gills (12) and there is evidence 
that arachidonic acid, 20:4(n-6), rather than 
eicosapentaenoic acid, 20:5(ff-3), is the pre- 
ferred precursor of prostaglandins in marine 
fish (13). This contrasts with the fact that 
marine phospholipids in general are rich in 
(n-3) polyunsaturates and have in consequence 
high (n-3)/(n-6) ratios (14). Furthermore, it is 
established that (n-3) polyunsaturates are 
essential dietary factors in freshwater and 
marine fish but (n-6) polyunsaturates are 
generally held not  to be essential (reviewed by 
Cowey and Sargent, 15). It is, of course, well 
established that (n-6) polyunsaturates are 
essential dietary factors in terrestrial mammals 
(16) and a critical role for (n-6) polyunsaturates 
in osmoregulatory (renal) physiology in these 
animals had long been known (17,18). 

The present study seeks to further our 
understanding of the roles of (n-3) and (n-6) 
polyunsaturated fatty acids in osmoregulatory 
physiology by establishing the fatty acid com- 
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positions of phosphoglycerides, especially PI, 
from plasma membranes from the chloride cells 
of two marine salt-secreting epithelia, the salt 
glands of the spotted dogfish, Scyliorhinus 
canicula, and the gills of the cod, Gadus morhua. 

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

Animals 

Spotted dogfish (S. canicula) were caught 
off Millport in the Clyde Estuary, transported 
to Aberdeen and maintained in a running sea 
water aquarium at 13-15 C. Cod (G. morhua) 
were caught off Stonehaven, Kincardineshire 
and maintained in a running sea water aquarium 
at 10-11 C. They were used within 10 days of 
receipt. 

Chemicals 

All solvents were of HPLC grade and were 
obtained from Rathburn Chemicals Ltd., 
Walkerburn, Peebleshire, Scotland. Butylated 
hydroxytoluene (BHT), L-alanine and HEPES 
(N-2-hydroxyethylpiperazine-N-2- ethane sup 
fonic acid) were obtained from Sigma Chemical 
Co., Poole, Dorset, England. Trimethylamine-N- 
oxide dihydrate was from Fluka, obtained from 
Fluorochem Ltd., Glossop, Derbyshire, England. 
Dextran T40 was obtained from Pharmacia 
Fine Chemicals, Uppsala, Sweden. All other 
chemicals were obtained from BDH Chemicals 
Ltd., Poole, Dorset, England, and were of 
"Analar" grade, except the urea which was 
of "Aristar" grade. 

Preparation of the Microsomal Fraction 
from the Rectal Glands of Dogfish 

Fifteen dogfish were killed by transection 
of the spinal column posterior to the operculum 
and the spinal column pithed. The rectal glands 
were immediately removed and placed in ice- 
cold dogfish Ringer (composition 257 mM NaC1, 
7 mM Na2SO4, 2.5 mM NaHCO3, 4 mM KCI, 
2 mM CaCI2, 3 mM MgSO4, 400 mM urea, 0.27 
mM Na2HPO4, 0.01 mM NaH2PO4, 70 mM 
trimethylamine N oxide and 30 mM D-glucose, 
pH adjusted to 7.6 with 0.1 M HC1). All sub- 
sequent operations were carried out at 0-2 C. 
The capsule was stripped off the rectal glands 
which were chopped into small fragments and 
then homogenized with 25 ml of Ringer in a 
glass-in-teflon homogenizer (0.125-0.175 mm 
clearance, TriR model K43 drive, speed 6,500- 
11,000 rev/min range). The homogenate was 
diluted to 300 ml with a solution of 0.32 M 
sucrose containing 1 mM EDTA, adjusted to 
pH 8.0 with 0.1 M NaOIt, and fractionated as 
follows. The suspension was centrifuged at 

6500 gav-min to give a pellet of cell debris and 
a supernatant. The latter was then centrifuged 
at 300,000 gav-min to give a mitochondrial 
pellet and a further supernatant which was then 
centrifuged at 2.4 • 106 gav-min to give a 
microsomal pellet. 

Preparation of the Microsomal 
Fraction from the Gills of Cod. 

Four cod were stunned by a blow on the 
head and decapitated posterior to the oper- 
culum. The gills were immediately excised and 
placed in ice-cold Ringer (composition 161 mM 
NaCI, 2 mM K2SO4, 0.1 mM (NH4)2SO4, 0.63 
mM CaC12, 2 mM MgSO4, 25 mM ItEPES, 
5 mM D-glucose, 5 mM L-alanine, 20 g/L 
Dextran 40, pH adjusted to 7.6 with 0.1 M 
NaOH). All subsequent operations were carried 
out at 0-2 C. The gill arches were blotted dry 
and the gill epithelium scraped off the un- 
derlying cartilage with a blunt scalpel. The gilt 
scrapings (ca. 20 g wet wt) were suspended 
in 25 ml Ringer, stirred magnetically for 5 min 
and filtered through nylon gauze of rectangular 
mesh 106/~m square (Henry Simon, Stockport. 
England) to give a suspension of cells. The 
residue was resuspended in 25 ml of fresh 
medium, subjected to 2 strokes in a Dounce 
homogenizer, stirred for 5 min as before and 
again filtered through gauze. 

The combined filtrates were then homo- 
genized in a glass-in-teflon homogenizer (10 
strokes), as detailed previously for rectal gland. 
The homogenate was then diluted to 300 ml 
with sucrose-EDTA medium and fractionated 
as before. At the stage of the mitochondrial 
pellet, a fluffy white layer could be swirled off 
the top of the dark tan mitochondrial pellet. 
This materila was rehomogenized in the 300,000 
gav-min supernatant which was centrifuged to 
pellet the microsomal fraction as before. 

Extraction of Phospholipids from 
Microsoma! Fractions 

The final microsomal pellets were rcsupended 
in 3 ml of 0.9% (w/v) NaCI and homogenized in 
30 ml methanol containing 0.01% (w/v) BHT 
(6 strokes, details as before). Sixty ml of 
chloroform containing 0.01% (w/v) BHT was 
then added and the homogenate shaken. The 
solution was then filtered and 19.5 ml of water 
added to the filtrate which was shaken and then 
centrifuged (700 g, 5 min). The lower chloro- 
form layer was filtered through phase separa- 
tion paper (Whatman, England), concentrated 
under vacuum at 30 C and finally dried down 
under a stream of nitrogen at room tempera- 
ture before dessicating in vacuo overnight. 
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Purification of Phospholipids 

Phospholipids were chromatographed on 
thin layer Silica Gel G plates (Silica Gel 60, 
0.25 mm, E. Merck, Darmstadt,  West Germany) 
in two dimensions using chloroform/methanol /  
water/0.88 ammonia (130:70:8:0.5,  v/v) in the 
first dimension and chloroform/acetone/meth-  
anol/glacial acetic acid/water ( 100:40:20:20:10,  
v/v) in the second dimension (19). After deve- 
lopment,  the plates were sprayed lightly with 
0.1% (w/v) 2,7-dichlorofluorescein in 95% (v/v) 
methanol containing 0.1% (w/v) BHT, and 
visualized under ultraviolet light. Individual 
zones were scraped from the plates and the 
phospholipids eluted with I 0 ml of chloroform/ 
methanol/water  (5:5:1,  v/v) containing 0.01% 
(w/v) BHT. The solvent phase was removed 
under nitrogen and the phospholipids des- 
sicated in vacuo for 3 hr. 

Preparation of Fatty Acid Methyl Esters 

The fatty acyl chains of  the phospholipids 
were transmethylated for 16 hr at 50 C under 
nitrogen by treatment with 2 ml of 1% (v/v) 
sulfuric acid in absolute methanol (20). The 
methylat ion was stopped by the addition of 
5 ml H20 and the crude methyl  esters extracted 
by 2 washes with 5 ml hexane/diethyl  ether 
(1:1, v/v) containing 0.01% (w/v) BHT. The 
pooled organic phases were then extracted twice 
with 4 ml of 2% (w/v) KHCO3 solution to re- 
move the 2,7-dichlorofluorescein. The organic 
phase was dried with anhydrous Na2SO4, 
filtered through phase separation paper and 
dried under nitrogen. The crude methyl  esters 
were then purified by thin layer chromatography 
on Silica Gel G using hexane/diethyl  ether/  
glacial acetic acid (90:10:1,  v/v) as the deve- 
loping solvent. Methyl esters were eluted from 
the silica gel with 8 ml of hexane/diethyl  ether 
(1:1, v/v) containing 0.01% (w/v) BHT, dried 
under nitrogen and stored in 100/al of  dichloro- 
methane containing 0.01% (w/v) BHT at -20 C 
under nitrogen. 

Analytical 

Analysis of fatty acid methyl esters was 
performed in a Packard 429 gas chromatograph 
(Packard Instruments Ltd., Caversham, England) 
equipped with an open fused silica capillary, 
50 m in length, 0.32 mm id, and coated with 
the liquid phase CP Wax 51 (Chrompack, 
Middelburg, The Netherlands). The injection 
port  and flame ionization detector  were operated 
at 250 C. The column was held at 160 C for 
1 min after injecting the sample, after which 
the o v e n  temperature was programmed to in- 
crease to 180 C at a rate of 4 C/min and then to 

rise by 0.5 C/min to a final temperature of 200 
C which was retained for 20 min. Component  
peaks were identified by reference to known 
standards and to the data of  Ackman and Eaton 
(21), and quanti tated by a Hewlett Packard 
3390A recording integrator (Hewlett Packard 
Instruments, Avondale, PA) attached to the gas 
chromatograph. 

Dimethyl acetal derivatives of fatty al- 
dehydes were confirmed by further chromato- 
graphy on a Pye 104 gas chromatograph fi t ted 
with a 25 m • 0.32 mm fused silica column 
coated with Sil 5 (Chrompack), operated 
isothermally at 190 C with helium as carrier 
gas and coupled to a VG Micromass 16F 
single focussing mass spectrometer operated at 
an accelerating voltage of 4 kV and an ioniza- 
t ion energy of 70 eV. 

R ESU LTS 

The rectal glands of elasmobranchs consist 
predominantly of chloride cells which have 
extensively infolded basal and lateral plasma 
membranes and a relative deficiency of end- 
oplasmic reticulum (22,23). Consequently, the 
microsomal fraction isolated from homogenates 
of  rectal glands consists predominantly of  
fragments of plasma membranes, reflected in 
its being highly enriched in (Na+K)-dependent 
ATPase (2). Chloride cells are also abundant in 
the gills of marine teleosts, although they are 
not  the only or even the predominant  cell type 
present in this tissue. Nevertheless, the microso- 
mal fraction isolated from homogenates o f  
"scrapings" of teleost gills by the methods 
used here is known to be highly enriched in 
(Na+K)-dependent ATPase located in plasma 
membrane fragments derived from chloride 
cells (24). Thus, the phosphoglycerides analyzed 
in the present study derive mainly from the 
plasma membranes of the ceils actively involved 
in salt secretion in rectal glands and gills. 

Table 1 details the fat ty acid composit ion of  
phosphatidylcholine (PC), phosphatidylethanol-  
amine (PE), phosphatidylserine (PS) and PI 
isolated from the microsomal fraction of cod 
gills. The most notable finding in the table is 
that,  whereas the major polyunsaturated fat ty 
acid in PC, PE and PS is 22:6(n-3), the major 
polyunsaturate in PI is 20:4(n-6). 20:5(n-3) is 
a prominent  polyunsaturate in all the phospho- 
lipid classes and, overall, the ratio (n-3)/(n-6) 
polyunsaturates is one order of magnitude less 
in PI than in PC, PE and PS. PC contains ap- 
proximately equal concentrations of  saturated 
and monounsaturated fatty acids, especially 
16:0 and 18:1. PE differs from the other phos- 
phoglycerides in that 17% of the products of 
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TABLE 1 

Analyses of  Fat ty  Acid Methyl Esters and Dimethyl  Acetals Recovered from Phosphoglycerides Present 
in the Microsomal Fraction Isolated from the Gills of  the Cod, G. morhua 

PC PE PS PI 

Fat ty  acid methyl  esters 

14:0 1.6 0.4 tr tr 0.8 0.4 
anteiso 15:0 - tr tr tr 
15:0 0.6 0.1 tr tr tr 
/so 16:0 tr tr tr - 
16:0 28.3 2.9 7.4 1.4 9.5 2.9 8.0 2.6 
16:1(n-9) 1.4 0.2 0.6 0.2 tr  tr 
16:1(n-7) 2.9 0.2 1.2 0.1 0.g 0.3 0.6 0.1 
Unknown A 1.0 0.3 3.4 0.6 2.4 0.5 0.6 0.5 
17:0 tr 0.6 0.1 0.7 0.1 0.7 0.1 
Unknown 16,17 0.6 0.2(1) 1.0 0.9(3) 0.4 0.4(1) 1.1 1.1(3) 
18:0 3.2 0.6 6.6 0.9 23.1 1.0 31.9 3.5 
18:1(n-9) 18.4 0.2 6.4 0.6 6.9 1.3 6.0 0.7 
18:1(n-7) 3.8 0.6 4.9 0.8 3.9 0.4 3.1 0.4 
18:2(n-6) tr tr tr tr 
18: 3(n-3) tr tr tr tr  
18:4(n-3) tr tr tr tr 
Unknown 18,19 - -- 0.5 0.5(1) -- 
20:0 tr tr 1.0 0.2 tr 
20:1 (n-I 1) tr tr tr tr 
20:1(n-9) 2.2 0.2 2.2 0.4 5.0 0.4 1.7 0.2 
20:4(n-6) 2.7 0.8 3.7 0.9 3.2 0.1 15.3 2.8 
20:5(n-3) 9.6 0.4 8.5 0.7 4.4 0.8 8.8 1.0 
22:4(n-6) tr tr tr 1.3 1.0 
22:5(n-3) 1.1 0.2 1.6 0.3 1.0 0.7 1.5 0.8 
22:6(n-3) 16.5 2.1 28.5 7.5 29.3 7.5 12.0 3.4 
24:0 tr -- tr -- 
24:1(n-9) - - -- 0.6 0.9 

Dimethyl  acetals 

16:0 - 1.5 0.1 - - 
18:0 -- 4.7 0.6 -- - 
18:1(n-9) - 7.4 1.8 -- - 
18: l(n-7) -- 3.0 0.9 - - 

Total saturates 33.7 20.8 34.3 41.4 
Total monounsat  urates 28.7 25.7 16.6 12.0 
Total(n-6) polyunsaturates  2.7 3.7 3.2 16.6 
Total(n-3) polyunsaturates  27.2 38.6 34.7 22.3 
Total polyunsaturates  29.9 42.3 37.8 38.9 
(n-3)/(n-6) 10.07 10.43 10.84 1.34 

Data are expressed as wt % and represent means -+ standard deviations of three separate experi- 
ments each based on all of  the individual gill arches from 4 fish; -s igni f ies  not  detected and tr signifies 
present in at least 2 of  the 3 experiments  but less than 0.5%. Unknown A ran just before 17:0 methyl  
ester (9.84 rain compared to 10.13 min) and after catalytic hydrogenat ion it moved to a posit ion just 
behind 16:1(n-7) methyl  ester (8.62 min compared to 8.48 min). Treatment  with b/s( tr imethylsi lyl)  
t r i f luoroacetamide failed to produce a t r imethyls i ly l  ether derivative, indicating that  the unknown 
was not a hydroxy fat ty acid derivative. All unknowns were present at greater than 0.5% and are 
grouped on the basis of carbon numbers with the maximum numbers of individual unknowns present 
in a single exper iment  shown in parentheses after individual values. 

a c i d - c a t a l y z e d  t r a n s m e t h y l a t i o n  w e r e  r e c o v e r e d  
as  d i m e t h y l  a c e t a l s  i m p l y i n g  t h a t  a p p r o x i m a t e l y  
o n e - t h i r d  o f  t h e  o r i g i n a l  e t h a n o l a m i n e  p h o s -  
p h o g l y c e r i d e  z o n e  w a s  p r e s e n t  as p l a s m a l o g e n s .  

Ove ra l l ,  h o w e v e r ,  PE  ha s  a p p r o x i m a t e l y  e q u a l  
c o n c e n t r a t i o n s  o f  s a t u r a t e d  a n d  m o n o u n s a -  

t u r a t e d  m o i e t i e s .  PS d i f f e r s  f r o m  PC a n d  PE  

in h a v i n g  t w i c e  as m u c h  s a t u r a t e d  as m o n o u n -  

s a t u r a t e d  f a t t y  a c i d s  w i t h  1 8 : 0  b e i n g  t h e  m a j o r  
s a t u r a t e .  T h e  h i g h  c o n c e n t r a t i o n  o f  2 0 : 4 ( n - 6 )  

in  PI  is a c c o m p a n i e d  by  a r a t i o  o f  s a t u r a t e s :  

m o n o u n s a t u r a t e s  o f  ca.  3 . 5 : 1 . 0  d u e  t o  t h e  p re -  

s e n c e  o f  h i g h  c o n c e n t r a t i o n s  o f  18 :0 .  
T a b l e  2 d e t a i l s  s i m i l a r  f a t t y  ac id  c o m p o s i -  

t i o n s  f o r  PC, PE,  PS a n d  PI  i s o l a t e d  f r o m  t h e  

m i c r o s o m a l  f r a c t i o n  o f  Scyliorhinus r e c t a l  

g l ands .  In  c o n t r a s t  t o  t h e  s i t u a t i o n  in  c o d  gi l l s ,  

al l  t h e  p h o s p h o g l y c e r i d e s  in  Scyliorhinus 
r e c t a l  g l a n d s  h a v e  r e l a t i v e l y  h i g h  c o n c e n t r a t i o n s  

o f  2 0 : 4 ( n - 6 )  a n d  o n l y  in  t h e  case  o f  PC is t h e  
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T A B L E  2 

A n a l y s e s  o f  F a t t y  Ac id  M e t h y l  Es ters  a n d  D i m e t h y l  Ace ta l s  R e c o v e r e d  f r o m  P h o s p h o g l y c e r i d e s  
Presen t  in t he  M i c r o s o m a l  F r a c t i o n  I so la t ed  f r o m  Rec ta l  G l a n d s  o f  the  S p o t t e d  Dogf i sh ,  S. canicula 

PC PE PS PI 

F a t t y  ac id  m e t h y l  es ters  

14 :0  1.0 0 .7  tr 0 .6  0.1 1.5 0 .7  
anteiso 15 :0  t r  t r  t r  0 .6  0 .4  
1 5 : 0  1.4 0.4  t r  tr  t r  
U n k n o w n  14 ,15  0 .6  0 . 6 ( 2 )  - - - 
i$o 16 :0  t r  t r  tr .  - 
16 :0  38.1 3.1 3.9 0 .8  11 .3  2 .0  8 .9  3.9 
1 6 : 1 ( n - 9 )  1.2 0 .2  0 .6  0 .3  0 .4  0 .3  0 .6  0 .4  
1 6 : 1 ( n - 7 )  3 .3  0 .7  2 .8  0 .4  1.2 1.2 1.2 0 .9  
1'7:0 0 .7  0.1 0.5 0.1 i . 7  0 .6  1.2 0 .2  
U n k n o w n  16 ,17  3.5 1 .1 (6)  3.5 1 .0(6)  2 .6  1 .0(4)  ! . 7  1 .0(3)  
18 :0  2.2 0.4  8 .3  1.0 26 .2  0 .6  30 .6  4 .7  
1 8 : 1 ( n - 9 )  19.1 1.7 4 .2  0 .5  15 .0  7 .8  5 .9  3.2 
1 8 : 1 ( n - 7 )  5.5 0.5 2 .7  0 .5  2.1 0 .9  2 .2  0 .2  
1 8 : 2 ( n - 6 )  0 .7  0.1 0 .7  0.1 1.3 0 .2  0 .7  0.2 
1 8 : 3 ( n - 3 )  tr  tr  t r  - 
1 8 : 4 ( n - 3 )  - - t r  - 
U n k n o w n  18 ,19  - 0 .6  0 . 6 ( 2 )  0 .7  0 . 6 ( 2 )  1.3 1 .4(2)  
2 0 : 0  - - t r  t r  
2 0 : l ( n - 1 1 )  t r  - t r  - 
2 0 : 1 ( n - 9 )  1.1 0 .3  t r  1.8 1.9 1.8 1.2 
2 0 : 4 ( n - 6 )  5 .6  1.1 27 .3  2 .2  13 .6  4 .8  2 2 . 8  3.9 
2 0 : 5 ( n - 3 )  2 .9  0 .5  8.2 1.6 3.5 0 .8  3 .3  0 .6  
2 2 : 1 ( n - I 1 )  t r  - 0 .7  1.0 1.0 0 .4  
2 2 : 4 ( n - 6 )  0 .6  0.1 0 .9  0 .3  1.3 0 .8  0 .6  0.1 
2 2 : 5 ( n - 3 )  0 .9  0 .2  0 .7  0 .2  1.0 0 .5  i . 4  0 .7  
2 2 : 6 ( n - 3 )  7 .0  1.3 4 .4  1.6 4 .2  1.6 2 .8  2 .6  
2 4 : 0  - - - 0 .9  1.1 
24 :1  (n-9)  - - t r  - 
U n k n o w n  2 0 - 2 4  - - - 1.4 1 .4(2)  

D i m e t h y l  ace ta l s  

16 :0  -- 3 .8  0 .6  - - 
17 :0  - 2 .0  0 .6  - - 
18 :0  - 2 .3  0 .3  - - 
18: l ( n - 9 )  - 8.5 1.2 - - 
1 8 : 1 ( n - 7 )  - 6.8 1.4 - - 

To ta l  s a t u r a t e s  4 3 . 4  20 .8  39 .8  4 2 . 4  
To ta l  m o n o u n a t u r a t e s  30.2  2 5 . 6  21 .2  12.7 
T o t a l ( n - 6 )  p o l y u n s a t u r a t e s  6 .9  28 .9  16.2  24.1 
T o t a l ( n - 3 )  p o l y u n s a t u r a t e s  10.8 13.3  8 .7  7.5 
To ta l  polyunsaturates 17.7  42 .2  2 4 . 9  31 .6  
(n- 3 ) / (n -6 )  I. 56 0 . 4 6  0 . 5 4  0 .31  

Da ta  are exp re s sed  as w t  % a n d  r e p r e s e n t  t he  m e a n s  +_ s t a n d a r d  d e v i a t i o n s  o f  t h ree  s e p a r a t e  exper i -  
m e n t s ,  e a c h  based  o n  rec ta l  g l ands  f r o m  15 f ish;  - s i g n i f i e s  n o t  d e t e c t e d  a n d  t r  s ignif ies  p r e s e n t  in at 
least  2 o f  t he  3 e x p e r i m e n t s  b u t  less t h a n  0 .5%.  All u n k n o w n s  were  p r e s e n t  at  g r ea t e r  t h a n  0 .5% a n d  
are  g r o u p e d  o n  the  basis o f  c a r b o n  n u m b e r  w i th  the  m a x i m u m  n u m b e r s  o f  i nd iv idua l  u n k n o w n s  
p r e s e n t  in a single e x p e r i m e n t  s h o w n  in p a r e n t h e s e s  a f t e r  i nd iv idua l  values.  

r a t i o  ( n - 3 ) / ( n - 6 )  p o l y u n s a t u r a t e s  g r e a t e r  t h a n  

u n i t y .  P E  w a s  a g a i n  t h e  o n l y  p h o s p h o g l y c e r i d e  

w h i c h  g e n e r a t e d  d i m e t h y l  a c e t a l s  ( s o m e  2 3 %  o f  

t h e  t o t a l  p r o d u c t s )  o n  a c i d - c a t a l y z e d  t r a n s -  

m e t h y l a t i o n .  T h i s  i m p l i e s  t h a t  a p p r o x i m a t e l y  

o n e - h a l f  o f  t h e  o r i g i n a l  e t h a n o l a m i n e  p h o s p h o -  

g l y c e r i d e  z o n e  w a s  p r e s e n t  a s  p l a s m a l o g e n s .  

A s  in  t h e  c a s e  f o r  c o d  g i l l s ,  t h e  P C  a n d  P E  o f  

Scyliorhinus r e c t a l  g l a n d  h a v e  e s s e n t i a l l y  e q u a l  

c o n c e n t r a t i o n s  o f  s a t u r a t e d  a n d  m o n o u n s a -  

t r a t e d  f a t t y  a c i d s  a n d  P S  h a s  t w i c e  a s  m u c h  

s a t u r a t e s  a s  m o n o u n s a t u r a t e s  s t e m m i n g  f r o m  a 

h i g h  c o n c e n t r a t i o n  o f  1 8 : 0 .  P I  in  Scyliorhinus 
r e c t a l  g l a n d s  h a s  t h e  s a m e  v e r y  h i g h  p e r c e n t a g e  

o f  1 8 : 0  as  PI  i n  c o d  g i l l s .  A f u r t h e r  s i m i l a r i t y  i n  

P I  f r o m  t h e  2 t i s s u e s  is  t h a t  t h e y  b o t h  h a v e  t h e  

l o w e s t  r a t i o  o f  ( n - 3 ) / ( n - 6 )  p o l y u n s a t u r a t e s  o f  

a l l  t h e  p h o s p h o g l y c e r i d e s  a n a l y z e d .  H o w e v e r ,  

a m a j o r  d i f f e r e n c e  b e t w e e n  t h e  2 t i s s u e s  is t h a t ,  

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

2 0 : 4 ( n - 6 )  is f o u n d  in  P I ,  i n  Scyliorhinus r e c t a l  

g l a n d s  t h e  h i g h e s t  p e r c e n t a g e  o f  2 0 : 4 ( n - 6 )  is  
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found in PE. Since both tissues contain ca. 4 
times as much PE as PI (the present authors, 
unpublished data), it is clear that  the bulk of  
20:4(n-6) in Scyliorhinus rectal glands is 
associated with PE, whereas in cod gills it  is 
associated very much more with PI. 

DISCUSSION 

The proposit ion that the polyunsaturated 
fat ty  acids of phospholipids from marine fish 
are dominated by (n-3) rather than (n-6) 
moieties (14,15) is based mainly on analyses of 
total  phospholipid or major phospholipids such 
as PC and PE, often from whole fish or fish 
flesh (muscle). However, the proposit ion can 
apply to individual phospholipids from a dis- 
crete tissue since PC, PE and PS from cod 
(G. morhua) erythrocytes contain, respectively, 
16.5%, 30.1% and 28.7% of  their fat ty acids as 
22:6(n-3), the corresponding values for 20:4 
(n-6) being 1.5%, 1.0% and 2.2% (25). Other 
situations exist, however, where marine fish 
phospholipids can be rich in 20:4(n-6). PC and 
PE from the olfactory nerve of the garfish 
(Lepisosteus osseus) contain, respectively, 9% 
and 26% of their fatty acids as 22:6(n-3), 
the corresponding values for 20:4(n-6) being 
12% and 38% (26). PC and PE from the rectal 
gland of  S. acanthias contain, respectively, 2% 
and 24% of their fatty acids as 22:6(n-3), 
the corresponding values for 20:4(n-6) being 
4% and 15% (27). These findings, together with 
the present results (Tables 1 and 2), establish 
that wide differences can occur in the percen- 
tages of (n-3) and (n-6) polyunsaturated fat ty  
acids in specific phospholipids from marine 
fish, even when tissues with physiologically 
similar functions are involved. 

Dietary differences between species will 
obviously contribute to differences in the 
polyunsaturate composit ions of phospholipids. 
Thus, the cod, G. morhua, is predominantly 
a pelagic fish linked firmly to pelagic food 
chains where lipids are characterized by high 
ratios of  (n-3)/(n-6) polyunsaturates (28). 
Therefore, high concentrations of (n-3) poly- 
unsaturates in cod phospholipids generally are 
t o  be expected. In contrast, Scyliorhinus is 
a bottom-living fish found in coastal, shallow 
waters where it feeds mainly on benthic inver- 
tebrates whose phospholipids can contain rela- 
tively high concentrations of  20:4(n-6) (29,30). 
Therefore, elevated levels of 2 0 : 4 ( n - 6 ) i n  
Scyliorhinus phospholipids generally are also 
to be expected.  It is interesting in this context  
that  the 20:4(n-6) in the phosphogiycerides of  
Scyliorhinus rectal gland are associated mainly 
with PE. 

The results for PI in the present s tudy are 
of  special interest. PI accounts for ca. 6% of the 
total  phospholipids in both cod gills and 
Scyliorhinus rectal giand (the present authors, 
unpublished data) and it differs from the other 
phosphoglycerides in both tissues in having (a) 
the highest percentage of 18:0, ( b ) t h e  lowest 
percentage of monounstaturated fat ty acids, 
and (c) the lowest ratio of  (n-3)/(n-6) poly- 
unsaturates stemming from high percentages of 
20:4(n-6). That is, PI from both tissues is rich 
in 18:0 and 20:4(n-6) and is more akin to a 
typical  terrestrial mammal phospholipid than a 
typical marine fish phospholipid.  Relatively 
high concentrations of  18:0 and 20:4(n-6) have 
already been recorded for PI from the olfactory 
nerve of  the garfish (26). PI from freshwater 
t rout  liver has 20% of its fat ty acids as 20:4 
(n-6), whereas the other phosphoglycerides 
from this tissue have 7% or less as 20:4(n-6) 
(31). More recently, Casteldine and Buckley 
(32) have shown that  PI from total  body phos- 
pholipids of the t rout  has 12% of its fat ty acids 
as 20:4(n-6). Thus, PI from all fish tissues so 
far analyzed has a relatively low ratio of (n-3)/ 
(n-6) polyunsaturates stemming from a high 
percentage of  20:4(n-6), and a relatively high 
percentage of saturates, especially 18:0. 

Casteldine and Buckley (32) comment  that  
the high concentration of 20:4(n-6) in t rout  
PI is of  special interest but suggest that PI is 
unlikely to have a special function since (n-6) 
polyunsaturates are considered not  to be 
essential dietary factors in fish (33). We pro- 
pose, in contrast,  that the relative constancy 
of the composit ion of  PI in fish tissues and 
the similarity of  its composit ion to the PI of 
terrestrial mammals points firmly to fish PI 
playing highly specific roles in biomembrane 
function, entirely analagous to those established 
in terrestrial mammals. The implication is that  
(n-6) polyunsaturates are indeed essential 
dietary factors in fish but since they are in- 
volved with a quantitatively minor phospho- 
lipid, PI, the amounts required are likely to be 
very small, certainly much less than require- 
ments for (n-3) polyunsaturated fat ty  acids and 
probably more akin to the requirements for 
the vitamin inositol. Studies are in progress in 
this laboratory to define the role of PI in the 
physiology of  marine salt-secreting epithelia. 
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Phospholipid Synthesizing Enzymes of Dermatophytes: 
I1. Characterization of Choline Kinase 

C. KASlNATHAN, U. GOVINDARAJAN, A. CHOPRA and G.K. KHULLER*, 
Department of Biochemistry, Postgraduate Institute of Medical Education and 
Research, Chandigarh- 160012, India 

ABSTRACT 

Choline kinase was located in the cytosolic fractions of the filamentous, pathogenic fungi, Micros- 
porum gypseum and Epidermophyton floccosum. A broad pH optima (6.0-9.0) was observed for the 
M. gypseum enzyme, but the E. floccosum enzyme was active at pH 8.4 as well as 10.5, the activity 
being higher at pH 8.4. Enzyme from both dermatophytes had Km value of 3.3 • 10 -4 M for choline; 
however, for ATP, it was 6.6 • 10 -4 M and 12.6 • 10 -4 M forMgypseum andE. floccosum, respec- 
tively. Choline kinase of both dermatophytes showed SH-group requirement. The M. gypseum choline 
kinase was inhibited to a greater extent by Mn 2+, Ca 2+ and Ba 2+ than was the E. floccosum enzyme. In 
comparison to other nucleotides, ATP was the most effective phosphate donor for phosphorylating 
choline in both dermatophytes. Higher concentrations of ATP inhibited the enzyme in M. gypseum as 
well as E. floccosum. Phosphorylcholine inhibited the choline kinase activity from both fungi, whereas 
phosphoethanolamine and glycerol 3-phosphate were stimulatory. 
Lipids 18:727-731, 1983. 

INTRODUCTION 

Choline kinase (Mg ATP: choline phos- 
photransferase, EC 2.7.1.32) was initially des- 
cribed by Wittenberg and Kornberg (1) in yeast. 
It is the first enzyme of the cytidine pathway 
for de novo synthesis of sn-3-phosphatidyl- 
choline. Several studies have been made on the 
choline kinase from various animal and plant 
sources (2-7), but among fungi it was partially 
characterized only in yeast (1). Phosphatidyl- 

_choline (PC) constitutes ca. 45% of the total 
phospholipids in dermatophytes (8) and its 
biosynthesis has not been elcuidated in these 
pathogenic fungi (9). Earlier attempts to study 
PC biosynthesis in Microsporum gypseum (10) 
suggested the presence of the cytidine pathway 
in this pathogen, as in other organisms (2-7). In 
continuation of our work to delineate the path- 
way of phospholipid synthesis in dermato- 
phytes, choline kinase of M. gypseum and 
Epidermophyton floccosum was investigated 
and the results are reported in this communica- 
tion. 

MATERIALS AND METHODS 

Chemicals 

Methyl-14C-choline (sp act 50 mCi/mmol) 
was obtained from New England Nuclear 
(Boston, MA) and Dowex 1 • 8 CI- (100- 
200 mesh) ion-exchange resin was obtained 
from Sigma Chemical Co. (St. Louis, MO). 

Organisms and Growth Conditions 

The source ofM. gypseum and E. floccosum 

*To whom correspondence should be addressed. 

was as given earlier (11). Both dermatophytes 
were grown in Sabouraud's medium (4% 
glucose and I% peptone, pH 5.4-5.6) at 27 C. 
In the growth medium of E. floccosum, gly- 
cerol was substituted for glucose, since glucose- 
grown cells showed no choline kinase activity. 

Subcellular Fractionation 

Preparation of cell homogenates and their 
fractionation was done as before (11) by as- 
saying the marker enzymes cytochrome C 
oxidase and glucose 6-phosphatase for mito- 
chondria and microsomes, respectively. 

Enzyme Assay 

Choline kinase activity was assayed according 
to the method of Weinhold and Rethy (6). 
Incubation mixture of the enzyme assay con- 
tained 60 mM Tris-HC1, pH 8.4, 15 rriM MgC12, 
10 mM ATP, 10 mM cysteine, 30 nmol of  
methylJ4C-choline chloride and the enzyme 
preparation (0.05 mg protein), in a final volume 
of 0.1 ml. The mixture was incubated at 37 C 
for 20 min and the reaction was terminated by 
placing the tubes in a boiling water bath for 2 
min. Controls contained no ATP. A chloride 
form of the Dowex resin was converted to the 
hydroxyl form by equilibrating with 2 N HC1, 
followed by 2 N NaOH. A column (0.5 cm x 
4 cm) of this resin was made and an aliquot of 
the above reaction mixture (50/~1) was applied 
to it. Free choline was removed from the column 
by washing the column with 5 ml of water 
three times. Phosphorylcholine,produced during 
the choline kinase reaction, was adsorbed on to 
the column and was successively eluted with 
0.5 ml 1.0 M NaOH, and 1.5 ml 0.1 M NaOH. 

LIPIDS, VOL. 18, NO. 10 (1983) 



728 c. KASINATHAN, U. GOVINDARAJAN, A. CHOPRA AND G.K. KHULLER 

Eluates f rom the  co lumn were counted  in 10 ml 
Bray's scinti l lat ion fluid. Quenching  correct ion 
was de termined  b y t r e a t i n g  a known  a m o u n t  of  
rad ioac t ive  choline as above with  the alkali. A 
unit  of  choline kinase activity was defined as 
nmol  phosphory lchol ine  f romed /mg  pro te in /20  
min.  

T A B L E  1. 

S u b c e l l u l a r  D i s t r i b u t i o n  o f  C h o l i n e  Kinase  in 
M. gypseum a n d  E. f loccosum 

Specific activity (units) 

Fractions M. gypseum a E. floccosum b 

Product Identification 

Products  of  enzyme react ion were charac- 
terized by autoradiography.  An al iquot  of  the 
assay mixture  was applied to a Whatman No. 1 
paper  strip and ascending chromatography  was 
pe r fo rmed  for  16-18 hr  with n-butanol~ethanol/ 
acetic acid/water  (8 :2 :1 :3 ,  v/v/v/v)  as the 
solvent  system. The chromatogram was exposed 
to a Kodak X-ray film for  2 weeks and developed 
for visualization of  radioactive spots. Detec t ion  
of  radioactive phosphochol ine  in the test sample 
and its absence in controls  conf i rmed the pre- 
sence of  choline kinase in the dermatophytes .  

Protein Estimation 

Protein was es t imated according to the 
m e t h o d  of  Lowry et  al. (12) using bovine serum 
a lbumin as standard.  

RESULTS 

Intracel lular  local izat ion of  choline kinase in 
the  2 dermatophytes  was determined and its 
activity was de tec ted  in soluble fract ion of  the 
organisms (Table 1). The M. gypseum chol ine 
kinase was most  active be tween  pH 8.0 and 9.0 
(Fig. 1), but  the E. floccosum enzyme exhi- 
bi ted 2 pH op t ima  of  8.4 and 10.5. However ,  
the  activity at 10.5 was less than at 8.4. The 
chol ine kinase react ion was l inear  for 30 min 
and therefore  all assays were carried out  for  20 
min at pH 8.4. 

As expec ted  for kinases, choline kinase of  
bo th  dermatophytes  showed an absolute re- 
qu i r emen t  for Mg 2+ ions. Activity of  the en- 
zymes  increased with increasing concent ra t ion  
of  Mg 2+, reach inga  plateau at 10 mM magnesium 
concen t ra t ion  (Fig. 2). Increasing the Mg 2+ con- 
cent ra t ion  beyond  10 mM inhibi ted the M. 
gypseum enzyme but  not  that  of  E. floccosum. 
Other  metal  ions inhibi ted the de rma tophy te  
enzymes  by varying degrees (Table 2). 

Effec t  of  d i f ferent  choline concent ra t ions  on 
the choline kinase o f  de rmatophy tes  is shown 
in Figure 3a-d. The M. gypseum and E. floc- 
cosum enzymes  were saturated with 0.6 (Fig. 
3a) and 0.4 (Fig. 3c) mM choline,  respectively.  
Enzymes  of  both  the fungi had a similar Km of  
3.3 x 10 -4 M for choline;  however ,  for ATP, 
the Km values were 6.6 x 10 -4 M and 12.6 • 
10 -4 M for M. gypseum and E. floccosum, res- 

Mitochondrial 1.116 • 0.32 
(15.14) 

Microsomal 1.55 • 0.13 2.14 • 0.62 
(46.80) (17.34) 

Cytosolic 16.55 • 0.636 13.84 • 3.43 
(1532.70) (841.72) 

aValues are mean -+ SD of 4 independent d e t e r -  
m i n a t i o n s .  

bValues are mean • range of duplicate d e t e r -  
m i n a t i o n s .  

O n e  u n i t  o f  t h e  enzyme is defined as the nmoles of 
phosphorylcholine formed/mg protein/20 rain. Total 
activity of the enzyme is given in parentheses and o n e  
unit of total activity is defined as the nmoles of 
phosphorylcholine formed/20 min. 
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FIG. 1. Effect of pH on choline kinase activity of 
M. gypseum ( e - - e )  and E. floccosum (o- -o) .  Buffers 
of citrate (pH 5.5-6.5), Tris-maleate (pH 6.5-8.0), 
Tris-HC1 (pH 8.0-9.0) and glycine-NaOH (pH 9.5-12.0) 
were used. Values are average • range of duplicate 
determinations. 

pect ively.  Choline kinase of  M. gypseum was 
saturated by 10 mM ATP (Fig. 3b), whereas 
the E. floccosum enzyme was saturated by an 
ATP concentration o f  5 mM (Fig. 3d). 

Nucleot ides  o ther  than ATP were not  good 
substrates for choline kinase of  ei ther M. 
gypseum or E. floccosum (Table 3). Phos- 
phory la t ion  of  choline in the presence of  each 
nucleot ide  was only ca. 30% compared  to that  
with the ATP cont ro l  in both  fungi. Addi t ion  
of  ADP to the assay system o fM.  gypseum and 
E. floccosum reduced the activity of  choline 
kinase (Table 3). 
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FIG. 2. Effect of Mg 2+ on choline kinase activity of 
M. gypseum ( o - - o )  and E. floccosum (o- -o) .  Values 
are average _+ range of duplicate determinations. 

TABLE 2 

Inhibition ofM. gypseum and E. floccosum 
Choline Kinases by Metal Ions 

Metal ion Specific activity (units) 
concentration 

(10 mM) M. gypseum E. floccosum 

C o n t r o l  a 4 . 4  -+ 0 . 4 4  4 . 3  -+ 0 . 9 0  
B a  2+ 3 . 1  -+ 0 . 1 0  1 . 2  -+ 0 . 1 6  
C o  2+ 1 . 5  -+ 0 . 1 7  0 . 8  +- 0 . 0 7  
M n  2+ 0 . 6  -+ 0 . 1 6  1 . 1  -+ 0 . 4 0  
C a  2+ 1 . 9  -+ 0 . 2 7  1 . 3  -+ 0 . 5 0  

Values are mean -+ SD of 4 independent deter- 
minations. 

aControl contained only Mg 2+, whereas for other 
incubations, in addition to Mg 2+, the above-listed 
metal ions were added. The supernatant was dialyzed 
for 4 hr before examining the metal ions effect. 

Effec t  of  thiol  reagents and thiol  inhibi tors  
on choline kinase activity of  M. gypseum and 
E. floccosum was studied (Table 4). Increase 
in choline kinase activity of  both dermato-  
phytes  was observed by the addi t ion  of  e i the r  
cysteine or  t3-mercaptoethanol.  Act ivi ty  of  E. 
floccosum choline kinase increased ca. 2-fold; 
however ,  in M. gypseum the increase was only 
ca. 0.3-fold. Iodoace ta te  was inhibi tory  for the 
enzyme  of  bo th  dermatophytes ,  but  the inhibi- 
t ion was more for E. floccosum choline kinase 
than for  the  enzyme  of M. gypseurn. 

Enzyme activities observed in the presence 
of  various phosphol ipid  substrates are given in 
Table 5. Phosphorylchol ine  reduced the choline 
kinase activity of  both fungi, whereas phos- 
phoe thano lamine  and glycerol  3-phosphate 
were s t imulatory.  Phosphoser ine s t imulated the 

M. gypseum enzyme,  but  was inhibi tory  for  
choline kinase of  E. floccosum. 

DISCUSSION 

Presence of  choline kinase in M. gypseum 
was earlier reported f rom our  laboratory  (13) 
and its activity in the fungus was increased 
when grown with glycerol  as the carbon source 
and when choline o r  e thanolamine  was supple- 
men ted  into the growth medium.  PC con ten t  o f  
M. gypseum (13) and E. floccosum (14)  in- 
creased when it was grown with glycerol  as 
the carbon source. The present  work was under-  
taken to compare  the characteristics of  choline 
kinase f rom 2 de rmatophy tes ,  M. gypseum and 
E. floccosum, in which we have earlier inves- 
t igated phosphat ida te  phosphohydrolase  (11). 

A t t empts  to purify choline kinase f rom the 
de rmatophy tes  were unsuccessful  since the 
enzyme was active for  only a short  per iod (18 
hr) and the activity could not  be stabilized 
even with various stabilizing compounds  viz. 
glycerol ,  chol ine , /~-mercaotoethanol ,  etc.  

Both the yeast  (1) and de rma tophy te  choline 
kinases had an alkaline pH op t imum.  Also, the  
de rma tophy te  enzyme like that  of  yeast  (1), 
higher  plants (2) and mammals  (15) showed an 
absolute requ i rement  for Mg 2§ ion and ATP. 
In the absence of  ei ther,  phosphory la t ion  of  
choline did no t  take place. Rapeseed (2) and 
spinach (4) choline kinases exhib i ted  maximal  
activity when the Mg2+/ATP ratio in the assay 
system was 1 and an increased Mg 2§ concentra-  
t ion inhibited the enzyme activity in these 
systems. Maximal act ivi ty of  E. floccosum was 
obta ined at a Mg2+/ATP ratio of  2; however ,  for 
the M. gypseum enzyme,  this ratio was 1. 

Activity of  the de rma tophy te  enzyme  was 
s t imulated by cysteine or J3-mercaptoethanol, 
similar to the yeast  enzyme (1). The dermato-  
phyte  choline kinase activity appears to require 
endogenous  thiol  groups since iodoaceta te  
inhibi ted its act ivi ty in M. gypseum as well as 
E. floccosum. 

Enzymes  f rom bo th  de rma tophy tes  exhib i ted  
a similar affinity for choline,  but  it was dif- 
ferent  for ATP. With higher  concent ra t ions  of  
ATP, a reduced choline kinase activity was 
observed in these fungi. 

Inhibi t ion of  enzyme activity by ADP 
suggests that  p roduct  inhibi t ion is responsible 
fo r  reduced choline kinase activity at h igher  
ATP concentrat ions.  Choline kinase of fila- 
men tous  fungi was inhibi ted in the presence of  
divalent cations o ther  than Mg 2+, as reported 
earl ier  (16). Effec t  of  phosphol ipid  in terme-  
diates on choline kinase activity of  the derma- 
tophy tes  was investigated (Table 5). This s tudy 
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CHOLINE KINASE OF DERMATOPHYTES 

TABLE 3 

Effect of  Various Nucleotides on Choline Kinase 
Activity of M. gypseum and E. f loccosum 

Specific activity (units) 

Nucleotides M. gypseum E. f loccosum 

ATP (control)  15.90 -+ 0.60 3.12 + 0.30 
ADP: (5 mM) 7.95 ,+ 0.71 2.92 -+ 0.30 

(10mM) 3.18-+ 0.12 2.51 -+ 0.30 
CTP 0.40 +- 0.01 1.46 + 0.10 
UTP 0.47 -+ 0.02 1.07 -+ 0.03 
GTP 1.14 +- 0.04 1.55 +- 0.09 
TTP 0.38 -+ 0.02 1.08 -+ 0.02 
ITP 1.62 ,+ 0.09 1.18 _.2 0.20 

Values are mean -+ SD of  4 independent  deter- 
minations.  Control and ADP assay system contained 
ATP at 10 mM concentrat ion,  whereas assay systems 
of  other nucleotides contained only the nucleotide 
tr iphosphates at 10 mM concentrat ion.  

731 

was  i n i t i a t e d  to  c h e c k  p o s s i b l e  r e g u l a t i o n  o f  
e n z y m e  a c t i v i t y  b y  these  c e l l u l a r  c o m p o n e n t s  
as  o b s e r v e d  e a r l i e r  w i t h  p h o s p h a t i d a t e  p h o s -  
p h a t a s e  o f  t h e s e  p a t h o g e n s  ( 1 1 ) .  C h a n g e  in 

t h e  d e r m a t o p h y t e  e n z y m e  a c t i v i t y ,  p r o d u c e d  
b y  t h e  a d d i t i o n  o f  p h o s p h o l i p i d  i n t e r m e d i a t e s ,  
s u g g e s t s  t h a t  c h o l i n e  k i n a s e  is a r e g u l a t o r y  
e n z y m e  fo r  PC b i o s y n t h e s i s  in d e r m a t o p h y t e s ,  
a l so  i n d i c a t e d  e a r l i e r  f r o m  k i n e t i c  s t u d i e s  o f  

t h i s  e n z y m e  f r o m  ra t  l ive r  ( 1 7 ) .  
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TABLE 4 

Influence of Thiol Reagents and Sulfhydryl Inhibitors 
on M. gypseum and E. f loccosum Choline Kinases 

Thiol reagents and Specific activity (units) 

sulfhydryl  inhibitors M. gypseum E. f loccosum 

Control  4.48 ,+ 0.44 1.89 ,+ 0.26 
Cysteine 5.90 ,+ 0.14 3.72 -+ 0.37 
g-Mercaptoethanol 5.78 +- 0.54 3.56 -+ 0.11 
Iodoacetate  0.85 -+ 0.02 1.64 ,+ 0.02 

Values are mean -+ SD of 4 independent  deter- 
minations. Assay system was the same as given in Ma- 
terials and Methods. In addit ion to usual const i tuents ,  
the sulfhydryl  inhibitors were added in a final con- 
centrat ion of 10 mM. 

TABLE 5 

Effect of Phospholipid Intermediates  on 
Choline Kinases of  M. gypseum and E. f loccosum 

Phospholipid Specific activity (units) 

intermediates M. gypseum E. f loccosum 

None 1.66 -+ 0.17 4.30 -+ 0.22 
Giycerol-3-phosphate 2.77 +- 0.12 5.18 -+ 0.05 
Phosphocholine 0.36 ,+ 0.00 1.94 ,+ 0.10 
Phosphoserine 2.38 -+ 0.13 4.15 • 0.05 
Phosphoethanolamine 2.95 -+ 0.10 4.57 ,+ 0.30 

Values are mean +- SD of 4 independent  deter- 
minations. Assay system was the same as given in Ma- 
terials and Methods, except,  in addit ion to the usual 
ingredients,  the phospholipid intermediates were 
added in a final concentrat ion of 10 raM. 
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METHODS 
Quantitative Determination of Tri-, Di-, Monooleins 
and Free Oleic Acid by the Thin Layer Chromatography- 
Flame Ionization Detector System Using Internal Standards 
and Boric Acid Impregnated Chromarod 1 
TAKAKO TATARA, TOMIKO FUJII, TOKUZO KAWASE and MOTOI MINAGAWA*,  
Department o f  Clothing and Textiles, Faculty o f  the Science o f  Living. Osaka City 
University, 3-3-138 Sugimoto , Sumiy osh i-ku , Osaka, 558, Japan 

ABSTRACT 

The separation conditions for hydrolysates of triglycerides by lipase and their quantitative deter- 
mination are discussed for a thin layer chromatography-flame ionization detector system utilizing 
internal standards. The complete separation of glyceride hydrolysis mixtures (triolein, 1,3-diolein, 
1,2-diolein, 1-monoolein and oleic acid) was achieved on a 3% boric acid-impregnated Chromarod S-II 
by development with benzene/chloroform/acetic acid (70:30:2, v/v/v) (mobile phase A) or hexane/ 
ether/acetic acid (70:30:1, v/v/v) (mobile phase B). Mobile phase B had an advantage over mobile 
phase A in terms of free space to add internal standards for simultaneous quantitation and was em- 
ployed, p-Hydroxybenzoic acid and p-carboethoxy benzyl alcohol, which appeared between 1,2- 
diolein and 1-monoolein, were adopted as the internal standards. The calibration curves relating in- 
ternal standards to each glyceride were all approximated by the equations Y=aX b giving high correla- 
tions. The method was applied to hydrolysis of triolein by pancreatic lipase. 
Lipids 18:732-736, 1983. 

INTRODUCTION 

Human sebum absorbed by worn garments is 
a complex lipid mixture consisting of 25% free 
fatty acid, 32% triglycerides, 12% mono- and 
diglycerides, 13% waxes, 9% hydrocarbons 
(mainly squalene), 3% cholesterol and a small 
amount of phospholipids (1). 

During removal of such lipids by washing 
with an alkaline solution of surfactant, the free 
fatty acids are easily removed from fabrics by 
formation of water-soluble fatty acid soaps. 
Triglycerides are not saponified by the alkaline 
solution and remain on the fabric (2). 

Studies on the application of a lipase, gly- 
cerol ester hydrolase, for removal of lipids have 
been undertaken and have proved that lipase 
promotes the removal of triglycerides (3,4). 
To clarify the mechanism of removal of trigly- 
cerides with the aid of lipase, a complete separ- 
ation and quantitation of each component of 
the hydrolysate of triglycerides during washing 
is essential. 

The hydrolysis of triglycerides by lipase has 
been analyzed by alkaline titration (5), electri- 
cal titration (6) or thin layer chromatography 

1Part of this investigation was reported at the 
annual meeting of JOCS in Tokyo, November 1982. 

*To whom correspondence should be addressed. 
Abbreviations: Triolein, TO; diolein, DO; mono- 

olein, MO; oleic acid, OA, p-hydroxybenzoic acid, 
HB; p-carboethoxy benzyl alcohol, CEB; polyvinyi 
alcohol, PVA. 

(TLC) (7) techniques. The two titration meth- 
ods are effective only for the determination of 
free fatty acids derived by hydrolysis by 
lipase. On the other hand, a precise determina- 
tion of the hydrolysate composition by TLC 
is possible but requires additional spectroscopic 
or gas liquid chromatography (8). 

The application of a TLC-flame ionization 
detector (TLC-FID) method has recently been 
discussed for the quantitative analysis of neutral 
lipids and partial glycerides (9-14). Yoshizuka et 
al. (15) reported that separation and quanti- 
tative determination of each of the complex 
components of lipids are possible by the TLC- 
FID method by two-stage development using 
internal standards. This method, however, 
required some modification in regard to internal 
standards when we used it in our studies. 

In this paper, the analytical conditions and 
the selection of internal standards for the pur- 
pose of separating and simultaneously quanti- 
tating the hydrolysis products of triglycerides 
by lipase with a high level of accuracy using a 
TLC-FID method are discussed. 

EXPERIMENTAL PROCEDURES 

Apparatus and Operating Conditions 

The TLC-FID analyzer used was an Iatroscan 
TH-10 with ChromarodS-II rods (Iatron Lab. 
Inc., Tokyo). Chromatograms were recorded on 
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a Hitachi 056 2-pen recorder (Hitachi Ltd., 
Tokyo)  and integrated by Chromatopack R-1B 
(Shimazu Co., Kyoto).  

Operating conditions were: flow rate of  
hydrogen,  160 ml/min;  flow rate of air, 2000 
ml/min;  scan speed, 40 see/scan; chart-drive 
speed, 120 mm/min;  voltage of detector,  50- 
100 mV; and voltage of recorder, 100-200 
mV. 

Materials 

Oleic acid used for analysis (>99%) was 
obtained from Nippon Oils & Fats Co., Ltd. 
(Tokyo). 1-Monoolein was synthesized almost 
quantitatively as described by Daubert et al. 
(16), and purified (>99%) by several fractional 
recrystallizations from n-hexane. 1,3-Diolein 
was synthesized by monooleoylif icafion of 1- 
monoolein synthesized as above and purified 
(>98%) by column chromatography on silica 
with benzene. Triolein was purchased from the 
Tokyo Kasei Kogyo Co., and purified (>99%) 
by distillation after column chromatography on 
silica with benzene. 

p-Hydroxybenzoic  acid (HB) and p-car- 
boethoxy benzyl alcohol (CEB) were used as 
internal standards. Highly purified HB (mp 
215.0-215.8 C ) w a s  obtained from Ueno Fine 
Chemical Ind. Ltd. (Osaka). CEB was syn- 
thesized by esterification of terephthaldehydic 
acid followed by reduction with sodium boro- 
hydride and distillation (130-132 C, 2 mm Hg). 

To prepare the triolein emulsion, 75 ml of 
2% PVA solution consisting of 1.85% PVA 117 
(saponification value, 98.5% + 0.5 mole %) and 
0.15% PVA 205 (88.0 + 1.5 mole %), both 
obtained from Kuraray Co., Ltd. (Osaka), 
and 25 ml of triolein were twice homogenized 
by Emulation (Teraoka Co., Osaka) at 5-10 C 
for 5 rain each. 

Porcine pancreatic lipase (activity, 2800 u/g) 
was purchased from Sigma Chemical Co. (St. 
Louis, MO). 

Developing solvents were all of special 
grade and commercially available (Wako Pure 
Chemical Ind. Ltd., Osaka), and used without  
any further purification. 

Method 

The rods were cleaned, immersed in nitric 
acid overnight and rinsed with distilled water. 
They were impregnated with 3% boric acid for 
5 min, dried at 110 C for 10 min and activated 
by scanning on the Iatroscan just prior to use. 
Diethyl ether solutions containing glycerides 
(5-20 mg/ml) were spotted at the origin with a 
glass capillary (ca. 1 /al). The rods were deve- 
loped until the front was 10 cm from the origin. 

The rods were then dried at 120 C for 10 min, 
scanned on the Iatroscan, and cleaned for reuse. 

Lipase hydrolysis was performed according 
to Yamada et al. (17). A mixture of 5 ml 
triolein emulsion, 3 ml phosphate buffer (0.1 
M, pH 7.0) and 1 ml distilled water was in- 
cubated at 37 C for 10 min, and hydrolysis 
started by addition of 1 ml lipase solution (2.5 
u). After  1 hr, 20 ml of  ether containing internal 
standards was added to the reaction mixture to 
stop hydrolysis and extract  the products.  The 
extracts were dried over Na2 SO4 and subjected 
to analysis as described above. 

RESULTS AND DISCUSSION 

Developing Solvents 

Complete separation of a mixture of  tri- 
olein, 1,3-diolein, 1,2-diolein, 1-monoolein and 
oleic acid was achieved by benzene/chloroform/ 
acetic acid (70:30:2,  v/v/v) (mobile phase A) or 
hexane/ether/acetic acid (70:30:1,  v/v/v) (mo- 
bile phase B) (Fig. 1 (a) and (b)). Since the inter: 
nal standards should migrate between 1,2-diolein 
and 1-monoolein in order to determine each 
component  quantitatively, mobile phase B has 
an advantage over mobile phase A. 

Internal Standards 

As shown in Figure 2, the retent ion times of  
several acids, alcohols and phenols were exa- 
mined to obtain adequate internal standards. 
p-Hydroxybenzoic  acid (HB) and p-carboethoxy 
benzyl alcohol (CEB) migrated between 1,2- 
diolein and 1-monoolein (Fig. 1 (c) and (d)) 
without  any overlapping. 

Quantitative Determination of Glycerides 

As seen in Tables 1 and 2, only small devia- 
tions caused by differences in rods and spotted 
volumes were found in the peak area ratio of 
glycerides to internal standards. Such results 
were observed at various weight ratios of gly- 
cerides to internal standards. Consequently, the 
method with these internal standards can be 
used to determine glycerides quantitatively 
with good accuracy. 

It has been reported that the relationship 
between the peak area ratio and the weight 
ratios can be approximated as a straight line 
when the weight ratio is smaller than 1.0 
(15). However, when the weight ratio becomes 
larger, such straight line approximations will 
become less accurate. In the early stages of  
lipase hydrolysis of  triglycerides, it is necessary 
to estimate a large amount  of  triglyceride and 
a very small amount of products simultaneously, 
and therefore the straight line approximations 
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FIG. 1. Chromatograms of glyceride mixture on boric acid-impregnated Chromarod S-II. (a) Developed with 
benzene/chroloform/acetic acid (70:30:2, v/v/v) (mobile phase A); (b)-(d) developed with hexane/ether/acetic 
acid (70:30:1, v/v/v) (mobile phase B); (c) and (d) added of  internal standards. 
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FIG. 2. Retention times of glycerides and several 
acids, alcohols and phenols on boric acid-impregnated 
Chromarod S-II developed with hexane/ether/acetic 
acid (70: 30:1, v/v/v) (mobile phase B). 

TABLE 1 

The Peak Area Ratio of  Glycerides to 
Internal Standard, CEB, on Boric 

Acid-Impregnated Chromarod S-II 

Weight ratio 

Peak area ratio 1.00 3.00 

Triolein 1.20 • 0.04 6.13 -+ 0.28 
1,3-Diolein 1.20 • 0.05 6.96 + 0.30 
1-Monoolein 1.37 • 0.04 6.38 • 0.24 
Oleic acid 1.51 • 0.03 6.02 + 0.16 

Average 1.32 • 0.13 6.37 • 0.36 

The figures of mean value and standard deviation 
were obtained from 10 rods. 

TABLE 2 

Effect of  Spotted Volumes on Reproducibility 
of the Peak Area Ratio of TO to Internal 

Standard, CEB, at the Weight Ratio of 1.00 

Spot tedvolume(p l )  Peakarearat io  

0.5 1 .17•  
1.0 1 .20•  
3.0 1 .21•  

The figures of mean value and standard deviation 
were obtained from 10 rods. 
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were insuff icient .  A wide range o f  weight  ratio 
of  glycerides to internal  s tandards  were ex- 
amined (Fig. 3). As expec ted ,  the re la t ionships  
over a wide range canno t  be expressed by 
straight lines but  by curves. The cal ibrat ion 
curves for the 4 glycerides are app rox ima ted  
the  fol lowing equa t ions  with very high correla- 
t ions.  

For  HB, 

Y=0.6311 X ~ (r=0.9600) 

and for  CEB, 

Y = 0 . 8 4 3 5  x ~ (r -0 .9921)  
These equa t ions  are qui te  useful for  analysis 

o f  glycerides in mixture ,  but  each glyceride 
would  be de te rmined  more  accurately by the  
fol lowing equat ions :  

For HB to TO, 
to 1,3-DO, 
to MO, 
and to OA, 
and for CEB to TO, 
to 1,3-DO, 
to MO, 
and to OA, 

Y=0.6090 X ~ (r=0.9983), 
Y=0.5374 X ~ (r=0.9972), 
Y=0.6989 X ~ (r=0.9977), 
Y=0.6403 X ~176 (r=0.9987), 
Y=0.9163 X ~ (r=0.9889), 
Y=0.8625 X ~176 (r=0.9997), 
Y=0.7573 X ~ (r=0.9989), 
Y=0.8214 X ~176 (r=0.9930). 

Application of the TLC-FID System 
Using Internal Standards to Analyze 
the Hydrolysates of Triolein by Lipase 

As an example  of  the appl icat ion of  the 
m e t h o d ,  the hydrolys is  p roduc t s  o f  triolein by 
pancreat ic  lipase were analyzed.  The react ion 
by lipase was pe r fo rmed  as m e n t i o n e d  in the  
exper imenta l  sect ion,  and the p roduc t s  were 
direct ly spo t t ed  on  the rods. It should be n o t e d  
that  the  usual spo t t ing  with accurate volumes 
of  sample is no t  necessary in this m e t h o d .  The 
amoun t  of  residual triolein and reac t ion  pro-  
ducts  and the degree of  hydrolys is  are listed in 
Table 3. According  to the Michaelis-Menten 
law, based on the relat ionship be tween  the 

I n l e tna l  s t a n d a r d  : C E B  

/ ~ o  ~ o ,? o 

r 8 12 ~6 

Peak a , e a  ~at ,o  

FIG. 3. The relationship between the peak area 
ratio and the weight ratio of four glycerides to in- 
ternal standard, CEB, on boric acid-impregnated 
Chromarod S-II. 

concen t r a t ion  of  substrate  and react ion rate,  
m a x i m u m  velocity and Michaelis cons tan t  
were calculated to  be 280 / aM/ I .  min and 4.6%, 
respectively.  

In summary ,  a convenien t  m e t h o d  for  the  
s imul taneous  de te rmina t ion  of  partial gly- 
cerides wi th  good accuracy has been establ ished.  
This m e t h o d  should be very useful in s tudying 
the  compos i t i on  of  glycerides,  and in s tudy ing  
the kinet ics  of  lipase hydrolys is  on trigly- 
cerides. 
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TABLE 3 

Analytical Results of Lipase Hydrolysates of 
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The Effect of Dietary ol-Linolenic Acid in the Rat 
on Fatty Acid Profiles of Immunocompetent Cell Populations 
LISA A. M A R S H A L L  and P A T R I C I A  V. JOHNSTON* ,  Department of Food Science and 
Division of Nutritional Sciences, University of illinois at Urbana-Champaign, 1208 W. 
Pennsylvania Avenue, Urbana, IL 61801 

ABSTRACT 

Analysis of diet-induced fatty acid changes in the major phospholipids of various immune cell 
populations has not been previously documented, particularly modifications induced by dietary cz- 
linolenic acid. Rats Were fed purified diets containing either 10% corn oil (CO), 10% linseed oil (LO) 
or 10% soybean oil-linseed mixture (SL) for 8 weeks. The a-linolenie to linoleic acid ratios of the diets 
were 1:32, 1 : 1 and 3:1, respectively. Fatty acid analysis of cell populations isolated from the spleen, 
thymus, thoracic cavity and peripheral blood phospholipids showed increases in ~o3 fatty acids accom- 
panied by decreases in the to6 fatty acids when diets high in a-linolenic to linoleic acid ratios were 
fed. The extent of change observed was dependent on the magnitude of the a-linolenic to linoleic 
acid ratio. Both magnitude of change and the specific fatty acids altered varied with the cell popula- 
tion examined. 
Lipids 18:737-742, 1983. 

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

The essentiality of a-linolenic acid is cur- 
rently being reevaluated. In the case of a-lino- 
lenic acid, it is believed that one of its essential 
functions lies in its ability to alter the me- 
tabolism of other fatty acids, notably linoleic 
acid, via a preference of the A6 desaturase for 
the 603 series fatty acid. Such a competitive 
inhibition can lead to alterations in the ca- 
pacity of tissues for synthesis of prostaglandins 
(PG) and lipoxygenase products. Recently, we 
have shown with the rat that, the higher the 
level of aqinolenic relative to linoleic acid, the 
more PG synthesizing capacity is reduced (1). 
As would be expected, the higher linolenic acid 
diets lead to lower levels of 606 fatty acids, 
notably arachidonic (20:4w6), and increased 
6o3 fatty acids, notably timnodonic (20:5603). 
Among the tissues studied were those of the 
immune system. We have now selected the 
immune system as a model for illustrating the 
modulating effect of ct-linolenic acid on PG 
synthesis. As a prelude to studies on the func- 
tional activities of immunocompetent  cells, we 
studied the effects of various dietary levels of 
linolenic to linoleic acids on their major phos- 
pholipid fatty acid profiles. 

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

Animals and Diets 

Male weanling Sprague-Dawley rats (Holtz- 
man Co., Madison, WI) (50-60 g) were main- 
tained on one of three purified diets, each 

*To whom correspondence should be addressed. 

adequate in all nutrients, for 8 weeks. The 
diets varied in the type of fat fed, i.e., 10% 
of the diet by weight contained either corn oil 
(CO), soybean-linseed mixture (SL) or linseed 
oil (LO). Diet composition was previously 
reported in full detail by this laboratory (1). 
All animals were individually housed in poly- 
propylene cages with Sanicel R bedding. A 
diurnal light cycle of 12 hr was maintained and 
food and water were available ad libitum. 
Body weights were recorded once a week 
throughout the feeding trial. The SL and 
LO diets were prepared fresh every day and all 
diets and oils were periodically checked for 
deterioration by determination of the peroxide 
number (2). 

Cell Isolation 

At the end of the feeding trial, the rats 
were lightly anesthetized with ether and bled 
by heart puncture. The blood was drawn into 
2 mt of 10 mg/ml heparin-phosphate-buffered 
saline (pH 7.4) solution. The spleen and thymus 
were quickly excised and individually placed in 
10 ml of ice-cold medium RPMI 1640 with L- 
glutamine (Grand Island Biological Company 
(GIBCO), Grand Island, NY) and 25 mM 4(2- 
hydroxyethyl)- 1-pip erazine-ethanesulfonic acid 
(HEPES) buffer (pH 7.4). The cells were ob- 
tained by perfusion of the tissue with RPMI 
1640. The cells were pelleted and washed twice 
by centrifugation at 400 x g for 10 min. Red 
blood cells were removed from the splenocytes 
by resuspending the cell pellet in 0.83% am- 
monium chloride for 10 min at 25 C. After 
centrifugation at 400 x g for 10 mill, both 
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the thymocyte and splenocyte pellets were 
stored under nitrogen at -20 C for lipid analysis. 
Trypan blue exclusion was used to demonstrate 
95-99% cell viability after the isolation proce- 
dures. 

The heparinized blood was added to 3 times 
its volume of RPMI 1640. The blood-RPMI 
mixture was layered over sterile lymphocyte 
separation medium (LSM) (Litton Bionetics, 
Inc., Kensington, MD) which has a density of 
1.077-1.080 and centrifuged at 400 x g for 35 
min. The peripheral lymphocytes at the inter- 
face between plasma-RPMI and LSM were 
removed. The isolated lymphocytes were 
washed in sterile RPMI 1640 medium, by 
successive centrifugations at 400 x g for 10 
min. Assessment by light microscopy showed 
the peripheral lymphocytes to be 97-99% 
pure and > 95% viable as determined by Trypan 
blue exclusion. At this point, the cells were 
pelleted and stored at -20 C under nitrogen for 
lipid analysis. 

Mast cells were isolated as described by 
Sullivan et al. (3). Mast cells were harvested 
and purified using a mast cell medium (MCM) 
containing 150 mM NaCI, 3.7 mM KC1, 3.0 mM 
Na2HPO4, 3.5 mM KH2PO4, 0.9 mM CaC12, 
5.6 mM dextrose, 0.1% bovine serum albumin 
(BSA) (w/v), 0.1% gelatin (w/v) and heparin, 
10 units/ml, pH 6.8. Thirty ml of ice-cold 
MCM was injected into the thoracic cavity of 
anesthetized rats, the area was gently massaged 
and the cell suspension was recovered by  
aspiration with a siliconized pasteur capillary 
pipette. The suspension was centrifuged at 
50 x g for 7 min, the erythrocytes were lysed 
with 0.83% ammonium chloride and the cell 
suspensions from 4 rats were pooled. After 
centrifugation at 50 x g for 7 min, the pooled 
cell pellet was resuspended in 2 ml of MCM and 
layered onto 4 ml of a 38% BSA in MCM 
solution (w/v) in a 50-ml polycarbonate cen- 
trifuge tube. The cells settled for 25 min at 
25 C and then were centrifuged at 450 x g 
for 20 min at 25 C. The MCM layer and the 
cells at the interface were removed by aspira- 
tion. The interface was washed twice with 4 ml 
MCM. Ten vol of MCM were then added to the 
BSA layer and the cells were collected by 
centrifugation at 50 x g for 10 min at 25 C. 
These cells were frozen for lipid analysis. 
Wright's differential staining and toluidine blue 
staining (4) showed the final cell pellet to be 
an essentially pure mast cell population. 

Lipid Analysis 

Lipid analysis of the splenocyte, thymocyte, 
peripheral lymphocyte and mast cell popula- 
tions was carried out as previously described (5). 

After extracting the cell pellet with chloro- 
form/methanol (2:1, v/v), the lipids were 
separated by two-dimensional thin layer chrom- 
atography (TLC) on Silica Gel H (6). The 
choline glycerophosphatide (PC) and ethan- 
olamine glycerophosphatide (PE) fractions were 
collected and their derivatized fatty acids 
analyzed by gas liquid chromatography (GLC). 

Statistical Analysis 

Analysis of variance' for balanced data 
(ANOVA), general linear model analysis for 
unbalanced data (GLM) and Student Newman- 
Keuls' Test (a=0.05) for variability were per- 
formed using Statistical Analysis System (SAS) 
(Cary, NC) computer programs. 

R E SU LTS 

The dietary treatments showed no significant 
effect on rat body weights which were 421 + 8 
g, 422 + 14 g and 402 -+ 11 g (mean + SEM) for 
the CO, SL and LO diets, respectively. 

Fatty Acid Analysis 

The PC and PE fatty acid composition of 
cells isolated from the spleen were significantly 
altered by the higher ratio of ot-linolenic to 
linoleic acid. In the PE fraction (Table 1), 
18:3603 increased from 1.2 +- 0.3% in the CO 
group to 3.5 -+ 0.8% in the LO group. This 
trend was also seen with 20: 5603 which increased 
from nondetectable levels to 6.5 +- 0.3% (p< 
0.005). Docosahexaenoic acid (22:6603)also 
significantly increased, but to a lesser extent 
than the other 603 derivatives. The 606 fatty 
acids were shown to decrease on the SL and LO 
diets. Arachidonic acid significantly decreased 
from 29.6 +- 1.4% in the CO diet to 21.8 +- 0.7% 
(p<0.005) in the LO diet and 22:4606 decreased 
from 8.1 -+ 0.4% to 1.7 -+ 0.3% (p<0.005). The 
same trends were observed in the PC fatty acid 
(Table 1) response to the higher 18:3603 / 18: 2606 
diets. Archidonic acid and 22:4606 both signi- 
ficantly decreased. The 603 derivatives, 20:5603, 
22:5603 and 22:6603 all increased significantly 
when the CO diet was compared to the LO 
diet. 

Due to insufficient sample number, PC 
results for the thymocyte population are not 
reported. The changes in thymocyte PE fatty 
acids observed were similar to those shown by 
the splenocyte PE fatty acid profile (Table 2). 
Arachidonic acid from rats fed the CO diet was 
43 - 2.7% and significantly different (p< 0.0011 ) 
from SL and LO (37.3 -+ 0.5%, 26.6 -+ 0.9%). 
Timnodonic acid (20:5603) increased from non- 
detectable levels in the CO group to 7.2 -+ 1.2% 
in the LO group. 
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T A B L E  2 

E f f e c t  o f  D i f f e r e n t  D i e t a r y  R a t i o s  o f  a - L i n o l e n i c  A c i d  to  L ino le i c  A c i d  
o n  T h y m o c y t e  E t h a n o l a m i n e  P h o s p h o g l y c e r i d e  (PE)  F a t t y  A c i d  C o m p o s i t i o n  

Diet  a C O  ( n = 3 )  SL ( n = 3 )  L O  ( n = 3 )  p V a l u e  c 

F a t t y  ac id  

1 6 : 0  8 .6  • 1.1 b 8 .4  • 0 .7  10 .6  • 1.0 N S  
18 :0  18 .9  • 2 .8  19.8  • 0 .9  17 .8  • 0 .6  NS 
18 :1  t o 9  12.1 • 0 .8  18.5  • 0 .3  16 .4  • 0 .7  0 . 0 0 8  
1 8 : 2  co6  7 .2  • 0 .8  9 .0  • 0 . 9  1 0 . 6  • 1.4 N S  
1 8 : 3 t o 3  N D  d 0 .9  • 0 .5  0 .8  • 0.1 N S  
2 0 : 4  606 4 3 . 4  • 2 .7  37 .3  • 0 .5  2 6 . 6  • 0 .9  0 . 0 0 1  
2 0 : 5  co3 N D  2.1 • 0.1 7 .2  • 1.2 0 . 0 0 1  
2 2 : 4  t o 6  3.9 -+ 0 .4  2 .2  -+ 0 .1  1.7 • 2 .4  0 . 0 0 9  
2 2 : 5  t o 3  0 .4  • 0 .3  1.5 • 0 .2  2 .3  • 2 .9  0 . 0 1 3  
2 2 : 6 t o 3  N D  0 .4  • 0.1 0 .5  • 0 .0  0 . 0 0 1  
O t h e r s  2 .7  2 .0  2 .0  
to6 /co3  e 1 3 4 . 3  10 .3  3 .8  

a c o = 1 0 %  c o r n  oil ,  S L = 1 0 %  s o y b e a n - l i n s e e d  oil  m i x t u r e ,  L O = 1 0 %  l inseed  oil.  
b 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  (SEM).  
Cp Va lues  are a r e su l t  o f  A N O V A ,  N S = n o t  s ign i f i can t .  
d N D = n o t  d e t e c t a b l e .  
e t o 6 / t o 3 = t o t a l  to6 f a t t y  a c i d s / t o t a l  to3 f a t t y  ac ids .  

T A B L E  3 

T h e  E f f e c t  o f  D i f f e r e n t  D i e t a r y  R a t i o s  o f  cz-Linolenic A c i d  to  L i n o l e i c  A c i d  o n  R a t  Mas t  
Cell E t h a n o l a m i n e  P h o s p h o g l y c e r i d e  (PE)  a n d  C h o l i n e  P h o s p h o g l y c e r i d e  (PC) F a t t y  A c i d  C o m p o s i t i o n  

PE PC 
Diet  a C O  (n=5)  L O  (n=$)  p V a l u e  c C O  ( n = 5 )  L O  ( n = 5 )  p V a l u e  

F a t t y  ac id  % o f  t o t a l  

1 6 : 0  9 .9  +- 0 .9  b 10 .7  -+ 0 .6  NS 23 .1  +- 2 .6  15 .8  -+ 1.5 NS 
16:1  t.o7 1.7 • 0 .3  1.7 + 0 .4  NS 5.6  • 0.'7 6 .8  • 0 .6  NS 
1 8 : 0  14 .0  -+ 1.6 14.1 • 1.6 NS 9 .6  + 0 .8  12 .0  • 0 .9  NS 
18:1  t o 9  10 .6  + 0 .5  13 .3  + 0 .8  NS 11.5 + 0 .4  15.5  • 0 .2  0 . 0 0 1  
1 8 : 2  t o 6  12.2  • 1.2 11 .6  + 1.4 NS 16 .4  • 0 .5  17 .4  + 1.1 NS 
1 8 : 3  t o 3  N D  d 2 .3  + 0 .4  0 . 0 1 2  N D  4 . 0  +- 0 .3  0 . 0 0 1  
2 0 : 4  t o 6  31 .8  • 2 .5  20 .2  • 0 .9  0 . 0 1 6  22 .7  + 2 .1  12.1 • 0 .7  0 . 0 0 9  
2 0 : 5  w 3  0 .3  • 0 .2  9 .5  • 1.1 0 . 0 0 2  0.5 • 0 .3  5 .6  • 0 .6  0 . 0 0 3  
2 2 : 4  t~6  10 .2  • 0 .7  2 .3  • 0 .4  0 . 0 0 0  3 .8  • 0 .3  1.5 • 0 .6  0 . 0 1 8  
2 2 : 5  (,o6 2 .5  • 0 .2  0 .4  -+ 0 .3  0 . 0 2 1  0 .8  • 0.1 0 .2  +- 0.1 0 . 0 0 2  
2 2 : 5  6o3 0 .6  + 0 .2  9 .0  • 0 .8  0 . 0 0 4  0 .3  • 0 . 0  4 .5  • 0 .5  0 . 0 0 1  
2 2 : 6 t o 3  1.3 • 0 .3  3 .0  • 0 .4  0 . 0 8 7  0 .5  + 0.1 1.1 • 0 .2  0 . 0 1 1  
O t h e r s  2 .4  3.1 4 .7  3 .0  
t o 6 / t o 3  e 4 5 . 2  1.6 3 3 . 6  2 .1  

a c o =  10% c o r n  oil,  L O  = 10% l inseed  oil. 
b M e a n  • s t a n d a r d  e r r o r  o f  t he  m e a n  (SEM).  
Cp Va lues  are a r e su l t  o f  A N O V A ,  N S = n o t  s ign i f i can t .  
d N D = n o t  d e t e c t a b l e .  
e t o 6 # o 3 = t o t a l  to6 f a t t y  a c i d s / t o t a l  to3 f a t t y  acids .  

T h e  s a m e  c h a n g e s  a r e  n o t e d  i n  r a t  t h o r a c i c  
c a v i t y  m a s t  c e l l  P E  a n d  P C  f a t t y  a c i d  p r o f i l e s  

( T a b l e  3 ) .  T h e  m o s t  n o t a b l e  c h a n g e s  w e r e  

s h o w n  i n  t h e  P E  f r a c t i o n  w h e r e  2 0 : 4 w 6  d e -  

c r e a s e d  f r o m  3 1 . 8  + 2 . 5 %  i n  t h e  C O  g r o u p  t o  

2 0 . 2  + 0 . 9 %  i n  t h e  L O  g r o u p  a n d  2 2 : 4 6 0 6  w a s  

r e d u c e d  t o  2 . 3  + 0 . 4 %  i n  t h e  L O  g r o u p  f r o m  
1 0 . 2  + 0 . 7 %  i n  t h e  C O  g r o u p .  T h e  603  f a t t y  

a c i d s  r e c i p r o c a l l y  i n c r e a s e d ,  a s  s h o w n  b y  t h e  

l a r g e  i n c r e a s e s  i n  2 0 : 5 6 0 3 ,  2 2 : 5 6 0 3  a n d  2 2 : 6 6 0 3  

b Y  m a s t  c e l l s  f r o m  r a t s  f e d  t h e  L O  d i e t .  T h e  

f a t t y  a c i d  c h a n g e s  i n  m a s t  c e l l  P C  w e r e  s i m i l a r  

t o  t h o s e  f o u n d  i n  t h e  P E  f r a c t i o n .  

T h e  p e r i p h e r a l  l y m p h o c y t e s  P E  a n d  P C  

c h a n g e s  a g a i n  r e f l e c t  t h e  m a j o r  c h a n g e s  r e -  

p o r t e d  i n  t h e  o t h e r  c e l l  p o p u l a t i o n s  ( T a b l e  4 ) .  

A r a c h i d o n i c  a c i d ,  i n  t h e  P E  f r a c t i o n  o f  c e l l s  

f r o m  r a t s  f e d  t h e  h i g h  o t - l i n o l e n i c  t o  l i n o l e i c  

L I P I D S ,  V O L .  18, N O .  10 (1983) 
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acid ratio, was significantly (p<0.005) reduced 
to -2/3 t h e  value observed in the CO group. 
The 20:5603 and 22:5603 increased from non- 
detectable levets in the CO group to 8.7 +- 0.8% 
and 4.7 + 0.9% in the LO group. The PC 
fraction of the peripheral lymphocytes was 
characterized by a high 16:0 value equally 
represented in all three diet treatments. The 
fatty acid changes observed in this fraction due 
to high ct-linolenic to linoleic acid intake were 
similar to those found in PE but lower in 
magnitude. 

The 6o6/6o3 ratio of all cell types, in both PE 
and PC fractions, were severely reduced by 
increasing the ~x-linolenic to linoleic acid rato. 

D ISC USSl ON 

Only a few studies have been conducted 
examining the effect of dietary fats on im- 
munocompetent  cell function (7,8). Functional 
changes have been observed, but they are rarely 
accompanied by reports of cellular fatty acid 
compositional changes. Tsang and coworkers 
(9) reported changes in total fatty acids of 
splenocytes from rats fed diets varying in lino- 
leic acid content for up to 28 weeks. The ac- 
cumulation of 6o9 fatty acids such as 18:1w9 
and 20:3609 was observed in splenocytes of 
rats fed a diet devoid of  linoleic acid. Similar 
results were observed in this laboratory (10) 
when isolated peripheral blood lymphocytes PE 
and PC fatty acid profiles Were examined from 
rats fed a 5% hydrogenated coconut oil (HCO) 
diet for ca. 2 months. 

Here we report the fatty acid changes in- 
duced by feeding fats containing high ct- 
linolenic to linoleic acid ratios. After only a 2- 
month  feeding period, the peripheral blood 
lymphocyte,  thymocyte,  splenocyte and thora- 
cic cavity mast cell populations all showed 
altered fatty acid compositions in response 
to dietary lipid manipulation. Essentially the 
~ 3  class of  fatty acids reciprocally replaced the 
606 class o f  fatty acids in both PE and PC lipid 
fractions when higher ratios of 18:3w3 to 
18:2w6 were fed. The magnitude of fatty 
acid change increased as the 18:36o3/18:26o6 
ratio increased. These results are in agreement 
with our earlier findings on whole tissue an- 
alysis of animals fed similar dietary treatments 
(3). 

The various immune cell populations also 
exhibited individual characteristics. The spleno- 
cytes and mast cells from rats fed the LO diet 
accumulated greater percentages of 22:5w3, 
whereas peripheral lymphocytes and thymocytes 

incorporated 20:5603 as the major 603 fatty 
acid. Rat thymocyte 20:4o~6 concentration in 
the CO group was ca. 25% higher than in the 
other immune cell populations. The differences 
most likely reflect the fatty acid profile of the 
dominant cell species making up the respective 
immune cell population. 

Differences in the relative contribution of 
these fatty acids to the component  phospho- 
lipids may lead to variations in the respective 
metabolism of these cell populations. This 
would be relevant in studies manipulating im- 
mune cell prostaglandin (PG) synthesis by 
increasing the relative concentrations of mem- 
brane fatty acids which compete with 20:4606 
for the PG synthetase. Studies examining the 
influence of these fatty acid changes on immune 
activities in which PG play a reglatory role are 
presently being conducted. 
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ABSTRACT 

The fatty acid methyl esters obtained by the esterification of total lipids extracted from 24 species 
of fin fish and 4 species of invertebrates caught in the rivers and coastal waters of southern Australia 
were analyzed by gas chromatography. The lipids of most species contained significant levels of 
arachidonic acid (0.7-15.8%) as well as the more common marine polyunsaturate, eicosapentaenoic 
acid (0.7-15.9%). The major r fatty acid present in most species was 20:4; however, other fatty 
acids of this series, including 18:2, 22:4 and 22:5, were present. The level of total r fatty acids 
ranged from 3.9 to 22.3% of the total lipid. In general, the level of total r polyunsaturates was 
higher than the total co6 fatty acids with levels of to3 fatty acids ranging from 9.6 to 48.2%. Only 2 
fish (barramundi and gurnard perch) had to6/r ratios greater than 1.0. Most of the Australian species 
examined contained low levels of fat (0.5-7.8% of fresh weight). Two species examined, callop (fresh- 
water) and blue groper (marine) contained sufficient quantities of both fat (7.7 and 7.8%) and arach- 
idonic acid (4.8 and 9.3%) to warrant consideration for commercial exploitation. 
Lipids 18:743-752, 1983. 

INTRODUCTION 

The resurgence of interest in the nutritional 
properties of  fish has been based chiefly on the 
fact that fish oils are known to be a rich source 
of 603 fatty acids (1-3). Recent research has 
indicated that these fatty acids, particularly 
eicosapentaenoic acid (20:5603), either inter- 
fere with the production of the thrombotic  
prostaglandin, thromboxane (4-6), or alter- 
natively are readily converted to antithrom- 
botic prostaglandins in vitro (7,8). In viva 
support of this is provided by a number of 
studies which have shown increased bleeding 
times and changes in platelet function in sub- 
jects fed either fish (9-12) or fish-based pro- 
ducts. 

So entrenched is the idea that fish oils are 
rich in 603 fatty acids that the two expressions 
often are used interchangeabty, a fact which 
has caused some concern (13). In part, this is 
a consequence of the fact that northern hemi- 
sphere species such as cod, menhaden, pilchard 
and herring (3,6) and anchovies from the cor- 
responding southern latitudes, all rich in 603 
fatty acids, constitute the world's major supply 
of fish oil and hence research into these oils is 
well supported. Reports of  606 fatty acids in 
fish are available (6,14) but, in general, the 
levels listed are low. The marine and freshwater 
turtles provide almost the only known example 
of 20:4606 and 22:4606 being important in 
depot fats. The phospholipid fatty acids of 
seals and whales also are reported to be rich in 
20:4606 (6). 

In this brief survey of table fish commonly 

eaten in an Australian city, we have obtained 
evidence that most of the fish sampled con- 
tained significant levels of 606 fatty acids and 
a few were a rich source of arachidonic acid. 

MATERIALS AND METHODS 

All fish were obtained at local shops and 
markets in the Adelaide area and identified by 
an officer of the State Department of Fisheries. 
Duplicate samples were taken from fresh fish 
fillets by removing a piece of ca. 5 g, con- 
sisting of  flesh and skin, from the center of the 
fillet. The tissue was cut into small pieces and 
immediately homogenized in 10 ml of chloro- 
form/methanol  (1:2, v/v) according to the 
method of Bligh and Dyer (15) which was 
specifically developed for the extraction of 
lipids from fish. The resulting lipid fraction 
was weighed and a fraction removed for an- 
alysis. 

Lipid samples were converted to their con- 
stituent fatty acid methyl  esters by heating the 
lipids in a solution of  1% H2SO4 in methanol 
ina sealed tube at 70 C for 3 hr under nitrogen. 
The esters were extracted with petroleum spirit 
(bp 40-60 C). Routine analysis of methyl  
esters was performed by gas liquid chromato- 
graphy (GLC) on 1.5 m columns (2 mm id) 
packed with 5% SP2310 on Chromosorb W AW 
(Supelco, Inc., Bellefonte, PA). The chromato- 
graphic conditions were as follows; injection 
port temperature 200 C, flame ionization 
detector temperature 300 C, initial oven tem- 
perature 125 C, rising to 225 C at 4C/min and 
holding for 20 min. The carrier gas used was 
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nitrogen, set at a flow rate of 16-20 ml/min. To 
confirm the identity of peaks and to separate 
22:1 from 20:5603, samples were routinely 
injected onto 1.5 m x 2 mm id columns packed 
with 15% OV275 on Chromosorb P AW-DMCS 
(Supelco, Inc.) under chromatographic condi- 
tions similar to those just described, except 
that the column temperature was maintained 
at 200 C initially, then increased at 2 C/rain 
to 220 C, where it was maintained for 30 min. 

One sample of each fish was also analyzed 
by capillary gas chromatography using a 50 m 
wall-coated open-tubular glass column, 0.5 mm 
id., coated with OV275. Nitrogen was used as 
the carrier gas at a velocity of 20 cm per sec. 
The column temperature was maintained at 
160 C for-4 min initially, rising to  220 C at 
2 C/min, where it was maintained for 40 min. 

Additional separation of fatty acid methyl 
esters was achieved by thin layer chromato- 
graphy (TLC) on plates coated with Silica Gel 
H containing 5% AgNO3 according to methods 
described in detail elsewhere (16). Bands con- 
taining saturates, monoenes, dienes, trienes and 
polyenes were scraped from the TLC plates 
into vials containing 0.5 ml HzO and 2 ml 
diethyl ether. After vigorous shaking, the ether 
layer was removed for direct injection into the 
GLC. Identification of compounds was based 
on the retention times of standards obtained 
from Nu-Chek Prep, Elysian, MN. 

All organic solvents used in this study were 
redistilled reagent grade and contained the 
antioxidant butylated hydroxyanisole at a con- 
centration of 5 mg/1. 

\ 

o o 
,~ d5 

1,1 

SP2310 

u~ 

1 
0V275 

o ~  

o ~ 

R ESU LTS 

Identification of FAME 

Normal separation of fatty acid methyl 
esters (FAME) obtained from fish lipid samples 
is illustrated in Figure 1. The SP2310 liquid 
phase, which proved ideal for FAME derived 
from human milk (16) and membrane lipids 
(17), gave excellent separation of fish FAME, 
with the important exception that 20:5603 
cochromatographed with 22:1 (Fig. la). This 
problem was overcome by chromatographing 
the samples on the more polar phase, OV275, 
which clearly separated these 2 FAME (Fig. lb). 
Chromatography on OV275 also gave con- 
firmatory retention times for the major 606 
fatty acids, 18:2, 20:4, 22:4 and 22:5. 

To obtain further evidence for the identity 
of the major polyunstaurated fatty acids, 
methyl esters were subjected to analysis by 
argentation TLC and the results are illustrated 
in Figure 2. This method confirmed the pre- 
sence of saturates and also monoenes which 

L I l I 

0 10 20  3 0  
MIN 

FIG. 1. Separation of fatty acid methyl esters 
derived from King George whiting lipids on columns 
packed with either 5% SP2310 on Chromosorb W AW 
(upper) or 15% OV275 on Chromosorb P AW-DMCS 
(lower). Note the clear separation of 22:1 and 20:5oJ3 
on the OV275 column. 

were chiefly composed of 16:1 and 18:1 
with only trace amounts of 22:1. The method 
also confirmed that the peaks earlier identified 
as 20:4606, 20:5603, 22:4606, 22:5603 and 
22:6603 all appeared in the polyene fraction 
where they were expected. The peak tentatively 
identified as methyl arachidonate was found in 
the tetraene band and not  in the triene band 
where 20:3603, which cochromatographs with 
20:4606 on some packed columns, was found 
as a trace component. 

Additional proof that the arachidonate 
peak had been correctly identified was supplied 
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FIG. 2. Recordings of fatty acid methyl esters 
analyzed on columns of 5% SP2310 on Chromosorb 
W AW following separation of the esters into classes 
of unsaturation by means of argentation TLC. Per- 
oxide-free diethyl ether was employed (cf. Chen 
et al. (1976) Chem. Phys. Lipids 16, 161-166). 

f rom capillary GLC. Standards injected on a 
50 m co lumn coated with OV 275 demon-  
strated that  good separat ion o f  20:3603 from 
20:4606 (Fig. 3a) was possible in this system. 
Fish lipids analyzed by this me thod  (Fig. 3b) 
showed a major  peak corresponding in reten- 
t ion t ime 20 20:4606 and only trace levels of  
20:3603. 

Fatty Acid Composition of Fish Lipid 

Most of  the fin fish examined  conta ined low 
levels of  fat and only 7 o f  the 29 species con- 
tained more than 2% fat (Table 1). The fat 
contents  of  the freshwater  fish known locally 
as callop (8%), and of  2 local marine varieties, 
blue groper (8%) and jumper  mullet  (5%), 
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FIC. 3. Separation of fatty acid methyl esters 
by capillary GLC. A column 50 M in length and 
coated with OV275 was used to separate either a 
mixture of standards to demonstrate the separation 
of 20:3to3 from 20:4~o6 (A) or a mixture of esters 
obtained from fish lipids (B). 

were relatively high. The species consumed in 
large amounts by the community in "fish and 
ch~s"  include several species high in fat such as 
mulloway (4.4%), imported South African 
hake (6%), turbot (4.5%), blue groper and 
callop. In contrast, the most expensive local 
fish which is much prized for its delicate 
flavor, King George whiting, is very low in 
fat (1%). 

The saturated fatty acids in the lipids of 
Australian fish were found to be qualitatively 
similar regardless of species, with palmitic 
acid averaging ca. 20% of the total fatty acids 
followed by lesser amounts of stearic and 
myristic acids (Table 2). Most species contained 
ca. 30% of their total fatty acids as saturates, 
but jumper mullet (50%) and gurnard perch 
(4%) were important exceptions. 

The monoenoic fatty acid arrays were 
also similar in Australian fish fats (Table 2). 
Generally, 18:1 Was present in the greatest 
concentration followed by 16:1 ; jumper mullet 
was an exception to this rule, however, as the 
order was reversed. Monoenes of the C22 
group were present only in very low concen- 
trations (<2%) in all the species tested, with 

the exception of gurnard perch (8%) and South 
African hake (6%). There was a large variation 
in the proportion of monoenes in the fish 
samples assayed, with values ranDng from 12 to 
68% of the total fatty acids. 

A majority of the fish caught in local waters 
contained significant levels of 6o6 fatty acids 
(Table 2). Arachidonic acid was the major 6o6 
fatty acid in most species (1-11%); its pre- 
cursor, linoleic acid, was also present in de- 
tectable quantities (1-6%), as were the products 
of elongation and desaturation of arachidonic 
acid, namely, 22:4w6 and 22:5606. 

The 603 fatty acids (18:3, 20:5, 22:5, 22:6) 
were present in high concentrations in most of 
the species examined (Table 2). The 6o3 fatty 
acid present in highest concentration generally 
was 22:6, but there were important exceptions 
where 20:5 exceeded 22:6, most notably in 
yellowfin whiting, leather jacket, yeUoweye 
mullet, jumper mullet and turbot. T h e o t h e r  
long-chain member of t h e  603 series, 22:5, 
was present in concentrations ranging from 0.5 
to 4.5%, whereas the precursor of all these 
compounds, linolenic acid, was generally pre- 
sent in amounts ranging from 0.1 to 5.7%. 
Gurnard perch was an exception where 18:3603 
(5.7%) was the major 603 fatty acid. 

Despite high concentrations of 6o6 fatty 
acids present in many of the fish assayed, only 
3 species contained levels of total 606 acids 
equal or greater than the amount of w3 acids. 
Gurnard perch and barramundi both had 
6o6/603 ratios higher than 1.0, but in most of 
the fish caught locally the ratios ranged from 
0.1 to 0.9. Callop and blue groper, 2 species 
shown to be rich in oil, also had 606/603 ratios 
in excess of 0.3. 

DISCUSSION 

The present study emphasizes that lipids of 
a large number of fish caught in Australian 
coastal waters are rich in 6o6 fatty acids, 
unlike lipids of most marine fish of the northern 
hemisphere. Concentrations of 6o6 acids ranging 
from 4 to 22% of the total fatty acids were 
detected in Australian fish (Table 2) and, 
although the major consti tuent was arachidonic 
acid, levels of 18:2606 (0.6-5.9%), 22:4606 (0.3- 
4.4%) and 22:5606 (0.3-3.1%) were also de- 
tected. 

Although fatty acids of the 6o6 type have 
been reported in fish in trace levels on numerous 
occasions (3,6,18), occasional reports have 
appeared indicating high levels of these acids. 
For example, 606/603 fatty acid ratios ranging 
from 0.28 to 0.85 with 20:4606 levels as high 
as 16% of the total lipids have been reported 

LIPIDS, VOL. 18, NO. 11 (1983) 



0~ 

f..) 

d 

z 

t -  

t -  
o 

E 
O 

ARACHIDONATE IN AUSTRALIAN FISH 

�9 ~ ~ ~ 4 ~  

~ . . ~ ' ~  

�9 ~ ~ ',~ 

" ~ . . _  ~ ~ ~ = ~ "  

g 
r " -  ~} 

N ~ ~. 

6__ 6 

0 

0 ~ ~'-- ~ 0 0 0 0 0  0 0 0  

o ~  ~ " -  ~ ' = ' ~  ~ ' ~ ' ~ ' ~ ' ~ ' ~  ' ~ ' ~ ' ~  

~ - o u o o S u u  o o u ~ = ~ E E E E E o E ~ E  

= ~ ' ~ ' ~ ' ~ ' = ' = ' = ' ~ : ' ~ ' = ' =  = ' ~  ~ = ~ ~ ~ ~ ~ ~ ~ 
~ - ~ ~ ~ 0 0 0 0 0 " 0  

I I I l l l  

~ ~ ~  
~ =  ' ~ ' ~  

~ . ~  

~ 0 0 ~  

~.:..~ ~ = ~  

d d d ~ g d  
.~ .~ .~ .~ .~ .~  

O " . -  ~ ,  . .  ~ ; .= . 

�9 - ~ - ~ ~. ,.. >. " ~  .~ . _ = =  = : ~ 
"~ : - = -  '-' E =  = ; . :  E = o ~ - .~.=- 

m r~ ~ r~ ~ 0 ',.b 0 :Z: ...I ~ :~ ~ '  :~ ~ ~ "~ m c~ m c~ c~ -- 0 c~ c~ m c~ c~ 

747 

E 

. o  

E 

Z 
II 

z 

LIPIDS, VOL. 18, NO. II (1983) 



748 R.A. GIBSON 

for North American freshwater fin fish (19), 
and 13% 20:46~6 was reported in the lipids of 
the freshwater roach from Scotland (20). 
More recently, results have been presented 
which indicate that marine organisms common 
to the tropical waters of Northern Australia are 
a rich source of 6o6 acids (21); results obtained 
in the present study confirm these findings 
(Table 2). 

The origin of co6 fatty acids in Australian 
fish is somewhat obscure due to a paucity of 
information on both the local food web and the 
fatty composition of local species at the begin- 
ning of the food chain. High concentrations of 
20:4606 have been reported in 4 species of 
Rhodophyta and two species of Phaeophyta 
marine algae harvested in southern coastal 
waters of Australia (22), while 2 local varieties 
of seagrass are reported to contain 18:26o6 
(23). The fish in this study found to contain 
high levels of co6 fatty acids in their lipids 
include both herbivorous and carniverous 
species (Table 1). 

The role of co6 acids, in general, and ar- 
achidonic acid, in particular, in the metabolism 
of Australian marine and freshwater organisms 
is difficult to ascertain. Certainly the mean 
temperature of coastal waters is never lower 
than 12 C and fats with a high level of un- 
saturation would not be necessary for cold 
water survival. Although specific or subspecies 
differences may complicate the issue, the 3 
samples of squid tested in this study seem to 
indicate a trend in the level of co6 acids; the 
6o6 concentration is lowest in the local squid 
caught in temperate waters and highest in the 
Malaysian squid caught in tropical waters, with 
the semitropical Queensland squid containing 
intermediate levels. Whether this trend relates 
to decreased oxygen availability, due to its 
lower solubility in warmer water, or whether 
other mechanisms are involved (24), is debat- 
able. There is no correlation between the ratio 
of 6o6 to ~o3 fatty acids and the calculated 
unsaturation index, and furthermore there 
appears to be no constant inverse relationship 
between the concentration of co6 and ~03 fatty 
acids as occurs in animal membrane phospho- 
lipids (25). 

Many of the fish tested in this study would 
appear to be excellent sources of dietary 
arachidonic acid (Table 2). Indeed, it has been 
recently shown that plasma arachidonic acid 
levels increased markedly in a group of Austra- 
lian aboriginals who consumed a diet rich in 
seafood from northern Australian waters for a 
period of 2 weeks (21). A number of clinical 
conditions have been associated with low 
levels of arachidonic acid and dietary supple- 

mentation using evening primrose oil, contain- 
ing 7% 18:3co6, has been proposed as a remedy 
(26,27). Two of the fish sampled, callop and 
blue groper, contained both a high proportion 
of fat and sufficiently high levels of arachidonic 
acid to warrant consideration as a commercial 
source of 20:4606 (Tables 1,2). 

Many of the other fatty acid groups detected 
in Australian fish require comment. Saturated 
fatty acids ranged in concentration from 4 to 
50% of total fatty acids but more commonly 
constituted ca. 30% of the fatty acids (Table 
2). The saturated fatty acid found in highest 
concentration was palmitic acid with smaller 
amounts of stearic acid and some myristic 
acid. These figures are consistent with levels 
found in fish lipids by other workers (3,14, 
18-20). 

The monoenes are of special interest since 
they constitute a large proportion of the total 
fatty acids of fish from the northern hemi- 
sphere (3,18-20). The monoenes of Australian 
fish ranged from 13 to 68% of the total fatty 
acids but only 4 species contained levels in 
excess of 40% (Table 2). The major fatty acid 
of this class was found to be 18:1 followed by 
16:1 (Table 2). Only trace levels of 22:1 were 
detected in all of the fish caught in local waters. 
Marine algae from Australian coastal waters 
are reportedly low in 22:1 (22). However, 
the imported species gurnard perch and South 
African hake contained 22:1 levels of 8 and 6%, 
respectively. No attempt was made in this 
study to identify the position of the double 
bond in 22:1, although the coil  isomer is 
reported as the major 22:1 isomer of fish oils 
(28). 

The ~o3 fatty acids, normally associated 
with oils of marine origin, were found to be 
major contributors to the total polyunsaturated 
fatty acids (PUFA) of most of the species 
examined and only gurnard perch contained 
less than 10% co3 PUFA. The precursor of the 
3-series prostanoids, 20:5w3, was present in 
the oils of local species in levels ranging from 
3 to 16% which is in the same range as that 
reported from commercial species from the 
northern hemisphere (3). Although 22:6w3 
was present in all the species sampled, the 
levels varied considerably (3-37%). 

Fish oils have been proposed as antithrom- 
botic dietary supplements (4-6,13). The ra- 
tionale is that oils rich in 20:5603 would pro- 
vide substrate for the production of platelet 
antiaggregatory factors such as TXA3 and PGI3, 
but concern has been expressed over the wisdom 
and efficacy of such proposals (29,30). While the 
3-series prostanoids may be antithrombotic, 
there is no doubt that the 2-series prostag- 
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landins ,  derived f ro m 20:4606,  also have  a di- 
verse and  essent ia l  role to  p lay  in the  processes  
o f  t h e  b o d y  (6 ,31) .  The  use  o f  d ie ta ry  supple-  
m e n t s  r ich in b o t h  20:5603 and  20:4606, such  
as the  oils o f  f ish d i scussed  here in ,  m a y  provide  
a m o r e  ba lanced  app roach .  

Lipids  of  f ish o b t a i n e d  f r o m  t ropica l  wate rs  
are also r ich  in 606 f a t t y  acids (21).  We have 
r ecen t ly  ana lyzed  a n u m b e r  of  fish ob t a ined  
f r o m  Malaysia  ( resul ts  n o t  p re sen ted ) ,  i nc lud ing  
b o t h  inver tebra tes  and  f in f ish,  wi th  s imilar  
resul ts .  Since,  for  a large p r o p o r t i o n  o f  As ian  
people ,  f ish p r o d u c t s  are a ma jo r  source  o f  
p ro te in ,  a s t u d y  o n  t he  e f fec t  o f  s u c h  a diet  
on  t h e  inc idence  o f  c o r o n a r y  t h r o m b o s i s  and  
re la ted  b iochemica l  events  s eems  jus t i f ied .  
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ABSTRACT 

The influence of estradiol on deposition of cholesterol in tissues of ovariectomized rats on normal 
and high lipid diets was studied. Concomitantly the influence of a contraceptive steroid combination 
was studied in a similar manner in intact rats. It was found that the high lipid diet resulted in increased 
deposition of cholesterol in aorta, heart, liver and kidney. The presence of either endogenous or 
exogenous hormones accentuated the deposition of cholesterol in the kidney and resulted in signifi- 
cantly higher systolic blood pressures in these rats. In the rats on a high lipid diet, the concentration of 
cholesterol in the kidney correlated positively with systolic blood pressure. It is concluded that estro- 
gen and high lipid diet exert a synergistic effect on deposition of cholesterol in kidney. The positive 
correlation between kidney cholesterol concentration and systolic blood pressure suggests a po.~sible 
role for kidney lipid deposition in the hypertensive effect of estrogens. 
Lipids 18:753-759, 1983. 

The hyperlipidemic effects of female sex 
steroids have been studied at length by various 
investigators. Estrogen was once thought to be 
hypocholesterolemic (1,2) but studies in recent 
years have demonstrated the hypercholester- 
olemic effect of estrogen and contraceptive 
steroid combinations in humans (3-7) and avian 
species (8). In rats, estrogen has a bimodal 
effect (9,10), high doses depressing plasma 
cholesterol and lower doses given over a pro- 
longed period of time elevating plasma choles- 
terol. Contraceptive steroid administration to 
rats, in various dosages, may not elevate or may 
even depress plasma cholesterol (10-12). The 
effect of these steroids on concomitant tissue 
deposition of cholesterol, on the other hand, 
has not been studied to any extent. Since 
women before menopause have lower incidence 
of atherosclerotic heart disease than men of the 
same age, estrogen has been thought to be pro- 
tective, but the mechanism is not known. In 
this regard, the effect of estradiol on deposition 
of cholesterol in vascular tissue would be rele- 
vant information to obtain. 

We recently reported the development of a 
diet which would produce hypercholester- 
olemia in rats without the use of antithyroid 
drugs (12). We were thus able to avoid the 
inanition and depressed metabolism associated 
with these drugs, maintaining the rats on this 
diet for 20 weeks without loss of appetite or 
weight. We treated these rats with sex steroids 
and reported a synergistic increase in plasma 
cholesterol produced by the combination of 

*To whom correspondence should be addressed. 
Deceased. 

diet and hormones (12). 
We are now reporting the effect of this diet 

and hormone treatment on deposition of cho- 
lesterol in cardiovascular tissue, liver and kid- 
ney, with particular reference to the kidney, 
which in a number of cases showed pathological 
changes and in which increased deposition of 
cholesterol was associated with increased 
systolic blood pressure. 

EXPERIMENTAL PROCEDURES 

Female rats aged 3 months, half of them 
ovariectomized, were obtained from Charles 
River Breeding Laboratories, Wilmington, MA, 
(CrI:CD-SD-BR strain) divided into 4 groups 
and treated as described below. The experimen- 
tal design essentially consisted o f -2  separate 
studies, the first involving the ovariectomized 
rats and the second the intact rats. 

Ovariectomized. Group I: cottonseed oil, 0.1 
ml weekly; group II: estradiol, 10 /~g weekly 
(depoestradiol cypionate, Upjohn Co., Kalama- 
zoo, MI). 

Intact. Group III: cottonseed oil, 0.1 ml 
weekly; group IV: mestranol, 5 /ag-norethy- 
nodrel, 250 //g weekly (kindly supplied by T. 
Martinez, Searle Laboratories). 

All injections were administered in 0.1 ml 
volume, with cottonseed oil as the vehicle for 
all groups. The groups were further subdivided 
into 2 groups each, one subgroup in each case 
being maintained on Purina laboratory rat chow 
and the other subgroup in each case on Purina 
laboratory rat chow to which cholesterol (4%), 
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coconut oil (4%) and cholic acid (1%) were 
added, the latter subgroups being designated 
groups IA, IIA, IliA, and IVA. 

The groups were chosen to represent clini- 
cally relevant situations: (a) ovariectomized 
women with and without estrogen replacement 
therapy, and (b) women with intact ovaries 
with and without contraceptive steroid admini- 
stration. 

The rats were maintained on this regimen for 
20 weeks, at the end of  which time the rats 
were killed by cervical dislocation after an over- 
night fast. 

Systolic blood pressure was measured by 
means of the tail cuff method (Narco Biosys- 
tems), as previously described (13). Measure- 
ments were taken on each rat repeatedly until 
2-3 good records were obtained, free of arti- 
facts from movement. These 2-3 values were 
then averaged to get the individual blood pres- 
sure value for each rat. Rats which had been 
ovariectomized one week before we obtained 
them already showed lower blood pressure than 
intact rats. We concluded that we could not use 
these pressures in the ovariectomized animals as 
control pressures. However, since all rats, both 
intact and ovariectomized, were from the same 
supplier pool, the intact untreated rats were 
taken as a control pool from which to judge 
baseline blood pressure. Blood pressures were 
again measured on all rats at the end of the 20- 
week period. 

Aortic Cholesterol Deposition 

Aortas were carefully dissected from the 
level of the aortic valves to the bifurcation into 
iliac arteries, trimmed of loose adventitia, dried 
and stored. Dried specimens were subsequently 
ground with a mortar and pestle; cholesterol 
was extracted by the method of Folch et al. 
(14). Total cholesterol and percentage esters 
were determined by the method of Sperry and 
Webb (15). 

Organ Cholesterol Deposition 

Whole kidney, heart and liver specimens 
were dried, ground in a mortar, extracted, and 
cholesterol concentrations determined on a 
weighed aliquot, as above. 

Histological Studies 

Kidney slices were removed immediately 
after death and fixed in 10% buffered formalin. 
Sections were embedded in paraffin, cut at 4-5 
micron intervals and stained with hematoxylin 
and eosin (H&E). Selected sections were stained 
with periodic acid schiff (PAS) and counter- 
stained with Alcian blue, and Van Giesen stain. 

Stained sections were examined and photo- 
graphed using a Zeiss Ultra Phot II equipped 
with a camera. 

The Student's t-test was used to compare 
means between groups in each of the 2 studies. 
Linear regression analysis was used to compute 
correlation coefficients between systolic blood 
pressure and tissue cholesterol deposition. 

R ESU LTS 

There were no lesions in the aortas of rats 
after 20 weeks on the high cholesterol diet. 
Concentrations of total cholesterol in the 
aortas of  these rats are shown in Table 1, along 
with significance of differences between groups. 
The feeding of the high lipid diet increased the 
concentration of cholesterol in aorta, although 
in the intact oil treated animals the difference 
was not significant, probably due to the un- 
usually large standard error in the group on a 
high lipid diet. The percentage of cholesterol 
esters in the tissue was slightly increased in 
most cases by the high lipid diet (not shown) 
but the change was significant in only 2 groups, 
increasing from 8.1 + 2.8 to 14.6 +- 2.5% (P < 
0.05) of total cholesterol in group II-IIA and 
from 6.1 + 2.3 to 15.7 + 3.1% (P < 0.025) in 
group III-IIIA. Ovariectomized rats given 
estradiol, when compared to ovariectomized 
rats given oil, demonstrated increased aortic 
lipid deposition on a normal diet (P < 0.025) 
but not on the high lipid diet. 

Concentrations of cholesterol in the heart 
are also shown in Table 1. The high lipid diet 
resulted in significant increase in tissue concen- 
tration of cholesterol in all groups of animals 
(P < 0.01 to 0.0005). There was no significant 
increase in percentage esters (not shown). 

Consistent with the expected finding of 
markedly increased cholesterol concentration in 
the liver of lipid-fed animals (Table 1), the 
livers were grossly enlarged and yellowish in 
color. In the liver, the percentage of cholesteryl 
esters was dramatically increased in all groups 
on the high lipid diet from means of less than 
20% of the total cholesterol on the normal diet 
to greater than 90% on the high lipid diet (P < 
0.005 to 0.0005). 

Concentrations of total cholesterol in kidney 
are shown in Table 1. At the time of sacrifice, 
the kidneys of many of the rats on the high 
cholesterol diet were enlarged and yellowish in 
color as compared to kidneys of  rats on the 
normal diet. This was particularly marked in 
the estradiol-treated rats. The presence of 
exogenous or endogenous hormones accentu- 
ated the deposition of cholesterol in the kidney 
of rats on a normal diet. Likewise, the rats on 
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T A B L E  1 

C o n c e n t r a t i o n  o f  Choles tero l  in Tissue (rag/g)  

755 

O v a r i e c t o m i z e d  rats  In tac t  rats  

Mestranol-  
Tissue Diet Cont ro l  (oil) Estradiol  Cont ro l  (oil) n o r e t h y n o d r e l  

Aor t a  S tanda rd  3.59-+ 0 .14a,  b 4.05-+ 0 .14  a,c 3.93 + 0 . 1 4  3.88+- 0 .14  d 
N = 8-12 High lipid 4.79+- 0.31 b 5.10-+ 0 .30  c 5.02 -+0.62 4.99-+ 0.17 d 

Hear t  e S tanda rd  4.61 -+ 0 .07  4.80-+ 0.09 4 .77  -+ 0 .10  4 . 6 6 -  + 0.07 
N = 6  High l ip id  5 . 3 9 -  + 0.08 5.61-+ 0.06 5.38 -+0.09 5 . 6 4 -  + 0.32 

Liver f S tanda rd  6.0 -+ 0.4 7.0 -+ 0.3 6.9 + 0.6 7.1 -+ 0.2 
N = 4  H i gh l i p id  135.6 -+ 19.3 146.1 -+ 18.4 129.7 -+25.2 167.4 -+ 38.5 

Kidney  S tandard  15.3 +_ 0.3g,h,  i 16.9 -+ 0.sg,J 16.4 -+ 0.2 h 16.2 -+ 0 3 i k 
N = 5 - 7  High l ip id  16.0 -+ 0.41, m 20.5 -+ 1.1J, I 18.1 -+ 1.1 18.4 -+ 0 4  k m  

Systolic b lood 
pressure S tanda rd  117 -+ 2 130 -+ 3 n 135 +4  n 132 -+ 4 n 
N = 5 - 7  High l ip id  120 -+ 3 144 _+ 9 n 143 + 4  n 141 -+ 5 n 

Superscr ip ts  wi th in  table d e n o t e  pairs o f  values  being c o m p a r e d .  

ap  < 0 .025.  
bp  < 0 .005.  

cp < 0.005.  

d p  < 0 .0005.  
eln all groups,  the  high lipid diet  resul ted in signif icant  (P < 0.01 or be t t e r )  increase in c o n c e n t r a t i o n  o f  cho- 

lesterol  over  t ha t  o f  ra ts  on s tandard  diet. 
f in all groups,  the  high lipid diet  resul ted in s ignif icant  (P < 0 .005 or  be t t e r )  increase in c o n c e n t r a t i o n  o f  

choles terol  over  tha t  o f  rats  on s tandard  diet. 

gP < 0 .025.  
hp  < 0.01. 

ip < 0.05. 

JP < 0.01. 

kp  < 0 .0005 .  

Ip < 0 .005.  

m p  < 0 .005.  
nSignif icant ly  higher  (P < 0.05 or be t t e r )  than  the mean  b lood pressure (123 + 2 ) o f  the pool  o f  in tact  rats  

be fo re  diet or t r e a t m e n t  was ins t i tu ted .  

high lipid diet, with one exception, had signifi- 
cantly more cholesterol deposition when hor- 
mones were present. The percentage esters was 
slightly increased in the lipid-fed rats. 

Histopathological Changes in the Kidney 

Some glomeruli were enlarged, devoid of 
blood cells and had capillaries with very narrow 
lumen. Kidney sections stained with Alcian 
blue and PAS revealed deposition of PAS posi- 
tive homogeneous material on the capillary 
wall, presumably in the basement membrane. 
The Bowman's capsules of some glomeruli were 
filled with proteinaceous material (Fig. 1). 

The kidney also showed diffuse tubular 
degeneration. The epithelial cells of the renal 
tubules, particularly the convoluted tubules, 
showed swelling and deposition of oil red 0 
positive lipid droplets in their cytoplasm. In 
some cases, the tubules showed severe necrosis 
(Fig. 2). Several urinal tubules were dilated and 

filled with hyalin casts (Fig. 3). The intersti- 
tium showed mild infiltration of mononuclear 
cells and atrophy of the tubules in some areas. 

The renal arteries appeared normal, except 
that in some arteries there was an increase in 
the elastic fibers in the media. 

Systolic Blood Pressure 

At the beginning of the experimental period 
when the rats were 90 days old and no treat- 
ment or special diet had yet been started, the 
intact rats had a mean systolic blood pressure 
of 123 +- 2. These rats entered groups iII-IIIA 
and IV-IVA. This mean was calculated for the 
23 rats in this pool in which renal cholesterol 
was measured. No initial pressures were taken 
on the animals in groups I-IIA and II-IIA, the 
ovariectomized rats. After 20 weeks, the rats in 
groups lI, IIA, IlI, ILIA, IV and IVA had signifi- 
cantly higher blood pressures than the intact 
rats at the beginning of the period (P < 0.05 or 
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FIG. 1. Photomicrograph (16• of  kidney from rat from group IIA. Bowman's  capsule is filled with PAS 
positive homogeneous material. 

FIG. 2. Photomicrograph (16• of  kidney from rat from group IIA (estradiol-treated ovariectomized rat on 
high lipid diet). Groups of  convoluted tubules revealed severe necrosis of  the lining epithelial ceils. The necrotic 
tubules are found adjacent to normal tubules. Alcian blue-PAS stain. 

LIPIDS, VOL. 18, NO. 11 (1983) 
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FIG. 3. Photomicrograph of kidney from rat from group IIA. A large number of tubules are dilated and 
filled with proteinaeeous material. 

better), whereas groups I and IA, which had no 
endogenous or exogenous hormone, did not  
have increased blood pressure (Table 1). It was 
noted that in many cases the rats which had 
abnormal-appearing kidneys and high concen- 
trations of cholesterol in their kidneys had rela- 
tively high blood pressure. The mean systolic 
blood pressure of all of the groups are pre- 
sented in Table 1 and Figure 4, in which the 
mean pressures are plotted against mean kidney 
cholesterol concentrations of the groups. A 
linear regression analysis revealed a significant 
positive correlation (r = 0.842, P < 0.01) be- 
tween systolic blood pressure and kidney cho- 
lesterol concentration. A weaker correlation 
between cholesterol concentration and blood 
pressure was observed if all animals on the high 
lipid diet were considered without averaging the 
groups. The blood pressures in the rats of group 
IIA exhibited wider scatter (higher standard 
error, Table 1). However, if this group was 
omitted from the calculation of correlation 
coefficient, an even higher correlation coeffi- 
cient was obtained (r = 0.888). There was no 
significant correlation between systolic blood 
pressure and any of the other tissue concentra- 
tions of cholesterol, the kidney thus being 
unique in this respect. 

DISCUSSION 

These studies indicate that estradiol admini- 
stration accentuated deposition of cholesterol 
in the kidney. In this respect, the results were 
similar to those for plasma cholesterol (12) 
where a synergistic effect was seen between diet 
and estradiol in raising plasma levels of choles- 
terol. Marked cholesterol deposition in the 
kidney was accompanied by gross and micro- 
scopic pathological changes. 

It would appear that undue deposition of 
cholesterol in the kidney leads to pathological 
changes which could possibly affect kidney 
function. The correlation of systolic blood 
pressure with concentration of cholesterol in 
the kidney but  not  in the other tissues would 
suggest that the pathological changes induced 
by the cholesterol might be contributing to the 
elevated blood pressure. However, blood pres- 
sure was increased in the hormone-treated rats 
on a normal diet, although not as much as in 
those on the high lipid diet. Such correlations 
cannot be conclusive of cause and effect, but  
they suggest the need for further studies as to 
the role of the kidney and diet in the hyper- 
tensive effects of hormones. It is possible that 
estrogen exerts its hypertensive effect through a 
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FIG. 4. Mean values of systolic blood pressure of rats in each group are plotted against 
mean concentrations of cholesterol in kidneys of the same rats. N = 5-7 for each group. 

kidney mechanism regardless of cholesterol, but 
that the mechanism is enhanced by large 
amounts of cholesterol, whether through a bio- 
chemical effect or anatomical damage. Activity 
of  certain enzymes in the kidney has been 
shown to be changed by estradiol (16). There 
may be multiple mechanisms. For example, it 
has been shown that renin substrate is increased 
by estrogen (17). Most of  the studies in which 
the hypertensive effect of estrogens and contra- 
ceptive steriods in humans has been docu- 
mented have not  contained data on cholesterol 
content of diet. 

Although conclusions as to the human situa- 
tion cannot be drawn from these rat studies, 
there are several counterparts which suggest 
that the pursuit of further studies might be 
warranted. (a) Estrogen receptors have been 
found in human kidneys (18,19) as well as in 
the rat (20,21). (b) Many American diets are 
high in cholesterol. (c) Obesity in humans has 
long been associated with increased incidence 
of hypertension. 

These studies indicate that estrogen does not 
protect against the deposition of cholesterol in 
normal vascular and cardiac tissue in the rat. It 
should be emphasized that there were no 
lesions in aortas or heart. We have shown pre- 
viously that mestranol-norethynodrel admini- 
stration to rabbits on an atherogenic diet re- 
tards t h e  development of atherosclerotic 
plaques and concomitant  deposition of choles- 
terol (22). In those studies, the steroid com- 
bination inhibited collagen synthesis in the 
atherosclerotic vessels, a mechanism which 

might protect against atherosclerosis. Since the 
rat is resistant to atherosclerosis, we were able 
in the current study to determine the effect of  
long-term cholesterol feeding without the devel- 
opment of lesions. Thus, the effect of estrogen 
on aortas without atherosclerotic lesions could 
be determined. In this case, estrogen did not  
protect against cholesterol deposition, although 
estrogen-treated rats had presumably higher 
concentrations of cholesterol in plasma than 
did the other rats (12). 

In summary, the results of this study indi- 
cate a synergistic effect of  high cholesterol diet 
and estradiol on cholesterol deposition in the 
kidney and raise the question as to whether this 
increased deposition may be related to an ele- 
vated systolic blood pressure. Further studies 
correlating renal changes to elevated systolic 
blood pressure will be required. 
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Acyl Group Distributions in Tissue Lipids of Rats Fed 
Evening Primrose Oil (q ( -Linolenic Plus Linoleic Acid) 
or Soybean Oil ( (x-Linolenic Plus Linoleic Acid) 

C.-E. H O Y * ,  G. H O L M E R ,  N. K A U R  ~ , I. B Y R J A L S E N  = and D. K I R S T E I N  a. Department of Biochemistry 
and Nutrition, Technical University of Denmark, Building 224, DK-2800 Lyngby, Denmark 

A B S T R A C T  

Three groups of rats were fed diets with either 10 weight percent (wt%) of evening primrose oil, 
safflower oil or soybean oil for 11 weeks. Diets contained 7.1 wt% linoleic acid + 0.8 wt% "y-linolenic 
acid, 7.6 wt% linoleic acid, or 5.3 wt% linoleic acid + 0.7 wt% a-linolenic acid, respectively. In liver 
mitochondria as well as in heart, dietary ~-linolenic acid did not affect the fatty acid profiles of 
phosphatidylcholines (PC), phosphatidylethanolamines (PE) or cardiolipins (CL), whereas dietary 
a-linolenic acid caused an increased formation of (n-3) polyunsaturated fatty acids (PUFA). The liver 
Zx6- and A5-desaturase activities determined in vitro were not affected by the dietary fats. In brain PE, 
which are rich in C22- and C20-(n-3) PUFA, as well as in testes PC and PE, which are rich in (n-6) 
PUFA, no effects were found from a partial replacement of dietary linoleic acid with ~,-linolenic acid 
or a-linolenic acid. In kidney PC, PE, phosphatidylinositol (Pi) and CL, 20:3(n-6) was moderately 
elevated to ca. 1% following intake of "r-linolenic acid, whereas partial replacement of linoleic acid 
with a-linolenic acid was followed by increased deposition of 22:6(n-3) in PC and PE of testes and 
kidney. Thus, no general effect of evening primrose oil on the content of (n-6) PUFA in rat tissue 
phospholipids was observed, whereas a significant incorporation of ~,-linolenic acid into liver and 
adipose tissue triglycerides was found. 
Lipids 18:760-771, 1983. 

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

The rate-l imiting step in the conversion of  
dietary l inoleic acid into arachidonic acid is the 
format ion  of  7-1inolenic acid, cis-6,cis-9,cis-12- 
18:3, by A6-desaturat ion of  l inoleic acid (1,2). 
Previously, it has been a t t empted  to increase 
the format ion  of  long-chain polyunsatura ted  
fat ty  acids of  the (n-6)-series by adminis t ra t ion 
of  7-1inolenic acid or di-homo-T-linolenic acid, 
cis-8,cis-11,cis-14-20:3, in order  to bypass the 
A6-desaturat ion.  Hassam and Crawford (3) 
found that  in the rat, maternal  dietary 3,-linole- 
nic acid increased the levels of  18:3(n-6) and 
20:3(n-6)  in the s tomach contents  as well as in 
the liver triglycerides and the total phospho-  
lipids of the sucklings pups. In the s tomach 
contents  of  the pups, the level of  18:3(n-6),  
however,  was only 0.48% of the total  fat ty 
acids. Hassam et al. (2,4) also showed,  using 
suckling rats given a single oral dose of  radio- 
labeled 18:3(n-6) or 20:3(n-6)  together  with 
18:2(n-6),  that  18:3(n-6) and 20:3(n-6)  were 
incorpora ted  into liver and brain phospholipids 

*To whom correspondence should be addressed. 
~Present address: Department of Biochemistry, 

Punjab Agricultural University, Ludhiana 141 004, 
India. 

= Present address: Central Hospital, DK-4300 
Holbaek, Denmark. 

a Present address: Nordisk Gentofte, Inc., DK-2820 
Gentofte, Denmark. 

and conver ted into 20:4(n-6)  to a higher ex ten t  
than was 18:2(n-6). They demonst ra ted  that  a 
part of the administered radioact ivi ty was re- 
tained as 20:3(n-6) in liver and brain. In nei ther  
of  these papers, based on exper iments  with rats 
fed semisynthet ic  diets, were data presented on 
the fat ty acid composi t ion  of  the individual 
phospholipid classes of  the tissues investigated. 

The effect  of  y-l inolenic acid on renal lipids 
has not  been investigated, but  Danon et al. (5) 
have demonst ra ted  that  dietary 20:3(n-6)  in- 
creases the con ten t  of  20:3(n-6)  in rat renal 
phospholipids.  Danon et al. repor ted  a level of  
3-4% 20:3(n-6) in the total  phospholipids of  rat 
renal medulla  and cor tex fol lowing administra- 
t ion of 300 mg ethyl  di-homo-7-1inolenate a 
day for 23 days to adult rats, but  the composi-  
t ion of  heart,  brain or  testes lipids was not  in- 
vestigated. Knapp et al. (6) demonst ra ted  an 
au~Tnented renal format ion  of  PGE1 in the 
rabbit  fol lowing dietary intake of  20:3(n-6).  

The effect  of  feeding 0-2 cal% ~'-linolenic 
acid for 7 days to essential fat ty acid (EFA)-  
deficient  rats has been studied (7). No deposi- 
t ion of  18:3(n-6) was found,  but  up to 3.7% 
20:3(n-6)  was de tec ted  in total  liver phospho-  
lipids. 

This paper describes an exper iment  in which 
rats were fed vegetable oils containing 18:3 
(n-6) + 18:2(n-6),  18:2(n-6), or 18:2(n-6) + 
18:3(n-3), respectively, for 11 weeks. The 
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effects of the dietary regimen on the fatty acid 
composition of various phospholipds from liver, 
heart, brain, testes and kidney, and of triglycer- 
ides from liver, kidney and adipose tissue as 
well as the in vitro activity of liver microsomal 
A6- and A5-desaturases are reported. 

EXPERIMENTAL PROCEDURES 

Animal Experiments 

Twenty-four weanling male Wistar rats (spe- 
cific pathogen-free; Mr Avlslaborator- 
ium Aps., LI. Skensved, Denmark) were divided 
into 3 groups; each group contained 8 rats with 
similar average weight. The rats received a diet 
of the following composition (wt%): casein 
(Holstebro Maelkekondenseringsfabrik, a.m.b.a., 
Holstebro, Denmark), 20%; sucrose, 64%; vita- 
min mixture, 0.5%; salt mixture (including 
trace elements), 5.0%; choline chloride, 0.5%; 
and fat, 10%. The compositions of the vitamin 
mixture and the salt mixture were as previously 
described (8). The dietary fats were seed oils 
from evening primrose (EPO), Oenothera 
biennis ("Naudicelle," Bio Off International Ltd., 
Surrey, England); safflower (SAF) (Nutana, 
Fuglebaek, Denmark); and soybean (SOY) 
("Manchurex," Aarhus Oliefabrik A/S, Aarhus, 
Denmark). The dietary fatty acids were shown 
by thin layer chromatography (TLC) to be 
present only in triglycerides. The fatty acid 
compositions of the dietary fats are given in 
Table 1. 

The rats were caged in pairs at 25 C and a 
relative humidity of 45%. Diets and water were 
supplied ad libitum. The rats were examined 
and weighed weekly. During the 9th week of 
the feeding period, the absorption of fat was 
determined. 

Absorption of fat was calculated from total 
fat ingested and the amount excreted via feces. 
The feces were collected daffy from each 
cage, lyophilized, and an aliquot of 4 g was 
refluxed with 120 ml 3 N HCI for 1 hr to 
neutralize calcium soaps and extracted for 
6 hr with diethyl ether on a Soxhlet apparatus. 
After 11 weeks, the rats were anaesthetized 
with diethyl ether, and a blood sample was 
drawn from the heart. Then, after killing the 
animals, liver, heart, testes, kidneys, brain and a 
sample of the adipose tissue were immediately 
excised. 

Preparation of Liver Mitochondria 
end Liver Microsomes 

The livers from each group of rats were 
divided into 4 pools of 2 livers each. From each 
liver, 5 g of tissue was used for preparation of 
mitochondria as previously described (9), and 

TABLE 1 

Fatty Acid Composition of  Dietary Fats 

Dietary fat 

EPO SAF SOY 

Fatty acids (%)a (%) (%) 
16:0 6.1 7.3 10.7 
16:1 0.2 0.1 0.2 

18:0 1.7 2.5 4.0 
18:1 11.7 13.0 24.3 
18:2(n- 6) 71.0 76.1 52.8 
18:3(n-6) 8.4 - - 
18:3(n-3) - 0.3 7.0 

EPO: Evening primrose oil; SAF: safflower oil; 
SOY: soybean oil. 

aWeight percentages determined by GLC. 

3 g from each liver was used for the preparation 
of a microsomal fraction, which included the 
"fluffy layer" just above the microsomal pellet, 
according to Hr et al. (10). The protein 
content of the organelle fractions was quanti- 
tated according to Lowry et al. (1 I). The re- 
maining liver material was used for preparation 
of phosphatidylinositols (PI) and triglycerides. 

Analyses of Lipids 

Total lipids were extracted from liver, liver 
mitochondrial and microsomal membranes, and 
from heart, brain, testes and kidney, according 
to Folch et al. (12). Phospholipids from mem- 
brane fractions were separated by TLC, either 
for quantitation of phospholipids (13), or for 
methylation followed by gas liquid chroma- 
tography (GLC) (9,14). The applied procedure 
assured separation of cardiolipins and free fatty 
acids. To obtain pure fractions of liver PI, phos- 
pholipids from total liver were separated by 
TLC on prewashed 0.5 mm Silica Gel H plates 
(E. Merck, Darmstadt, West Germany), using 
chloroform/methanol/acetic acid/water (170: 
25:26:6, v/v/v/v). A fraction containing sphin- 
gomyelins (SPH) + PI was scraped off. The 
phospholipids were then extracted with chloro- 
form and rechromatographed using chloroform/ 
acetone/methanol/acetic acid/water (30:40:10: 
7:5, v/v/v/v/v) as solvent, which separated PI 
from SPH. Authentic standards of phosphat- 
idylcholines (PC), phosphatidylserines (PS), PI 
and SPH were cochromatographed. PI was 
methylated as previously mentioned. 

Triglycerides were isolated from total liver 
lipids, kidney lipids and depot fat by TLC using 
hexane/diethylether/acetic acid (80:20:1) as 
solvent. Quantitation of liver triglycerides was 
performed by TLC, followed by fluorometric 
determination as described by Lykkelund and 
Damgaard-Pedersen (15). 
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Determination of Microsomal Desaturase Activity 

A6- and A5-desaturase activities were deter- 
mined essentially according to Larsson and 
Brimer (16); 685 pmol [1J4C] 18:2(n-6) or 
0.96 pmol [3Hi 20:3(n-6) (Radiochemical 
Centre, Amersham, England) were incubated 
with 10 mg or 5 mg, respectively, of micro- 
somal protein for 20 min at 37 C. The incuba- 
tion mixture was saponified, free fatty acids 
were extracted and methylated. Methyl esters 
were separated according to unsaturation on 
Silica Gel G plates containing 12.5% AgNO3 
with solvent systems of hexane/diethyl ether 
(55:45, v/v, for separation of 18:2/18:3; and 
50:50, v/v, for 20:3/20:4). Appropriate bands 
were scraped off and counted in a liquid scintil- 
lation counter. After quench correction, per- 
centage conversion of exogenous fatty acids 
was calculated. 

C.-E. Hq)Y, G. Hq~LMER, N. KAUR, I. BYRJALSEN AND D. KIRSTEIN 

RESULTS 

Dietary Fats 

The use of evening primrose oil (EPO), 
safflower oil (SAF) and soybean oil (SOY) 
as dietary fats in this experiment allowed us to 
study the effect of substituting part of the 
dietary linoleic acid with 18:3(n-6)while keep- 
ing the dietary level of (n-6) fatty acids con- 
stant and maintaining an adequate supply of 
linoleic acid (EPO vs SAF) (Table 1). It was 
also possible to compare the effects of feeding 
18:3(n-6) and 18:3(n-3) at the same level with 
a high supply of 18:2(n-6), albeit not  exactly 
the same (EPO vs SOY). 

Animal Experiments 

No differences in growth or general perform- 
ance were observed during the experimental 
period. The absorption of dietary fat was simi- 
lar in the 3 dietary groups (92.6-94.5%). 

Liver 

In liver mitochondria, no significant differ- 
ences in phospholipid content were observed. 
The incorporation of 18:3(n-6) into the dietary 
fat at the expense of 18:2(n-6) (EPO vs SAF) 
did not affect the fatty acid composition of 
PC, PE or CL of liver mitochondria (Table 2). 
No significant deposition of 18:3(n-6) or 20:3 
(n-6) was observed, except for cardiolipin (CL). 
When 18:3(n-3) was incorporated into the diet 
(SOY), the 22:4(n-6) and 22:5(n-6) were re- 
placed by 22:6(n-3), and the content of 20:4 
(n-6) was lowered, while 18:2(n-6) was un- 
changed. 

The PI of rat liver (Table 3) were unaffected 
by dietary 18: 3(n-6), whereas dietary 18:3(n-3) 

reduced the content of 20:4(n-6) and increased 
18:2 and 20:3(n-6) moderately, while the 
formation of 22:5(n-3) and 22:6(n-3) was 
augmented. 

In the liver microsomes (Table 4), a small 
but significant elevation of 18:3(n-6) and 20:3 
(n-6) was found in the EPO group, but  the total 
levels of PUFA were not affected. In the SOY 
group, the PUFA of the (n-6) series were re- 
duced compared to the SAF group, but the 
content of 18:2(n-6) was unaffected. The A6- 
and zX5-desaturase activities measured in vitro 
did not reveal any significant differences be- 
tween the 3 dietary groups. The triglycerides of 
rat liver contained the highest levels of 18:3 
(n-6) and. 18:3(n-3) of any liver lipid, but the 
contents were lower than in adipose tissue 
(Table 5). 

Heart 

In the heart, the levels of PE and CL were 
reduced in the EPO group compared with the 
SAF group (Table 6). Also a minor reduction of 
18:2 and a slight increase in 22:4(n-6) in the 
EPO group were observed. In the SOY group, 
an increased formation of 22:6(n-3) and 22:5 
(n-3) was parallelled by a decrease in 22:4(n-6) 
and 22:5(n-6). 

Brain 

In the PE of rat brain, no differences were 
observed (Table 7) between the EPO and the 
SAF, indicating that a partial substitution of 
18:2(n-6) with an equal amount of 18:3(n-6) 
on a weight basis does not affect the fatty acid 
composition of PE. Inclusion of 18:3(n-3) 
(group SOY) in the diet led to considerably 
smaller alterations of the fatty acid profile than 
observed for liver and heart, in agreement with 
the finding of Sinclair (17) that dietary influ- 
ence on the brain fatty acid profile decreases 
with age. 

Testes 

When a high dietary level of 18:2(n-6) 
(SAF) is used, the fatty acids of testicular phos- 
pholipids are extremely unsaturated (Table 8) 
and dominated by (n-6)-series PUFA, primarily 
20:4(n-6) and 22:5(n-6), whereas 18:2(n-6) is 
low in accordance with reports by Jensen (18) 
and Takatori et al. (19). Dietary 18:3(n-6) is 
not  deposited in the testicnlar phospholipids 
and does not affect the formation of PUFA 
(EPO vs SAF). Only a minor effect on the fatty 
acid composition of phospholipids follows from 
incorporation of 18:3(n-3) in the diet (SOY vs 
SAF), namely, a small deposition of 22:6(n-3) 
instead of 22:5(n-6). 
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T A B L E  3 

P h o s p h a t i d y l i n o s i t o l s  o f  Ra t  Liver 

Die tary  group  a EPO SAF SOY 

Fa t ty  acid (%)b (%) (%) 
16:0 4.4 + 1.0 4.1 -* 0.3 3.8-+ 0.3 
18:0  47.2 + 1.4 44 .6  • 0.5 44 .3  + 0.4 
18:1 1.7 • 0.3 1.5 • 0.1 2.0-+ 0.2 
18:2 3.0 • 0.3 2.9 • 0.1 4.2 • 0.1 
18:3(n-6)  0.1 + 0.0 0.1 • 0 .0  O.l • 0.0 
18:3(n-3)  - -- -- 
20 :3 (n -6 )  0.5 + 0.1 0.4 + 0 .1A 1.1 • 0.2 B 
20 :4 (n -6 )  39.2 • 2.9 42.2 • 0.9 B 38.5 • 0.6 A 
22 :4 (n -6 )  0.9 • 0 .1B 0.7 • 0 .1B 0.3 -+ O.I A 
22 :5 (n -6 )  1.1 -+ 0.1B 0.8 + 0.1B 0.2 + 0.0 A 
22 :5 (n -3 )  -- -- 0.6 +- 0.1 
22 :6 (n -3 )  0.6 • 0 .1A 0.8 • 0.2 A 2.8 -+ 0.3 B 

v,g Pi/g t issue 98.2 • 3.1 95.9 -* 2.2 95.1 -+ 3.1 

A < B < C; p < 0.05 by S t u d e n t ' s  t- test .  
aAverages  of  4 d i f fe ren t  pools.  
bWeight  pe rcen tages  d e t e r m i n e d  by  GLC. 

T A B L E  4 

Rat  Liver Microsomes :  Fa t ty  Acid C o m p o s i t i o n  and Desa turase  Ac t iv i t y  

Die tary  group  a EPO SAF  SOY 

Fa t ty  acid b (%) (%) (%) 
16:0  18.3 • 0.4 17.5 • 0.2 18.5 • 0.4 
16:1 0.7 • 0.0 0,7 • 0.1 0 .8  _-2 0.0 
18:0  23.5 • 0.3 23 .8  • 0.3 22.8 • 1.0 
18:1 5.0 • 0.2 A 5.4 ~ 0.2 A 7.5 -+ 0.7 B 
18:2 12.0 _+ 0.8 13.1 • 0.3 14.7 • 1.5 
18 :3(n-6)  0.4 • 0 .0  B 0.2 *- 0 . 0  A 0.2 • 0.1 
18:3(n-3)  tr  A tr  A 0.5 • 0.1B 
20:1  0.2 +- 0.0 0.2 -+ 0.0 0.2 • 0.0 
2 0 : 2  0.1 • 0 .0  0.2 +- 0.0 0.1 -+ 0.0 
20 :3 (n -6 )  0.3 • 0 .0  C 0,1 -+ 0.0 A 0.2 -+ 0.0 B 
20 :4 (n -6 )  32.5 _+ 0.3 B 31.6 t 0.6 B 27.0  • 1.0 A 
22 :4 (n -6 )  1.1 _+ 0.0 B 0.8 +- 0.0 B 0.3 -+ 0.0 A 
22 :5 (n -6 )  4.1 • 0.5 B 3,6 -+ 0.2 B 0.3 -+ 0.0 A 
22 :5 (n -3 )  -- -- 0 .4  + 0.1 
22 :6 (n -3 )  1.1 -+ 0.0 A 1.8 -+ 0.1B 5.9 • 0.4 C 

A6-Desa turase  c 7.3 +_ 0.4 8.2 • 0.4 7.6 • 0.6 
AS-Desaturase  d 72 .0  • 2.4 66 .0  • 2.7 69.3 • 6.5 

A < B < C; p < 0 .05  by S t u d e n t ' s  t- test .  
aAverages  of  4 d i f fe ren t  pools.  
bWeight  pe rcen tages  d e t e r m i n e d  by  GLC. 
Cpercentage convers ion  of  [ t4C 1 1 8 : 2 / 1 0  mg p r o t e i n / 2 0  min.  
dpe rcen tage  convers ion  of  [ 3 H ] 2 0 : 3 / 5  mg p r o t e i n / 2 0  min.  

Kidney 

I n  t h e  k i d n e y  p h o s p h o l i p i d s  ( T a b l e  9 ) ,  t h e r e  
is  a s l i g h t  i n c r e a s e  in  t h e  i n c o r p o r a t i o n  o f  2 0 : 3  
( n - 6 )  i n  PC  a n d  P E ,  w h e n  1 8 : 3 ( n - 6 )  is  a d d e d  t o  
t h e  d i e t  ( E P O  vs S A F ) ,  w h e r e a s  d i e t a r y  1 8 : 3  
( n - 3 )  i n c r e a s e s  t h e  f o r m a t i o n  o f  2 2 : 6 ( n - 3 )  ( S O Y  
vs  S A F ) .  A n  i n c r e a s e  i n  2 0 : 3 ( n - 6 )  a n d  2 0 : 4  
( n - 6 )  is  o b s e r v e d  in  t h e  C L  f r o m  r a t s  f e d  E P O ,  

w h e r e a s  t h e  i n c o r p o r a t i o n  o f  1 8 : 3 ( n - 6 )  is  
n e g l i g i b l e .  L i k e w i s e ,  t h e  d e p o s i t i o n  o f  1 8 : 3  
( n - 3 )  i n  t h e  C L  is  i n s i g n i f i c a n t ,  i n d i c a t i n g  t h a t  
( n - 3 )  f a t t y  a c i d s  c a n n o t  s u b s t i t u t e  ( n - 6 )  f a t t y  

a c i d s  w h e n  an  a m p l e  s u p p l y  o f  1 8 : 2 ( n - 6 )  is  

g i v e n .  
T h e  k i d n e y  t r i g l y c e r i d e s  ( T a b l e  5)  c o n t a i n  

t h e  s a m e  l e v e l s  o f  1 8 : 3 ( n - 6 )  a n d  1 8 : 3 ( n - 3 )  as  

t h e  l i v e r  t r i g l y c e r i d e s .  
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D I E T A R Y  18:3(n-6)  OR 18:3(n-3)  

T A B L E  7 

Fa t ty  Acids in P h o s p h a t i d y l e t h a n o l a m i n e s  a of  Rat  Brain 

767 

Dietary g roup  b EPO SAF  SOY 

Fa t ty  acid (%)c (%) (%) 
16 aid 5.9 • 0.5 5.8 • 0.4 6.3 • 0.4 
16:0 4.4 • 0.2 4.4 • 0.4 5.3 • 0.6 
16:1 0.'7 • 0.1 0.7 • 0.1 0.9 • 0.4 
18:0 aid d 11.4 • 0.6 11.1 • 0.3 1 0 . 8 •  0.3 
18:0 16.0 • 0.4 16.6 • 0.5 16.7 • 0.6 
18:1 aid 7,3 • 0.5 6.5 • 0.4 7.7 • 0.9 
18:1 11,3 • 0.8 12.8 • 0.3 14-.2 • 0.5 
18:2(n-6)  0,5 • 0.1 0.5 • 0.1 0.4 • 0.0 
18:3(n-6)  0,1 • 0.0 - - 
18:3(n-3)  0,2 • 0.1 0.3 • 0.1 0.2 • 0.1 
20:1 2,6 • 0.1 2.8 • 0.1 2.9 • 0.4 
20 :3 (n -6 )  0.6 • 0.0 0.4 • 0.0 0.3 • 0.1 
20 :4 (n -6 )  12.0 • 0.2 B 11.5 • 0.2 10.7 • 0.4 A 
22 :4 (n -6 )  6.9 • 0.1B 6.0 • 0.1B 4.8 • 0.2 A 
22 : 5 (n -6 )  4.0 • 0.1 3.7 • 0.1 - 
22 ' .6(n-3)  15.0 • 0.5 15.4 • 0.5 16.6 -+ 0.6 

#g Pi/g tissue 550 • 50 510 • 80 500 • 50 

A < B; p < 0.05 by S tude n t ' s  t-test. 
a lnc ludes  plasmalogens .  

bAverages  of  4 pools.  

CWeight pe rcen tages  d e t e r m i n e d  by GLC.  

d D i m e t h y l  acetals  f r o m  plasmalogens .  

T A B L E  8 

Fa t ty  Acids in P h o s p h a t i d y l e t h a n o l a m i n e s  a and Phospha t idy lcho l ines  of  Rat Testes  

PE PC 

Dietary  groups  b EPO S AF  SOY EPO S A F  SOY 

Fa t ty  acid (%) (%) (%) (%) (%) (%) 
1 6 a i d  8 . 4 •  1.4 9 . 9 •  1 1 . 3 •  0 . 5 •  0 . 6 •  0 . 5 •  
16:0 1 8 . 3 •  1 7 . 8 •  1 8 . 3 •  3 1 . 9 •  3 3 . 3 •  3 3 . 5 •  
1 8 a l d  2 . 6 •  3 . 2 •  3 . 5 •  
18:0 7 . 9 •  7 . 2 •  7 . 1 •  1 4 . 4 •  1.0 13,9 • 1.9 1 5 . 1 •  
18:1 4 . 7 •  4.5 •  4 . 7 •  9 . 3 •  9 . 5 •  9.9 • 1.2 
18:2 1 . 3 •  1 . 6 •  1 . 8 •  1 . 8 •  2 . 3 •  1 . 9 •  
18:3(n-6) . . . . . .  
18:3(n-3)  . . . . . .  
20 :3 (n -6 )  0 . 4 •  0 . 4 •  0 . 6 •  1 . 0 •  1.1 •  1.1 •  
20 :4 (n -6 )  2 3 . 0 •  1.5 2 0 . 5 •  2 0 . 1 •  2 0 . 3 •  1 8 . 0 •  18.7 • 1.2 
22 :4 (n -6 )  3 . 9 •  3 . 1 •  2 . 9 •  1 . 7 •  1 . 5 •  1 . 4 •  
22 :5 (n -6 )  2 6 . 8 •  1.2 2 7 . 6 •  2 5 . 1 •  1 6 . 4 •  1.6 1 7 . 3 •  1 5 . 6 •  
22 :6 (n -3 )  - - 1 . 2 •  - - 0 . 6 •  

a lnc ludes  plasmalogens,  

bAverages  of  4 pools. 

CWeight pe rcen tages  d e t e r m i n e d  by GLC.  

DISCUSSION 

The major essential acid of the diet is lino- 
leic acid. However, it has been established by 
Thomasson (20) that the desaturation and 
elongation products of linoleic acid, i.e., 18:3 
(n-6), 20:3(n-6) and 20:4(n-6), possess greater 
EFA activity than does linoleic acid itself. 

Marcel et al. (1) and Hassam et al. (2) found 
that the rate-limiting step in the conversion of 
linoleic acid into other PUFA is the initial for- 
mation of 18:3(n-6) by a A6-desaturation of 
linoleic acid. This process is regulated by prod- 
uct inhibition and by competitive inhibition 
according to Brenner (21). Since 20:3(n-6) and 
20:4(n-6) are precursors for prostagtandins, 
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T A B L E  9 

Fa t t y  Acids  in Phospha t idy lcho l ines ,  Ph o sp h a t i d y l e th an o l amin es ,  
Phospha t idy l inos i to l s  and Cardiol ipins  o f  Rat  K idney  

Phosphol ip id  PC PE 

Die ta ry  group a EPO SAF" SOY EPO SAF  SOY 

Fa t t y  acid (%)b (%) (%) (%) (%) (%) 
14:0  0 .5 -+0 .1  0 . 6 - + 0 . 1  0.6 + 0.1 4 . 2 - + 0 . 2  4 . 3 -  + 0.2 4 . 8 - + 0 . 3  
16:0  2 6 . 5 •  2 5 . 0 - + 0 . 4  2 5 . 3 + 0 . 3  8 . 9 - + 0 . 1 A  8 . 8 •  0.2 A 1 1 . 0 + - 0 . 7  B 
16:1 0.8 • 0.1 0.7 -+ 0.2 0 . 8 -  + 0.0 1.3 + 0.2 1 .4•  0.2 1.7 -+ 0.3 
18:0 2 1 . 3 - + 0 . 8  2 3 . 4 - + 1 . 3  2 1 . 5 - + 0 . 3  2 3 . 3 + 0 . 3  2 3 . 0 •  2 2 . 4 - + 0 . 5  
18:1 7 . 0 - + 0 . 2  7 . 3 - + 0 . 2  8 . 9 - + 0 . 3  6 . 5 - + 0 . 2  A 6 . 7 - + 0 . 3  A 8 . 5 + 0 . 4  B 
18:2 7 . 2 " - 0 . 1 A  8 . 3 + 0 . 3  B 9 . 2 - + 0 . 3  B 3 . 6 - + 0 . 2  3 . 8 - + 0 . 2  4 . 1 - + 0 . 4  
18 :3(n-6)  0.1 -+ 0.0 0.1 + 0.0 -- 0.1 -+ 0.0 B 0 . 0 -  + 0.0 A -- 
18 :3(n-3)  -- -- 0.2 -+ 0.0 -- -- 0.3 -+ 0.0 
20 :2  . . . . . .  
20 :3 (n -6 )  0 . 8 - + 0 . 1 B  0 . 5 + 0 . 1 A  0 . 6 + 0 . 0  0 . 4 + 0 . 0  B 0 . 1 - + 0 . 0  A 0 . 1 - + 0 . 0  
20 :4 (n -6 )  33 .3_+1 .5  31 .5_+0 .8  3 0 . 3 - + 0 . 3  4 5 . 8 - + 0 . 4  4 6 .5 _ +0 .5  4 4 . 0 - + 1 . 5  
22 :4 (n -6 )  0 . 6 - + 0 . 2  0 . 5 - + 0 . 1 B  0 . 3 - + 0 . 0  A 1 .7 + -0 .1 B  1 .5 -+0 .1 B  0 . 7 - + 0 . 1 A  
22 :5 (n -6 )  0.7 • 0.1 0.7 -+ 0.1 -- 1.8 + 0.1 1 .8•  0.1 -- 
22 :5 (n -3 )  -- -- 0.2 -+ 0.1 -- -- -- 
22 :6 (n -3 )  0 . 4 _ - 0 . 1 A  0 . 5 - + 0 . 0  A 1 .5_+0.1B 0 . 6 - + 0 . 0  A 0 . 7 •  0 . 1 A  1 . 8 + 0 . 3  B 

/zg Pi/g tissue 178 • 10 185 + 3 2 0 0 -  + 6 144 + 3 145 -+ 3 168 -+ 5 

A < B; p < 0.05 by  S t u d e n t ' s  t-test. 

aAverages  o f  4 pools. 

bWeight  pe rcen tages  d e t e r m i n e d  by GLC.  

T A B L E  9 ( c o n t i n u e d )  

Phosphol ip id  PI CL 

Die ta ry  g roup  a EPO S AF  SOY EPO SAF  SOY 

F a t t y  acid (%) (%) (%) (%) (%) (%) 
14:0  . . . . . .  
16:0  10.6 + 1.2 8.7 + 1.6 10.7-+ 1.0 7.7 + 0.6 6 . 9 -  + 0.5 6.1 -+ 0.5 
16:1 0.4 + 0.1 0.4-+ 0.1 1.0-+ 0.5 2 . 1 -  + 0.2 2 . 3 -  + 0.2 1.9 + 0.1 
18:0  4 8 . 6 -  + 1.7 45 .6  + - 1.8 48.1 -+2.3 2.1 + 0.6 2.4-+ 0.3 1 .3+-0 .2  
18:1 2.3-+ 0.7 3.2 -+ 0.7 3.0 + 0.6 17.8-+ 1.0 1 6 . 8 -  + 1.1 17.1 -+ 0.6 
18:2 2 . 2 + 0 . 3  3.1 + 0 . 5  2.1 + 0 . 6  58.1 + 2.1 64.3-+ 2.7 6 5 . 6 - + 2 . 7  
18:3(n-6)  -- - -- 0.3-+ 0.1 -- -- 
18 :3(n-3)  . . . . .  0.5 -+ 0.0 
20 :2  -- -- -- 1.6 -+ 0.1 1.9-+ 0.2 1.3-+ 0.1 
20 :3 (n -6 )  1.2-+ 0.1 0.8-+ 0.1 1.1 -+ 0.0 3 . 5 -  + 0.2 B 1.9-+ 0.4 A 1.8-+ 0.2 
20 :4 (n -6 )  32.6-+ 3.2 36.5-+ 4.2 33.8-+ 2.1 5.8-+ 0.3 B 4.4-+ 0.3 A 3.6-+ 0.3 
22 :4 (n -6 )  0.7 -+ 0.1 0.6 -+ 0.0 . . . .  
22 :5 (n -6 )  0.5 -+ 0.2 . . . . .  
22 :5 (n -3 )  -- -- t r  -- -- -- 
22 :6 (n -3 )  -- -- t r  -- -- -- 

~g Pi/g tissue 2 6 -  + 3 3 0 - + 4  31 + 1 3 9 -  + 4 42 -+3 50-+ 3 

A < B; p < 0.05 by  S t u d e n t ' s  t- test .  

aAverages  o f  4 pools.  

bWeight  pe rcen tages  d e t e r m i n e d  by  GLC. 

p r o s t a c y c l i n s  a n d  t h r o m b o x a n e s ,  i t  is o f  c o n -  
s i d e r a b l e  i n t e r e s t  t o  e v a l u a t e  t h e  p o s s i b i l i t i e s  t o  

m a n i p u l a t e  t h e  P U F A  c o n t e n t  b y  d i e t a r y  

m e a n s ,  f o r  i n s t a n c e  b y  i n t a k e  o f  18:3(n-6) o r  
2 0 : 3 ( n - 6 ) ,  b o t h  o f  w h i c h  a r e  u n u s a l  f a t t y  a c i d s  

in  t h e  h u m a n  d i e t .  P r e v i o u s  e x p e r i m e n t s  b y  

D a n o n  e t  al. ( 5 ) ,  O e z l  e t  al. ( 2 2 )  a n d  S t o n e  

e t  al. ( 2 3 )  h a v e  e s t a b l i s h e d  t h a t  f e e d i n g  2 0 : 3  

( n - 6 )  t o  r a t s ,  r a b b i t s  a n d  h u m a n s  l e a d s  t o  s ig-  

n i f i c a n t  i n c r e a s e s  o f  t h i s  a c i d  in  p h o s p h o l i p i d s  

a n d  t r i g l y c e r i d e s  o f  v a r i o u s  t i s s u e s ,  b u t  n o  

d e t a i l e d  e x a m i n a t i o n s  o f  t h e  i n c o r p o r a t i o n  i n t o  
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different phospholipid classes were performed, 
except for plasma. 

The effects of feeding 18:3(n-6) to EFA- 
deficient rats have been studied in short-term 
experiments of 5-9 days (5,21-23). Rahm and 
Holman (24) and Sprecher (25) found incorpo- 
ration of 18:3(n-6) and 20:3(n-6) in total liver 
lipids, whereas Hassam et al. (7) and tlassam 
(26) found 0.48-0.9% 18:3(n-6) and 3.4% 20:3 
(n-6) in total liver phospholipids. No attempts 
were made to differentiate between phospho- 
lipid classes. In these experiments, it cannot be 
excluded that the initial state of EFA defi- 
ciency of the experimental animals increased 
the incorporation of 18:3(n-6). Furthermore, 
since purified 18:3(n-6) was given together with 
fat-free diets with or without a supplement of 
18:0, no conclusions can be made as to the 
effect of dietary 18:3(n-6) combined with 
18:2(n-6), compared to 18:2(n-6) alone. 

In other studies, Hassam et al. (2,4) gave 
suckling rats a single dose of radiolabeled 
18:3(n-6) or 18:2(n-6) and showed that in the 
liver as well as in the brain most of the 18:2 
(n-6) was retained in the phospholipids and 
triglycerides, whereas 18:3(n-6) was metabo- 
lized to 20:3(n-6) and 20:4(n-6). The authors 
attributed this to the rate-limiting A6-desatura- 
tion of 18:2(n-6). The data of Hassam et al. 
(2,4) are not directly comparable with our data, 
since these authors reported the distribution of 
labeled fatty acids, thus reflecting the turnover 
of (n-6)-fatty acids within the total fatty acids 
of liver and brain, whereas our data give the 
total fatty acid compositions of individual 
phospholipids, llassam et al. (2,4) did not re- 
port the fatty acid composition of the adipose 
tissue of the sucklings. Therefore, the influence 
of the diets used for the dams cannot be esti- 
mated. Since this diet apparently contained 
soybean oil and linseed oil at a 5:1 ratio (27), it 
cannot be excluded that the pups, due to the 
(n-3)-fatty acids from the maternal milk (27) 
and their own content at birth, had enough 
(n-3)-fatty acids deposited in liver and brain 
(17) to exert an inhibition of the A6-desatura- 
tion as described by Brenner and Peluffo (28, 
29). This would reduce the conversion of 
labeled 18:2(n-6) given orally, but not the con- 
version of labeled 18:3(n-6). 

The present experiments demonstrate that 
when rats were fed a diet containing sufficient 
essential fatty acids, a substitution of part of 
the dietary 18:2(n-6) by an equivalent amount 
of 18:3(n-6) does not significantly alter the 
content of C20- and C22-polyenoic fatty acids 
in PC, PE or CL from rat liver mitochondria. 
Likewise, the fatty acid compositions of the 
liver PI and of total liver microsomal lipids are 

unaffected. 
Apparently, there is a difference between 

results obtained with dietary 18:3(n-6) which 
does not, in EFA-sufficient animals, lead to 
elevation of 20:3(n-6) in the liver, and dietary 
20:3(n-6) which is incorporated into liver 
phospholipids. One explanation for this may be 
that 20:3(n-6) formed in situ enters a substrate 
pool for the hepatic A5-desaturase which has a 
high activity in the rat, as pointed out by Stone 
et al. (23) and confirmed by our observations, 
whereas dietary 20:3(n-6) enters a pool avail- 
able for formation of phospholipids. This agrees 
with the observation by Sprecher (30) that 
20:3(n-6) is incorporated in vitro into phospho- 
lipids. 

The lack of any significant incorporation of 
18:3(n-6) and 20:3(n-6) into liver microsomes 
is in agreement with the observation that A6- 
and A5-desaturation in vitro is not affected. In 
the rat fed an EFA-sufficient diet for an ex- 
tended period of time, it is thus the total 
amount of (n-6) fatty acids received rather than 
the distribution between 18:2(n-6) and 18:3 
(n-6) that determines the PUFA profile of the 
membrane phospholipids. The presence of 
18:3(n-6) in the liver triglycerides as well as 
18:3(n-6) and 20:3(n-6) in the adipose tissue of 
the EPO group indicates that dietary 18:3(n-6) 
is taken up in the liver, and that part of the 
20:3(n-6) formed in the liver is exported to the 
adipose tissue, probably in very low density 
lipoproteins (VLI)L) secreted from the liver. 

An accumulation of 18:3(n-6) in blood 
lipids from rats fed 0.5 wt% 18:3(n-6) + 7.7 

wt% 18:3(n-3) + 2.3 wt% 18:2(n-6) was found 
by Larking and Nye (31). These authors, how- 
ever, did not detect any 20:3(n-6). Recently, 
Renaud et al. (32) reported that a significant 
increase in 20:3(n-6) from 2% to 4% of the 
fatty acids in plasma, platelets and aorta was 
observed in rabbits, following intake of EPO 
for 20 weeks. This increase did not affect 
platelet aggregation and incidence of athero- 
sclerosis. 

While the fatty acid compositions of the PC 
are similar in liver and heart, the profiles of PE 
and CL significantly more unsaturated in the 
heart. This may arise from higher activity of 
elongation systems and A4-desaturase in the 
heart than in the liver, and/or a lower activity 
of the retroconversion of 22:4(n-6) to 20:4 
(n-6) demonstrated by Sprecher (30). 

Although the 18:2 residues of cardiolipins 
have a higher turnover than other fatty acids 
(33), this does not cause a marked incorpora- 
tion of 18:3(n-6), emphasizing the significance 
of 18:2(n-6) in this phospholipid. 

When SOY is the dietary fat, giving ca. 
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5 wt% linoleic acid and 0.7% 18 : 3(n-3), general 
decreases in the contents of 20:4(n-6), 22:4 
(n-6) and 22:5(n-6) in liver and heart are ob- 
served. These decreases are followed by in- 
creases in 22:5(n-3) and 22:6(n-3). The con- 
tents of 18:2(n-6) in the phospholipids of the 
SOY group studied are equal to those of the 
SAF group, with the exception of heart PC. 
This indicates that the replacement of (n-6) 
fatty acids by (n-3) is caused by competitive 
action of (n-3) fatty acids and not by the lower 
content of 18:2(n-6) in the SOY diet. In the PI, 
however, a significant increase in the content  of 
20:3(n-6) of the SOY group is observed. 

PUFA in the brain may either be formed in 
the liver prior to transport to the brain, or they 
may be formed in the brain from their pre- 
cursors (34), as the brain possesses the enzyme 
system for synthesis of PUFA (35). 

It appears from our data that diets contain- 
ing moderate amounts of 74inolenic acid to- 
gether with ample supplies of linoleic acid do 
not influence the fatty acid composition of PE 
(group EPO vs SAF), the brain phospholipid 
with the highest content of PUFA. The pres- 
ence of 22:6(n-3) in the EPO and the SAF 
groups, which were fed diets with high levels of 
(n-6) fatty acids and nearly devoid of (n-3) 
fatty acids for 11 weeks, point at an essentiality 
of (n-3) fatty acids in the brain. 

It has previously been established by Aaes- 
Jr and Holman (36) that the content of 
polyenes in testes is subject to considerable 
changes during the first 18 weeks after weaning. 
Later it was demonstrated by Kirschman and 
Coniglio (37) that the content of 22:5(n-6) 
increases 3-fold from 3 weeks of age to 3 
months of age. Furthermore, it has been re- 
ported that testes respond readily to alterations 
in the dietary fatty acids (38). It is, therefore, 
of particular interest that dietary 18:3(n-6) in  
the form of EPO does not affect the testicular 
fatty acid composition. Apparently, the pri- 
mary factor influencing the testis lipids is the 
total supply of (n-6) fatty acids and not  the dis- 
tribution between 18:3(n-6) and 18:2(n-6). 
Only a minor effect on the fatty acid profiles 
follows from incorporation of 18:3(n-3) in the 
diet (SOY vs SAF), namely, a small deposition 
of 22:6(n-3) instead of 22:5(n-6). This is prob- 
ably due to the ample supply of 18:2(n-6) 
from the SOY, since it has been shown by 
Ayala et al. (39) that (n-3) PUFA replace (n-6) 
PUFA in testes of rats fed fish oils rich in (n-3) 
fatty acids, but nearly devoid of (n-6) fatty 
acids. 

Tinker and Hanahan (40) have shown that in 
rabbit renal slices there is an active turnover of 
all phospholipids. The turnover for PI was 

larger than for PC and PE. This has also b e e n  
confirmed in vivo by Soula et al. (41). It is, 
therefore, not surprising that an incorporation 
of 20:3(n-6) is found in PI. However, the in- 
corporation of 20:3(n-6) in renal phospholipids 
following intake of 18:3(n-6) in the form of 
EPO is much smaller than after intake of 
20:3(n-6), as described by Danon et al. (5) for 
rat kidney total phospholipids and by Knapp 
et al. (6) for rabbit renal PC, PE or PI+PS. The 
changes in the fatty acid composition of renal 
PI indicate that 20:3(n-6) cannot be substi- 
tuted by a dietary supply of 18:3(n-6). 

In kidney triglycerides, the incorporations 
of 18:3(n-6) and 18:3(n-3) are of the same 
order of magnitude as in liver triglycerides indi- 
cating that these fatty acids have been available 
for acylation of glycerophosphate. The deposi- 
tion of 20:3(n-6) following feeding of 18:3 
(n-6) is much smaller than reported by Danon 
et al. (5), following feeding of 20:3(n-6). This 
supports the hypothesis that 20:3(n-6) formed 
endogenously is rapidly desaturated into 20:4 
(n-6) in contrast to exogenous 20:3(n-6) that is 
more abundant for synthesis of phospholipids 
and triglycerides. 

The negligible influence of the content of 
18:3(n-6) in EPO compared with the 18:2(n-6) 
in SAF on the composition of various mem- 
brane phospholipids from a variety of organs is 
of particular interest, since it is believed that 
fatty acids acting as precursors for prostag- 
landin production in most tissues are liberated 
from membrane phospholipids by action of 
phospholipase A2 (42) or by sequential degra- 
dation of PI by the pathway suggested by Bell 
et al. (43) or Lapetina and Cuatrecasas (44)~ 
Manipulations by dietary means of the pools of 
prostaglandin precursors are possible, as has 
been demonstrated by Knapp et al. (6), who in- 
creased the production of PGE1 in renal 
papillae 20-fold by a diet containing 20:3(n-6). 
Unless there exists a further compartmentaliza- 
tion of the pools of prostaglandin precursors 
beyond the different phospholipid classes, it 
thus seems unlikely that inclusion of realistic 
amounts of 18:3(n-6) in the diet should pro- 
duce a similar effect on the pools for prostag- 
landin production in liver, heart, brain, testes or 
kidney under the conditions used in this 
experiment. 
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Growth of a Sterol Auxotroph Derived from 
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ABSTRACT 

A number of cholesterol derivatives were analyzed for their ability to satisfy bulk membrane and 
high-specificity sparking requirements of a yeast sterol auxotroph (RD5-R) (Rodriguez, R. J., Taylor, 
F. R., and Parks, L. W. [1982], Biochem. Biophys. Res. Commun. 106, 435-441). Substitution of 
hydrogen by bromine or iodine at C-26 or substitution of C26-methyl by bromine enabled the result- 
ing sterol to satisfy bulk or sparking functions. The presence of a side-chain hydroxyl or keto group at 
C-25 on a 26-norcholesterol completely abolished the ability of cholesterol to satisfy either sterol 
requirement. Growth studies revealed that, while the oxygenated cholesterol derivatives were not 
growth-supportive of RD5-R, they were not growth-inhibitory. 
Lipids 18:772-775, 1983. 

Recent observation of yeast sterol auxo- 
trophs revealed that sterols are required for 2 
separate classes of  functions in Saccharornyces 
cerevisiae (1). These classes have been desig- 
nated bulk membrane and high-specificity 
sparking functions. The distinction between 
these 2 classes is illustrated by the fact that 
sterol auxotrophs were 'capable of growing on 
cholestanol only when minute quantities of 
ergosterol were available. The minute concen- 
tration of ergosterol alone was unable to sup- 
port growth. This phenomenon has been desig- 
nated the "sparking" of growth (1). These re- 
suits were not observed in previous experiments 
(2) because of sterol contamination in commer- 
cially available cholestanol and in cells used for 
inocula (1). Evidence for diverse roles for 
sterols has been observed in Dermestes vulpinus 
(3) and Mycoplasma capricolum (4,5). 

Since ergosterol satisfies both sterol func- 
tions and cholestanol only fulfills bulk mem- 
brane function (1), it is apparent that there are 
structural specificities associated with the 
ability of a sterol or stanol to satisfy bulk 
membrane and/or sparking requirements. This 
report is concerned with the effect of the sterol 
side chain on bulk membrane and sparking 
functions. 

It has been reported that in order for sterols 
to be used as yeast membrane components, 
they must possess a C-3 hydroxyl, a planar 
nucleus and an aliphatic side chain (6). Under 
anaerobic conditions, it appears that the C-28 
methyl of ergosterol is required for growth (7). 

*To whom correspondence should be addressed. 

This is not  the case with aerobically cultured 
sterol auxotrophs (8), although changes in the 
C-28 methyl of  ergosterol does cause fluctua- 
tions in fatty acid pools (9). 

In this paper, we present data on the ability 
of cholesterol and cholesterol derivatives to 
satisfy bulk membrane and sparking require- 
ments of  a yeast sterol auxotroph. We report 
that cholesterol, like ergosterol, is able to sat- 
isfy both classes of sterol function. Thus, the 
lack of the C-28 methyl of  ergosterol does not  
seem to affect a sterol's ability to fulfill either 
class of  function. Substitution of a bromide or 
iodide atom onto the side chain of cholesterol 
does not  alter its ability to satisfy either sterol 
requirement. However, addition of  a hydroxyl  
or keto group to the cholesterol side chain 
renders the sterol unsuitable for either bulk 
membrane or sparking function. 

MATERIALS AND METHODS 

Yeast Strain and Culture Conditions 

S. cerevisiae strain RD5-R was used in all 
experiments. This strain is auxotrophic for 
sterol, unsaturated fatty acid, and methionine 
as a result of hem 1 and erg3 mutations. Cul- 
tures were aerated in a Scientific Industries 
rocking gradient incubator operated isother- 
mally at 28 C. Growth was monitored in a 
photoelectric colorimeter equipped with a 
green filter. 

To determine whether various sterols and 
stanols satisfied bulk membrane requirements, 
inocula were derived from auxotrophic strains 
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grown in medium containing 5 /ag/ml of ergo- 
sterol. The ceils were harvested, and washed 
twice with medium lacking sterol. Pellets were 
resuspended in the same volume of sterol-less 
medium, and 0.02 ml transferred to 5 ml fresh 
medium containing 5 /ag/ml of the sterol or 
stanol of interest. These cells contained enough 
ergosterol to spark growth when transferred to 
medium (1:250 dilution) containing cholesta- 
nol (1). To assay lipids for their ability to 
satisfy sparking requirements, inocula cells were 
depleted of internal sparking levels of sterol as 
follows: the sterol auxotrophs were cultured to 
stationary phase; 0.02 ml of cells were then 
transferred to fresh medium containing choles- 
tanol. The cholestanol culture was grown to 
stationary phase, harvested by centrifugation 
(500 x g for 2 min), washed and resuspended 
to the same volume with medium devoid of 
sterol. Then, 0.02-ml aliquots were added to 5 
ml fresh media containing 5/ag/ml of the sterol 
or stanol to be analyzed. 

Steroidal Substrates 

The syntheses of 26-bromo- (10), 26-iodo- 
cholesterol (10) and 25-dehydrocholesterol 
(11) were previously reported from our labora- 
tory. The 26-nor-25-keto cholesterol acetate 
was prepared from pregnenolone (12). 

Reduction of 26-nor-25-keto-cholesterol 3- 
acetate (sodium borohydride; dioxane/water, 
10: 1, at 10 C) gave 26-nor-25(RS)-hydroxycho- 
lesterol. Treatment of the 26-nor-25-hydroxy-3- 
acetate with N-bromosuccihimide and tri- 
phenylphosphine resulted in 26-nor-25(RS)- 
bromocholesterol acetate, which was hydro- 
lyzed (5% aq H2SO 4 in dioxane; 80 C, 1 h r ) t o  
yield 26-nor-25(RS)-bromocholesterol (Mason, 
J. I., Arunachalam, T., and Caspi, E., manu- 
script submitted). The structure and homo- 
geneity of all compounds were established by 
thin layer chromatography (TLC), nuclear 
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magnetic resonance (NMR) and mass spectrom- 
etry (MS). 

Sterol Extraction and Analysis 

RD5-R was grown in I0 ml defined medium 
to stationary phase and sterols were extracted 
by acid labilization (13) followed by alkaline 
saponification (14). Samples were extracted 
with hexane, evaporated, resuspended in 0.1 ml 
of isopropanol, and then analyzed by high pres- 
sure liquid chromatography (HPLC) as pre- 
viously described (15). Sterols were also ana- 
lyzed by gas liquid chromatography (GLC) 
(16). 

Materials 

All solvents were of reagent grade and re- 
distilled prior to use. Medium supplies were 
from Difco (Detroit, MI) and HPLC equipment 
was from Beckman (Palo Alto, CA). 

R ESU LTS 

Growth of RD5-R on Cholesterol 
and Cholesterol Derivatives 

The sterols used in this study were analyzed 
for their ability to satisfy bulk membrane and 
sparking requirements of RD5-R (1). To deter- 
mine if the various sterols (Table 1) were able 
to fulfill the bulk membrane function alone, it 
was necessary to provide the cells with nano- 
gram quantities of a sterol which would satisfy 
the sparking requirement. This was accomp- 
lished by using cells from a culture grown on 
medium containing ergosterol. As previously 
reported (1), ergosterol-grown cells contain 
enough residual sterol to spark growth and as a 
result will grow in medium containing cholesta- 
nol. As shown in Table 1, all of the sterols 
tested, with the exception of the oxygenated 
sterols, supported growth of these cells and 
therefore satisfied the bulk requirement. 

TABLE l 

Growth of RD5-R on Sterols with Different Side-Chain Modifications 

Sterol 

Ability to satisfy 

Bulk requirements Sparking requirements 

1. 26-nor-25(RS)-25- Bromocholesterol + 
2. 26- Bromocholesterol + 
3. 26-nor-25-Hydroxycholesteryl-3-acetate 
4. 26-nor-25- Ketocholesteryl-3-acetate 
5. 26-nor- 25 (R S)- Hydrox ycholesterol 
6. 26-nor-25- Ketocholesterol 
7. Cholest a- 5,25-diene- 3/~-ol + 
8. 26-1odocholesterol + 
9. Cholesterol + 

+ 

+ 

+ 

+ 

+ 
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To es tabl ish  if the  s terols  were able to fulfill 
the  sparking  r equ i r emen t s  as well as bu lk  func- 
t ion,  i t  was necessary to p repare  inocula  cells 
which  lacked suff ic ient  in t race l lu la r  s terol  to  
spark g rowth .  This  was accompl i shed  by cycl ing 
ergosterol  g rown ceils on choles tanol .  These  
cells were incapab le  of  g rowth  w h e n  t rans fe r red  
to fresh m e d i u m  con ta in ing  on ly  cho le s t ano l  
(1),  ind ica t ing  t ha t  they  were devoid of  spark- 
ing levels of  e r g o s t e r o l  It is i m p o r t a n t  to  no te  
tha t ,  in o rde r  for  cho les tano l  cycled cells to 
grow w h e n  t rans fe r red  to fresh m e d i u m  con- 
ta in ing a s terol  of  in te res t  (5 gtg/ml), the  s terol  
mus t  satisfy b o t h  bulk  m e m b r a n e  and spark- 
ing funct ions .  As s h o w n  in Table  1 and Figure 
1, the  same results  were ob t a ined  as for  bulk  
m e m b r a n e  analyses.  All s terols  tes ted,  wi th  the  
e x c e p t i o n  of  the  oxygena t ed  sterols,  satisfied 
b o t h  s terol  r equ i rement s .  To  ensure  t h a t  these  
results  were no t  due  to in vivo mod i f i ca t ion  o f  
sterols,  s t a t i o n a r y  phase ceils were ana lyzed  by  
HPLC and GLC for s terol  con t en t .  In every 
case, the  respect ive  sterols  were found  unal- 
tered by the  ceils. 

The  o x y g e n a t e d  sterols  were also s h o w n  to 
be unab le  to sat isfy the  sparking  r e q u i r e m e n t  
alone.  This  was ascer ta ined  by inocu la t ing  cho-  
les tanol  cycled ceils in to  media  con ta in ing  an 
oxygena t ed  s terol  (10  ng /ml )  and  cho les t ano l  
(5 gtg/ml). Since cho les t ano l  was able to  sat isfy 
bulk  m e m b r a n e  func t ion  (1), the  o x y g e n a t e d  
sterols  were available for  the  spark ing  require-  
ment .  As seen in the above  expe r imen t s ,  the  
o x y g e n a t e d  s terols  were unab le  to satisfy the  
spark ing  func t ion .  

It was of  in te res t  to  d e t e r m i n e  w hy  26-nor-  
25-keto-  and 25 -hyd r oxycho l e s t e r o l s  were in- 
capable  of  sa t i s fy ing  e i the r  s terol  r equ i r emen t .  
It is possible  tha t  these o x y g e n a t e d  s terols  were 
g rowth - inh ib i t o ry  or  were no t  t r an s po r t ed  in to  
the  cells. Cells g rown in m e d i u m  c o n t a i n i n g  
choles te ro l  (1 gtg/ml) wi th  and w i t h o u t  26-nor-  
25-keto-  or  2 5 - h y d r o x y c h o l e s t e r o l  (5 /ag/ml) 
were analyzed for  g rowth  rate and final cell 
yield in order  to de t e rmine  if the  o x y g e n a t e d  
sterols  were g rowth  inh ib i to ry .  As s h o w n  in 

500- 
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FIG. I. Growth of RD5-R on cholesterol (A); 26- 
brom ocholesterol (~); 26-nor-25-bromocholesterol (e); 
AS,2S-cholestadienol (m); 26-iodocholesterol (o); and 
26-nor-25-hydroxycholesterol or 26-nor-25-ketocho- 
lesterol (c). The curve for the 25-keto was virtually 
identical to that of the 25-hydroxy derivative, differ- 
ing at some points by only 4 Klett units. Inocula for 
these growth studies were derived from cells which 
had been cycled on cholestanol. 

Tab le  2, g rowth  ra tes  of  RD5-R in the  presence  
of  e i the r  oxygena t ed  s terol  were ca. 15% lower  
than  wi th  cho les te ro l  alone. However ,  final cell 
densi t ies  were the  same in all 3 cul tures .  To  
assess t r anspor t  of  the  oxygena t ed  sterols,  
s t a t i ona ry  phase  cells f rom the  same cu l tures  
were ana lyzed  by HPLC and GLC for the i r  
s terol  con ten t .  Choles te ro l  was de tec ted  in all 
3 cu l tures  to a p p r o x i m a t e l y  the  same ex ten t .  
However,  in b o t h  cul tures  s u p p l e m e n t e d  wi th  

TABLE 2 

Growth of RDS-R in the Presence and Absence of Oxygenated Sterols 

Growth rate Final cell yield 
Sterol supplement (doublings/hr) (Klett units) 

Cholesterol 0.20 450 a 
Cholesterol + 26-nor. 25-ketocholesterol 0.17 450 b 
Cholesterol + 25-hydroxycholesterol 0.17 4 S0 b 

aCulture grew to this density in 51 hr. 
bCulture grew to this density in 60 hr. 
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an oxygena ted  sterol ,  the  respect ive  o x y g e n a t e d  
s terol  was found  to be i n c o r p o r a t e d  to  levels 
greater  than  those  of  choles terol ,  i nd ica t ing  
func t iona l  t r anspor t .  

DISCUSSION 

It is a p p a r e n t  t ha t  s terols  satisfy 2 separa te  
classes of  f unc t i ons  in yeas t  cells (1). One  class 
involves bulk  m e m b r a n e  func t ion ( s )  and  the  
o t h e r  a high-specif ic i ty  spark ing  r equ i r emen t .  
A l t h o u g h  some sterols  can sat isfy b o t h  func- 
t ions,  o the r s  sat isfy only  the  bulk  r e q u i r e m e n t  
(1)  or are unsu i t ab le  for e i the r  r e q u i r e m e n t  
(Tab le  1). Since cho les tano l  (A ~  does  no t  
satisfy the  spark ing  r e q u i r e m e n t  (1)  bu t  choles- 
terol  (A s )  does,  it appears  t ha t  a C-5,6 unsa tu-  
r a t ion  is crit ical wi th  regard to the  spark ing  
p h e n o m e n o n .  Clearly,  the  lack o f  the  C-24 
m e t h y l  g roup  of  ergosterol  has no  ef fec t  on  the  
abil i ty of  a s terol  to fulfill  the  spark ing  func- 
t ion  since cho les te ro l  will spark RD5-R. 

The  abi l i ty  of  a AS-sterol  to  satisfy spark ing  
r e q u i r e m e n t s  can be abol i shed  by ce r ta in  modi-  
f ica t ions  of  the  s terol  side chain.  This  was 
observed when  an oxygen a tom in the  form of  a 
ke to  or h y d r o x y  moie ty  was s u b s t i t u t e d  for  a 
me thy l  group at the  C-25 posi t ion .  Bo th  
oxygena t ed  derivat ives of  choles te ro l  were 
inef fec tua l  in sat isfying s terol  r equ i rements .  
However,  add i t i on  of  a b r o m i d e  or iodide  a t o m ,  
or a C-25 (26)  u n s a t u r a t i o n  did no t  a f fec t  the  
abil i ty of  choles tero l  to  satisfy e i the r  s terol  
func t ion .  

The  sl ight decrease  in g rowth  rates observed 
in the  presence  of  the  o x y g e n a t e d  s terols  and  
choles te ro l  is no t  suf f ic ien t  to  explain  the  
inabi l i ty  of  the  o x y g e n a t e d  s terols  to  satisfy 
e i the r  s terol  f unc t i on .  In add i t ion ,  this  inabi l i ty  
c a n n o t  be ascr ibed to a n o n f u n c t i o n a l  t r a n s p o r t  
for  the  o x y g e n a t e d  sterols.  It is possible  t ha t  
the  oxygena t ed  sterols,  a l t hough  t r an s po r t ed  
in to  the  ceils, are no t  ut i l ized as m e m b r a n e  
c o m p o n e n t s .  One way cells can ensure  t ha t  un-  
su i tab le  s terols  are no t  i n c o r p o r a t e d  in to  
m e m b r a n e s  is to  esterify t hem to long-chain  
f a t ty  acids and depos i t  t h e m  in l ipid d rop le t s  
(17) .  A l t h o u g h  the  oxygena t ed  sterols  are 
f o u n d  in the  s teryl  es ter  f rac t ion ,  the  s i tua t ion  
appears  to  be more  compl i ca t ed  since they are 
also present ,  to  a lesser degree, in the  free 
s terol  pool  (da ta  no t  shown) .  More exper imen-  
t a t ion  is needed  to u n d e r s t a n d  this  p h e n o m e -  
n o n  bet ter .  It is possible  t ha t  the  i n h i b i t o r y  
c o m p o n e n t  is a degradat ive  p r oduc t  of  the 
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oxygena t ed  analogs. 
RD5-R exh ib i t s  select ivi ty wi th  regard to 

s terols  capable  of  sa t isfying sterol  r equ i rement s .  
This appears  to  be a relat ively specif ic  process  
bu t  e i the r  nuc lear  ( s a tu ra t ion  of  a C-5(6)  
doub le  b o n d )  (1)  or  s ide-chain a l t e ra t ions  (sub- 
s t i t u t i on  of  a k e t o  or h y d r o x y  m o i e t y  for C-26 
on the  side cha in)  s ignif icant ly  a l ter  the  abi l i ty  
of  a s terol  to  satisfy bu lk  m e m b r a n e  a n d / o r  
spark ing  func t ions .  
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ABSTRACT 

The subcutaneous adipose tissue of genetically obese mice (ol~/o_b_) differs from that of lean litter- 
mates not only by virtue of its larger cells but also in its fatty acid composition; it contains a higher 
proportion of palmitoleic acid and a lower proportion of linoleic acid. To determine whether these 
differences in fatty acid composition were inherent in fat cells, subcutaneous adipose tissue from 
obese and lean mice was transplanted under the kidney capsules of lean and obese host mice and the 
fatty acid composition of the neutral lipids of the graft and of the host perirenal and subcutaneous 
fat was determined 1 or 2 months later. The fatty acid composition of grafts from lean donors in 
obese mice resembled that of the perirenal adipose tissue of the obese hosts after 1 month, with a 
lower proportion of linoleic acid and a higher proportion of palrnitoleic acid than in lean mice. Grafts 
from obese mice in lean mice had fatty acid compositions which were either unchanged, partially 
changed Or which completely resembled that of the host. The use of grafts prelabelcd by feeding 
the donor margaric acid indicated that total lack of fatty acid turnover, rather than selective metabolic 
processes, was responsible for the failure of some grafts from obese mice in lean mice to acquire the 
fatty acid composition of the perirenal adipose tissue of the host. 
Lipids 18:776-780, 1983. 

INTRODUCTION 

Adipose tissue from obese-hyperglycaemic 
mice is characterized by a fatty acid composi- 
tion with a higher proportion of palmitoleic 
acid and a lower proportion of linoleic acid 
than that of adipose tissue from lean mice 
(1-3). These differences arise from increased 
rates of fatty acid synthesis in the liver and 
adipose tissue of obese mice (4-6), causing a 
greater dilution of the dietary linoleic acid, and 
also from increased synthesis of palmitoleic 
acid by the raised activity of acyl-CoA A9 
desaturase (7). The lipogenic enzymes, acetyl- 
CoA carboxylase (8), fatty acid synthetase 
(8,9) and acyl-CoA desaturase (10), are insulin- 
dependent, However, it is not clearly established 
whether their increased activities in obese mice 
are dependent on the prevailing hyperinsulin- 
aemia, although procedures which decrease the 
concentration of plasma insulin may lower 
their activities (3,11). The aim of this study was 
to determine whether normalization of the 
physiological environment would return the 
fatty acid composition of adipose tissue of 
obese mice to normal. The transplantation of 
adipose tissue from obese into lean mice pro- 
vides a way of rapidly transforming the phys- 
iological environment. As previous studies 
(12-14) show such grafts to be viable, this 
technique was employed to determine whether 
normalization of  environment results in normal- 
ization of the fatty acid composition. 

*To whom correspondence should be addressed. 
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METHODS AND MATERIALS 

Animals 

Male, C57B1/6J-o__b mice were grafted at 
6-8 weeks old. In the first experiment, obese 
mice (o__b/olo) and their lean littermates (o__~+ 
or +/+) were from Olac Ltd., Bicester, UK and, 
in the second experiment, obese mice (o___b/ob) 
and closely related lean mice (+/+), obtained 
by selecting out the o_b gene, were from the 
colony at the Meat Research Institute, derived 
from C57B1/6J-o_b_ stock of the Jackson 
Laboratory, Bar Harbor, MA. Mice were given 
water and a commercial pelleted diet (Spratts 
Laboratory Diet No. 1, containing 22% protein, 
3.7% lipid and 48.0% available carbohydrate, 
from Spillers Ltd.) ad llbitum and housed 
singly after the transplant procedure. 

Transplantation 

Adipose tissue from donor lean or obese 
mice was transplanted under one kidney 
capsule of obese and lean mice as described 
previously (12). Donor adipose tissue was 
obtained from the subcutaneous depot lying 
over the lateral aspect of  the posterior part of  
the cutaneous maximus muscle, just anterior 
to the muscles of the upper hind limb. In the 
first experiment, all mice were killed by cervical 
dislocation after 1 month. The grafts were 
carefully removed, rinsed in saline and placed in 
solvent for lipid extraction. In the second 
experiment, the adipose tissue of the donor 
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obese mouse was labeled with additional 
margaric acid by feeding methyl margarate, 
0.2 ml/day, by stomach tube for 5 days, 
ending 3 days before grafting. Grafted lean 
hosts were killed I or 2 months later. Samples, 
20-100 mg, of perirenal adipose tissue adjacent 

t o  the transplant and subcutaneous adipose 
tissue from the same site as the donor were 
taken from all mice at slaughter. 

Lipid Extraction and Analysis 

Grafts and samples of perirenal and sub- 
cutaneous adipose tissue were washed in iso- 
tonic saline, blotted and placed in 5 ml of 
chloroform/methanol (2:1, v/v) containing .'~ 
2,6-di-tert-butyl-p-cresol (BHT, I00 mg/1) as 
antioxidant. After homogenization, the extract 
was filtered, evaporated to dryness at 60 C -v 
and taken up in 2.0 ml heptane. Phospholipids =~ 
were removed by adding 50 mg of silicic acid 
(Mallinckrodt, 100 mesh), followed, imme- 
diately after mixing, by 2.0 ml of chloroform. '~ 
T h e  solution of neutral lipids was decanted and e~ 

t h e  fatty acids prepared after saponification in O 
the usual manner (7). These were methylated = 
with diazomethane and the methyl esters = 
analyzed isothermally at 180 C on a column .~ 
(7 ft x 1/8 in.) containing 12% polyethylene , 
glycol adipate on 100-120 mesh Gas-Chrom Q. m o 
Peaks were identified by comparison with ,~ 
standards and were quantified with an In- v- .~ 
fotronics 304-50 computing integrator (LDC ~" 
Division, Milton Roy Inc . ) .  

e~ 

Materials < 

Solvents were of analytical grade where 
available and were distilled before use. Fatty .2 
acid standards (Applied Science Division, "~ 
Milton Roy Inc.) were obtained from Pierce ~" 

o Warriner (UK) Ltd., and methyl margarate, o 
ca. 95%, was from Sigma Chemical Co. (St. -~ 
Louis, MO). "~ 

Statistics 

Results were analyzed by Student's t-test 
and d i f f e r e n c e s  b e t w e e n  m e a n s  w h e r e  P < 0 . 0 5  
w e r e  t a k e n  to  be  s ign i f i cant .  

RESULTS 

In the first experiment, 10 lean mice and 
10 obese mice received adipose tissue grafts�9 
Five of  the lean mice and 5 o f  the obese mice 
received a graft o f  fat from a lean donor mouse  
and 5 mice of  each genotype  received a graft o f  
fat f rom an obese d o n o r  mouse�9 Two lean and 
2 obese donors were used. Only 2 obese host 
mice did not  survive t ransplanta t ion .  Grafts  
were recovered 1 m o n t h  later from all except  
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1 obese  mouse  t r a n s p l a n t e d  wi th  t issue f r o m  
an  obese  d o n o r ,  and  1 lean mouse ,  t r a n s p l a n t e d  
w i th  t issue f rom a lean donor ,  in wh ich  no  
graf t  cou ld  be  seen.  The  9 hos t  lean mice  grew 
f rom 18.6 +- 0.5 g to  26.8 + 0.8 g and  the  7 
obese  hos t s  f r o m  20.9 + 0.6 g to  38.6 +- 0.5 g. 
The  obese  donor s  had  a lower  pe rcen tage  of  
l inoleic acid (18:  2) and  a h igher  pe rcen tage  o f  
pa lmi to le ic  acid ( 1 6 : 1 )  t h a n  the  t issue f rom 
the  d o n o r  lean mice  (Table  1). These  d i f fe rences  
were also p re sen t  in t he  s u b c u t a n e o u s  and  per- 
i renal  adipose  t issue o f  lean and  obese  hos t  
mice  1 m o n t h  a f te r  graf t ing  (Tab le  1). 

T ransp lan t s  b e t w e e n  mice  of  the  same type  
had  similar  p r o p o r t i o n s  of  16:1 and  18 :2  to  
the  hos t  per i rena l  fat  (Table  2). Graf t s  f r o m  
lean mice placed u n d e r  the  k idney  capsule  
of  obese  mice  also t o o k  o n  t he  f a t t y  acid 
c o m p o s i t i o n  of  t he  h o s t ' s  per i rena l  fa t  w i th  n o  
s ignif icant  d i f fe rence  ( P > 0 . 0 5 )  in the  p ropor -  
t ions  of  pa lmi to le ic  acid and  l inoleic  acid. 
These  ef fec ts  are ampl i f ied  by  cons ider ing  the  
changes  in t he  ra t io  of  18 :2  to  16:1 (L :P  ra t io) .  
The  m e a n  L:P ra t io  of  s u b c u t a n e o u s  fa t  f r om 
lean mice  was 2.4 and  this  fell on ly  s l ight ly 
to  2.2 w h e n  it was t r a n s p l a n t e d  in to  lean mice.  
However ,  t he  L:P ra t io  fell to  1.0 w h e n  lean 
f a t  was t r a n s p l a n t e d  in to  obese  hosts .  The  L:P  
ra t io  of  obese  d o n o r  fa t  also decreased  sl ightly 
w h e n  graf ted  i n to  obese  mice,  f r om 1.2 to  0.8. 
However ,  graf ts  f rom obese  d o n o r s  in lean hos t s  
d i sp layed  var ied f a t t y  acid compos i t i ons .  T w o  
of  t he  grafts  had  similar  p r o p o r t i o n s  of  l inoleic  
acid and  pa lmi to le ic  acid to  those  in the  d o n o r  

s u b c u t a n e o u s  adipose  t issue at  the  t ime  o f  
graft ing,  whereas  2 o t h e r  graf ts  had  changed  
the i r  f a t t y  acid c o m p o s i t i o n  to  resemble  t h a t  
of  t he  hos t  adipose  t issue ( resul ts  n o t  shown) .  
Those  grafts  in wh ich  the  f a t ty  acid composi -  
t i on  was u n c h a n g e d  could  e i t he r  have  re t a ined  
the  me tabo l i c  charac ter i s t ics  of  t he  obese  
d o n o r  or, more  l ikely,  may  have lost  the  abi l i ty  
to  t u r n  over  the i r  f a t t y  acids. 

A second  e x p e r i m e n t  was, t he re fo re ,  set  up  
to  tes t  these  possibi l i t ies .  An  obese  d o n o r  
mouse  was fed m e t h y l  marga ra te  to  increase  
the  c o n c e n t r a t i o n  of  margar ic  acid in i ts adipose  
tissue. A t  the  t ime  of  graft ing,  t he  s u b c u t a n e o u s  
t issue of  this  mouse  c o n t a i n e d  1.7% margar ic  
acid c o m p a r e d  w i th  t he  usual  a m o u n t s  wh ich  
do n o t  exceed 0.3% (Table  1). Thus ,  any  
t u r n o v e r  of  t he  f a t t y  acids in  t he  g ra f ted  t issue 
would  resul t  in a decrease in the  p r o p o r t i o n  of  
margar ic  acid, since i t  could  n o t  be replaced  
by  the  low c o n c e n t r a t i o n s  p resen t  in the  hos t  
tissue, and  as the  cells of  the  graf t  would  be 
decreas ing in size, falls in the  p r o p o r t i o n  of  
margar ic  acid could  n o t  be due  to d i lu t ion  b y  
depos i t ed  f a t t y  acids. 

The  obese  donor ,  aged 34 days, weighed 
15 g at  the  t ime  of  t r a n s p l a n t a t i o n  and  reached  
48  g 2 m o n t h s  later.  S u b c u t a n e o u s  adipose  
t issue f rom this  mouse  was graf ted  u n d e r  the  
k i d n e y  capsule  of  8 lean mice  6 weeks  of  age. 
F o u r  lean hos ts  were killed 1 m o n t h  af te r  
t r a n s p l a n t a t i o n  and  the  o t h e r  4 were ki l led 
a f te r  2 m o n t h s .  The  g roup  o f  lean hosts ,  ki l led 
1 m o n t h  af te r  t r a n s p l a n t a t i o n ,  had  increased 

TABLE 2 

Proportion of  Palmitoleic Acid and Linoleic Acid in Donor, Host and Graft Adipose Tissue 

Fatty acid (% by wt) 
Adipose tissue sample 

Donor Host Host 
Sample Fatty acid subcutaneous  subcutaneous perirenal Graft 

"Lean" graft in lean host 

"Lean" graft in obese host 

"Obese" graft in obese host 

"Obese" graft in lean host 

Palmitoleic  7.8 • 0.6(2) a 9.6 -+ 0.2(4) 8.6 • 0.7(4) 9.2 +- 0.8(4) b 
Linoleic  19.0 • 0.7 21.6 + 0.6 20.5 • 1.4 20.4 +- 0.8 
L:P ratio 2.4 + 0.1 2.3 + 0.1 2.4 + 0.1 2.2 • 0.2 

Palmitoleic 7.8 • 0.6(2) 13.0 • 0.3(3) 13.6 • 0.1(3) 13.2 -+ 0.5(3) 
Line, ieic 19.0 + 0.7 14.1 -+ 0.3 13.5 + 0.5 13A + 0.3 
L:P ratio 2.4 • 0.1 1.1 • 0.1 1.0 • 0.1 1.0 -+ 0.1 

Palmitoleic  10.8 • 0.2(2) 12.4 -+ 0.4(4) 13.2 • 0.6 (4) 14.0 • 1.5(4) 
Linoleic 13.4 • 0.2 14.2 • 0.1 12.3 • 0.7 11.2 • 0.8 
L:P ratio 1.2 • 0.1 1.2 • 0.1 0.9 • 0.1 0.8 +~ 0.1 

Palmitoleic 12.5(1) 8.4 • 0.4 (6) 8.9 + 0.4(6) 9.6 + 1.1(6) 
Linoleic 14.2 20.0 • 0.1 17.1 • 1.3 20.6 • 1.2 
L:P ratio 1.1 2.4 • 0.1 1.9 • 0.2 2.2 +- 0.3 

aResults are expressed as means • SEM with  number of animals in parenthesis.  
bThere were no significant differences (P>O.05)  between host per• fats and grafts in the proportions of 

palmitole ic  acid, linoleic acid or the  L:P ratio in any treatment  group. 
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in weight from 16.8 -+ 1.0 g to 2 3 . 4 - + 0 . 5 g  
and those killed after 2 months had grown 
from 16.3 +- 1.5 g to 25.1 + 1.5 g. Of the 4 
grafts recovered after 1 month, 3 had acquired 
similar proportions of linoleic acid to the host 
tissues and 1 retained the donor levels of lino- 
leic acid together with 1.3% margaric acid. 
A similar pattern was observed in 4 grafts 
removed after 2 months. One graft had a very 
low proportion of linoleic acid and 1.7% 
margaric acid, as in the initial graft. The other 3 
grafts had similar proportions of linoleic acid 
and palmitoleic acid to the hosts. The results 
for the 6 mice with concentrations of margaric 
acid below 1.0% have been combined in Table 
2. The L:P ratio had increased from 1.1 in the 
donor tissue to a mean of 2.2 when the grafts 
were removed similar to the 1.9 in host per- 
i.renal fat. The relationship between the pro- 
portions of margaric acid and linoleic acid in 
the lipids of the grafts of experiment 2 is 
shown in Figure 1. The regression shows a 
significant (P<0.01) negative correlation be- 
tween the proportions of these 2 fatty acids. 

DISCUSSION 

These results clearly demonstrate that the 
differences in the fatty acid composition of 
adipose tissue neutral lipids between obese and 
lean mice depends on the physiological charac- 
teristics of the animal and not on genetic dif- 
ferences in the adipose tissue. This is similar 
to the results of studies which have demon- 
strated that transplanted fat ceils assume the 
size characteristics of the host adipose tissue 
(12-14). The decreased proportion of linoleic 
acid in the adipose tissue triglycerides of obese 
mice results from a dilution of the dietary 
linoleic acid by excessive fatty acid synthesis, 
de novo, associated with hyperphagia. Similar 
changes in fatty acid composition have been 
reported as a result of hyperphagia induced by 
gold-thioglucose treatment of rats (15). If the 
high rates of fatty acid synthesis were an 
inherent property of adipocytes from obese 
mice, a dilution of linoleic acid might have 
been expected in adipocytes from obese mice 
grafted into lean hosts, even if cell shrinkage 
were taking place. Equally, retention of a high 
acyl-CoA A9 desaturase activity would have 
been expected to maintain higher than normal 
proportions of palmitoleic acid. There was no 
evidence for either effect: linoleic acid increased 
and palmitoleic acid decreased. While lipogenesis 
depends on the supply of glucose as a substrate, 
it is possible that the reported lower sensitivity 
of adipocytes from obese mice to the stimula- 
tion of glucose uptake by insulin (16) might 
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FIG. i .  Relationship between the percentages of  
margaric acid and linoleic acid in the grafts from an 
obese donor mouse under the perirenal capsule of 
lean host mice. (<3) Grafts removed after 1 month; 
(e) grafts removed after 2 months. 

limit lipogenesis. However, it seems likely that 
the insulin insensitivity is more apparent than 
real and that in the obese mouse the tissue is 
in a permanently stimulated state (17). The 
changes in the fatty acid composition of the 
adipocytes from lean mice when transplanted 
into obese mice may also be interpreted in 
favor of normal intrinsic properties of cells in 
the obese mice since "lean" ceils in the obese 
situation did not over- or under-respond com- 
pared with "obese" cells. 

The fatty acid composition of adipose tissue 
of obese mice does not change when the ani- 
mals are forced to lose weight through restric- 
tion of their food intake (1,15). However, 
such a result probably stems from the retention 
of abnormally high rates of fatty acid synthesis 
in obese mice under these condi t ions(18)and  
one would expect turnover to continue under 
such conditions. There is, in fact, a slight de- 
crease in the linoleic acid to palmitoleic acid 
(L:P) ratio under those conditions, suggesting 
de novo synthesis of fatty acids is less affected 
than the supply of dietary linoleic acid. The 
small falls observed in the L:P ratios in the 
present study when lean grafts are placed in 
lean hosts, or obese grafts are placed in obese 
hosts probably arises from increases in the 
quantity of fat synthesized as the animals age 
and caloric requirements for growth of other 
body tissues are decreased. 

The grafts from obese donors into lean mice 
which retained their "obese" fatty acid com- 
position apparently did so because they were 
moribund and showed virtually no fatty acid 
turnover judged by the margaric acid levels. 
Since the grafted tissue was recognizable, and 
previous studies have consistently demonstrated 
that "obese" cells shrink in lean mice (12), 
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it suggests that turnover and net lipolysis have 
been dissociated. It is possible that the relatively 
low hormone and substrate concentrations in 
the lean host result in net loss of fatty acids and 
that turnover may be limited by metabolic 
deficiency or lack of effective vascularization or 
innervation. However, the main conclusion is 
that the environment in which the fat cell 
finds itself is the major determinant of its 
content of linoleic acid and palmitoleic acid 
and no genetic differences in fatty acid meta- 
bolism of adipocytes from obese mice are 
apparent when the cells are transplanted into 
lean mice. 
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ABSTRACT 

The effect of different fatty acids supplemented to a fat-free diet on the activity of A5 desaturase 
was studied. Fat-free diet produces a reduction in the conversion of eicosa-8,11,14-trienoic acid to 
arachidonic acid. The addition of the cis-r acids, linoleic, 3,-linolenic or arachidonic to the diet pro- 
duces an increase of eicosatrienoic acid desaturation, shifting A5 desaturase activity towards the con- 
trois on a balanced diet. This reactivation is apparently produced by induction of enzyme biosynthesis 
since linoleate effect was suppressed by simultaneous cycloheximide injection. On the contrary, no 
changes in A5 desaturation activity were found when the diet was supplemented with palmitic or 
9-trans,12-trans-linoleic acid. The changes on the activity of A5 desaturase were compared with the 
fatty acid composition of plasma and liver microsomes. 
Lipids 18:781-788, 1983. 

The fatty acid composition of the dietary 
fat produces marked effects on the biosynthesis 
of unsaturated fatty acids in the liver. A fat-free 
or a hydrogenated fat-supplemented diet gener- 
ally increases A9 and A6 desaturation activity 
(1-7). The addition of linoleic or arachidonic 
acid to this diet reduces linoleic acid desatura- 
tion to normal values (7). Diets rich in linoleic 
acid also modify A6 desaturation of linoleic 
acid (8). The control of unsaturated fatty acid 
biosynthesis is considered to reside mainly 
in the regulation of A6 and A9 microsomal 
desaturase activity, and has been extensively 
studied (1-9). The regulatory functions of the 
A5 desaturase enzyme that catalyzes the 
second desaturation step in the biosynthesis 
of polyunsaturated acids has been studied 
less (9). Similar to the A6 desaturase, A5 
desaturase is modified by hormones (10-12) 
and a very low protein diet also reduces the 
activity of this enzyme, leading to an impair- 
ment of arachidonic acid synthesis (13). How- 
ever, the effect of diets on the behavior of this 
desaturase differs from that of the A6 des- 
aturase. Essential fatty acid deficiency produces 
a reduction in A5 desaturation activity, an 
effect that is reversed on supplementing the 
diet with ethyl linoleate (6.9). Similar results 
were found by Jeffcoat and James after feeding 
corn oil to rats for 14 days (8). 

The differential behavior of A6 and A5 
desaturases poses interesting questions about 
the concerted effect of both enzymes upon 
arachidonic acid biosynthesis. 

1 Members of the Carrera del Investigador Cient{- 
fico, Consejo Nacional de Investigaciones Cientificas 
y T~cnicas (CONICET), Argentina. 

*To whom correspondence should be addressed. 

Therefore, more precise information was 
needed on the very early effects of linoleic, 
7-1inolenic and arachidonic acids on A5 des- 
aturase activity. For this reason, the present 
study was conducted to show the influence of 
the short-term intake of linoleic, 7-1inolenic, 
arachidonic and linoelaidic acid esters on liver 
microsomal A5 desaturase activity of rats 
maintained on a fat-free diet. The fatty acid 
pattern of plasma and hepatic microsomes was 
also analyzed to give a broad picture of the role 
of dietary fatty acids on unsaturated fatty acid 
biosynthesis. Cycloheximide effect on the 
reactivation of A5 desaturase by dietary linoleic 
acid was also investigated. 

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

Chemicals 

[1J4C] Eicosa-8,11,14-trienoic acid (57.5 
mCi/mmol, 98% radiochemical purity) was 
purchased from New England Nuclear Corp., 
Boston, MA. NADH, ATP, CoA, linoelaidic 
acid ethyl ester and cofactors were provided by 
Sigma Chemical Company, St. Louis ,  MO. 
Ethyl 7-1inolenate (99% purity) was purchased 
from Nu-Chek Prep. Inc., Elysian, MN, and 
ethyl arachidonate (98% pure) was a gift of 
Hoffman-La Roche and Co., Basle, Switzerland. 
Methyl linoleate was prepared from sunflower 
seed oil following the procedure described by 
Keppler et al. (14). This preparation was 99% 
pure. 

Animals and Treatment of Animals 

The experiments were carried out with male 
weanling rats of the Wistar strain. Animals 
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were fed ad libitum for 1 month on either 
a balanced diet consisting of: (in cal) 55% 
starch, 20% casein and 25% sunflower seed oil, 
or on a fat-free diet comprising 73.4% starch 
and 26.6% defatted casein. The fatty acid 
content of the basal diet was 3.8 g % and the 
relative percentages of the fatty acids were 
12.0 palmitic, 0.4 palmitoleic, 3.0 stearic, 34.1 
oleic and 50.5 linoleic acid. Both diets were 
supplemented with minerals and a mixture of 
vitamins (15). Water was given ad libitum. 
After a month,  the rats on the fat-free diet 
were divided in different groups of 6 animals 
each. One group was maintained on the same 
diet and in the other groups the diet was sup- 
plemented with 1.5 g % of either ethyl esters 
of 7-1inolenic and linoelaidic acids or methyl 
linoleate. The rats were killed at 24 and 48 
hr from the time of supplementation of the 
diet. Control groups of rats fed a balanced 
diet were sacrificed at the same time. In an- 
other experiment, the influence of the addition 
of ethyl arachidonate and ethyl palmitate to 
the fat-free diet was tested. Animals were 
treated as above, but they were sacrificed 12 
and 48 hr after the supplementation of the 
diet. Four animals per group were used in this 
experiment. In a third experiment, groups of 
6 animals each, maintained an a control diet, 
fat-free diet or fat-free diet supplemented with 
methyl linoleate for 24 hr were simultaneously 
treated with cycloheximide. The cycloheximide 
was administered intraperitoneally in single 
dose of 250 ~ug per 100 g body weight in saline 
solution 24 hr before killing the rats. Control 
groups without cycloheximide were sacrificed 
simultaneously. 

The rats were killed by decapitation. The 
blood was allowed to drain and was collected 
for the determination of the fatty acid com- 
position. Livers were rapidly excised and im- 
mediately placed in ice-cold homogenizing 
medium (1). After the homogenization, micro- 
somes were separated by differential centrifuga- 
tion at 100,000 • g as described previously 
(1) and immediately used for the desaturation 
assays. 

Analytical Procedure 

Desaturation of fatty acids by liver micro- 
somes was measured by estimation of the 
percentage conversion of [ t-a4 C] eicosa-8,11, 
14-trienoic acid to arachidonic acid. Five 
nmol of the labeled acid and 95 nmol of un- 
labeled acid were incubated with 5 mg of mi- 
crosomal protein in the shaker at 37 C for 10 
min in a total volume of 1.5 ml of 0.15 M KC1- 
0.25 M sucrose solution. The medium con- 
tained 4 #mol ATP, 0.1 pmol CoA, 1.25 pmol 

NADH, 5 #mol MgC12, 2.25/amol glutathione, 
62.5 #mol NaF, 0.5 #mol nicotinamide and 
62.5 #mol phosphate butter (pH 7). After 
10 min, the reaction was stopped by addition 
of 2 ml of 10% KOH in methanol. The fatty 
acids were recovered by saponification of the 

incubation mixture (45 min at 85 C), acidifica- 
tion and extraction with petroleum ether 
(bp 30-40 C). The fatty acids were esterified 
with methanolic 3 M HC1 (3 hr at 68 C) and the 
distribution of the radioactivity between sub- 
strate and product was measured by gas liquid 
radiochromatography in an apparatus equipped 
with a Packard proportional counter. Per- 
centage conversion was calculated from the dis- 
tr ibution of radioactivity between substrate 
and product measured directly on the radio- 
chromatogram (16). 

Lipids of liver microsomes were extracted 
with chloroform/methanol (2:1, v/v) by the 
procedure of Folch et al. (17). The fatty acids 
of the lipids were converted to methyl esters 
by the procedure already described and analyzed 
by gas liquid chromatography in a Packard 
apparatus equipped with a flame detector. 
The column was packed with 15% EGSS-X 
coated on Chromosorb WHP (80-100 mesh), 
Supelco Inc., Bellefonte, PA. The acids were 
identified by comparison with standards and 
the composition was calculated by measuring 
the area under the peaks. 

Protein content of the factions was deter- 
mined by the biuret method of Gornall et al. 
(18). 

RESULTS 

A5 Desaturation Activity 

The effect of dietary regimen on the desatur- 
ation of eicosa-8,11,14-trienoic acid to arachi- 
donic acid by rat liver microsomes is shown in 
Figure 1. The maintenance of rats on a fat-free 
diet resulted in a significant reduction in A5 
desaturation activity when compared to animals 
fed a balanced diet. The addition of linoleic 
or 7-1inolenic acid to the fat-free diet produced 
an increase in the conversion of eicosatrienoic 
acid to arachidonic acid. This effect was more 
remarkable when the rats were supplemented 
with 7-1inolenic acid. In this case, after 48 hr 
of refeeding, the A5 desaturation activity 
reached the control values. The supplementa- 
tion of the diet with 9-trans,12-trans-linoleic 
acid produced no changes in this enzymatic 
activity comparing to that observed in liver 
microsomes of rats fed a fat-free diet. 

The effect of supplementation of the fat-free 
diet with either arachidonic acid or palmitic 
acid on the percentage change of A5 desatura- 
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FIG. l. Effect of different dietary fatty acids 
supplemented to rats maintained on a fat-free diet on 
the change of eicosa-8,11,14-trienoic acid conversion 
to arachidonic acid. Zero corresponds to the percentage 
conversion (average 48.0 -+ 2.5) of animals fed a fat- 
free diet (FFD). Balanced diet (BD) ( . . . . . . . . . . .  ), FFD 
supplemented with: lino|eic acid ( . . . . . . . .  ), 3 ~- 
linolenic acid ( . . . . . . . .  ), and 9-trans,12-trans- 
linoleic acid ( ....... ...). Each point represent the average 
of 6 animal _+ SEM. 

t ion  act ivi ty  is s h o w n  in Figure 2. The  add i t i on  
of  a rach idon ic  acid p roduced  an increase in the  
convers ion  of  e icosa-8 ,11 ,14- t r ienoic  acid to 
a rach idon ic  acid t h a t  reached  the  con t r o l  values 
a f te r  48  hr  of  t r e a t m e n t .  T he  adm i n i s t r a t i on  of  
pa lmi t ic  acid p roduced  no  changes  on  A5 
desa tu ra t i on  act ivi ty .  In this  case, the  da ta  were 
similar  to those  observed unde r  the  fat-free 
diet .  There fo re ,  it is clear t ha t  the  inges t ion  of  
cis p o l y u n s a t u r a t e d  fa t ty  acids of  the  l inoleic  
acid series resul ts  in an increase of A5 desa- 
turase  act ivi ty.  Figure 3 shows the  ef fec t  of  
l inoleic acid refeeding on  A5 mic rosomal  
de sa tu r a t i on  act ivi ty of  rats  m a i n t a i n e d  on  a 
fat-free diet  u n d e r  cyc lohex imide  t r e a t m e n t .  
The  percen tage  convers ion  of  e icosa-8,11,14-  
t r i eno ic  acid to  a rach idon ic  acid decreased in 
the  rats  m a i n t a i n e d  on  a fat-free diet  and 
r e tu rned  to the  con t ro l  values af ter  refeeding 
t he  animals  wi th  l inoleic  acid. C y c l o h e x i m i d e  
t r e a t m e n t  p roduced  a r e d u c t i o n  in A5 desatura-  
t ion  act ivi ty  in the  con t ro l  rats and in the  
fat-free rats,  and  p reven ted  the  recovery  ob- 
served af ter  l inoleic acid refeeding.  

Fatty Acid Composition 

The f a t t y  acid c o m p o s i t i o n  of  p lasma l ipids 
is given in Table  1. The  percen tage  d i s t r i bu t i on  
of  the  p lasmat ic  fa t ty  acid of  the  rats  fed a 
fat-free diet  reflects the  essential  f a t ty  acid 
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FIG. 2. Effect of the addition of palmitic and 
arachidonic acids in the diet of rats maintained on 
fat deprivation, on the change of river microsomal 
conversion of eicosa-8,11,14-trienoic acid to arachi- 
donic acid. Zero corresponds to the percentage con- 
version (average 38.2 -+ 2.8) of animals fed a fat-free 
diet (F'I-'D). Balanced diet (BD) ( . . . . . . . . . .  ), I-'FD 
supplemented with: palmitic acid ( .......... ), and 
arachidonic acid ( . . . . . . . . . .  ). Each point repre- 
sents the average of 4 rats _+ SEM. 
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FIG. 3. Effect of cycloheximide treatment on the 
percentage conversion of eicosa-8,11,14-trienoic acid 
to arachidonic acid of liver microsomes of rats fed a 
complete diet (n), a fat-free diet (~), or a fat-free diet 
supplemented with linoleic acid ([]) .  Values are the 
mean of 6 animals ~ SEM. 

( E F A )  s ta tus  of  the  animal :  increased a m o u n t  
of  m o n o e n o i c  and 20:36o9 fa t ty  acids and a 
low level of  18:2co6 and  20:4co6 acids. Fa t t y  
acid s u p p l e m e n t a t i o n  wi th  l inoleic and 3,- 
l inolenic  acids p roduced  s ignif icant  d i f ferences  
in the  p lasmat ic  fa t ty  acids. The  levels of  palmi-  
tic, pa lmi to le ic  and e icosat r ienoic  acids de- 
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TABLE 1 

Fatty Acid Composition of Plasma 

Fat-free diet supplemented w i t h :  

Fatty Complete Fat-free Linoleic acid 
acids a d i e t  d i e t  24 hr 48 hr 

7-Linolenic acid Linoelaidic acid 
24 hr 48 hr 24 hr 48 br 

(%) (%) (%) (%) 

16:0 18.1t9:1:0.3 27.8 • 0.7 22.8 • 1.6 21.3 • 0.6 
16:1 1.9 • 0.2 6.6 +- 0.6 6.1 • 0.4 4.3 t 0.9 
18:0 10.5 • 0.3 12.4 • 0.6 12.0 • 0.8 12.2 -~ 0.6 
18:1 15.5 • 0.6 21.9 • 1.0 22.0 • 2.3 21.9 • 1.4 
1 8 : 2  t t  . . . .  
18:2t0627.8 • 0.8 7 .0•  13.0• 1.1 10.4• 1.9 
-r-18:3 tr tr tr tr  
20:3t09 1.2 • 0.1 5.8 • 0.6 3."/ +- 0.7 3.8 t 0.6 
20:4oj6 20.9 • 0.7 12.2 • 1.2 19.1 • 2.1 23.7 • 1.8 

(%) (%) (%) (%) 

19.6•  20 .7•  28 .9!  1.1 28 .6 •  
3 .9•  3 .7 •  7 .5 •  6 .5•  

11.5•  11.5•  10 .751 .0  11.2•  
13 .8•  13.8• 1.3 19.1 ~ 0.6 20.2• 1.4 

- -  -- 5.9~ 0.5 6 .6 •  
4 .3 •  3 .7•  9.0~ 0.6 9 .8 •  
6 .9 •  6 . 4 •  tr tr 
3 .5 •  2 .0•  6 .5 •  5 .2•  

29.0•  30.2•  10.2•  9 .7 •  

For details, see Materials and Methods. 
aOnly the main fatty acids were computed. 
bResults are the mean of 6 animals + SEM. 

creased s ignif icant ly  compared  to  the  ra ts  fed a 
fat-free diet .  However,  7q ino len ic  acid was 
more  effect ive  t han  l inoleic acid in decreas ing 
oleic acid. This  is s u p p o r t e d  by  a grea te r  e f fec t  
of  7-1inolenic acid t han  l inoleic acid on  hepa t i c  
A9 desaturase  ( m a n u s c r i p t  in p repa ra t ion ) .  As 
expec ted ,  the  levels o f  b o t h  l inoleic and  arachi-  
don ic  acids were h igher  t hen  l inoleic acid was 
added  to the  fat-free diet ,  ind ica t ing  a rapid 
convers ion  to 2 0 : 4 w 6 .  The  groups  fed 7-1ino- 
lenic acid accumula t ed  this  acid and  arachidor t ic  
acid,  and  decreased the  pe rcen tage  o f  l inoleic 
acid. The  c o n c e n t r a t i o n  of  a rach idon ic  acid 
r eached  even h igher  pe rcen tages  t han  in con t r o l  
animals.  The  add i t i on  of  l inoelaidic  acid to  the  
diet  p roduced  an a c c u m u l a t i o n  of  this  acid 
in  the  l ipids bu t  no i m p o r t a n t  changes  were 
f o u n d  on  the  o the r  fa t ty  acids c o m p a r e d  to 
those  observed in the  rats  fed a fat-free diet .  
However ,  a sl ight increase of  l inoleic acid was 
no ted .  

Table  2 shows  the  e f fec t  o f  the  d i f f e ren t  
diets  on  the  relat ive pe rcen tage  of  f a t ty  acids of  
liver microsomes .  As was observed in p lasma 
lipids, t he  fa t ty  acid c o m p o s i t i o n  o f  liver micro-  
somes  of the  rats  ma in t a ined  on a fat-free 
diet  is typical  of  essential  f a t t y  acid def ic iency.  
Monoeno ic  fa t ty  acids were enhanced  signi- 
f icant ly  in EFA-de f i c i en t  rats, express ing an 
increase  in A9 desa tu ra t i on  act ivi ty  a l ready 
s h o w n  u n d e r  this  kind of  diet  (3,7,8) .  When  
cis-6o6 acids were added to the  diet  of  ra ts  
raised o n  a fat-free diet ,  s ignif icant  change  
were found  in the  fa t ty  acid c o m p o s i t i o n  of  
the  microsomes .  Linoleic  acid was i nco r po r a t ed  
as such,  and  conve r t ed  to a rach idon ic  acid 
whereas  3,-linolenic acid was very l i t t le  incor-  
po ra t ed  bu t  was highly conver t ed  to arachi-  
conic  acid and w 6  acids of  22 :4  and  22:5 .  

All the  cis acids r educed  the  levels of  20:36o9,  
oleic and palmi tole ic  acids. However ,  T-lino- 
lena te  was more  ef f ic ient  than  the  o t h e r  f a t t y  
acids. Linoelaidic  acid was i n c o r p o r a t e d  in the  
liver microsomes .  Its s u p p l e m e n t a t i o n  to the  
d ie t  e n h a n c e d  t he  c o n t e n t  o f  cis-linoleate and 
decreased the  a rach idon ic  acid p r o p o r t i o n s  in 
nons ta t i s t i ca l ly  s ignif icant  figures. It did no t  
mod i fy  the  c o m p o s i t i o n  of  the  o t h e r  f a t ty  
acids. 

The  ef fec t  o f  s u p p l e m e n t a t i o n  o f  the  fat-free 
diet  wi th  a rach idon ic  acid on the  fa t ty  acid 
c o m p o s i t i o n  of  liver mic rosomes  is shown  in 
Table  3. Similarly to  the  o t h e r  cis-6o6 fa t ty  
acids, the  add i t i on  of  2 0 : 4 w 6  to  the  diet  
s ignif icant ly  decreased m o n o e n o i c  fa t ty  acids 
and  2 0 : 3 w 9  acid and  s ignif icant ly  increased 
the  relat ive pe rcen tage  of  a rach idon ic  acid. 

The  t r i e n e / t e t r a e n e  ra t io  ( 2 0 : 3 w 9 / 2 0 : 4 w 6 )  
of  liver lipids (Tables  2 and 3) clearly shows 
the  essential  fa t ty  acid def ic iency.  This  ra t io  
was not  significantly increased when supple- 
m e n t i n g  the  d ie t  wi th  l inoelaidic  acid, bu t  fell 
when  linoleic,  7-1inolenic or  a rach idon ic  acids 
were added  to the  diet .  7 -Linolen ic  acid r e tu rned  
the  t r i e n e / t e t r a e n e  ra t io  to  n o r m a l  values. 

DISCUSSION 

The  admin i s t r a t i on  o f  a fat-free diet  to 
weanl ing  rats  evokes  changes  in the  fa t ty  acid 
c o m p o s i t i o n  t ha t  are charac te r i s t ic  of  E F A  
def ic iency  (19 ,20) .  These  changes  are shown  
very early in ra t  liver mic rosomes  (6).  Arachi-  
don ic  acid decays  as a consequence  o f  a de- 
creased b iosynthes i s  due to  a progressive 
l inoleic acid dep le t ion .  The  organism a p p a r e n t l y  
reacts  u n d e r  this  change ,  t ry ing  to c o m p e n s a t e  
this  dep le t ion  by mobi l iz ing  l inoleic acid f rom 
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TABLE 3 

Fatty Acid Composition of Liver Microsomes; 
Influence of the Addition of Arachidonic Acid to the Diet 

Fat-free diet supplemented with 

Arachidonic acid 
Fatty acids a Complete diet Fat-free diet 12 hr 48 hr 

(%) (%) (%) (%) 

16:0 17.6 b + 1.0 20.7 • 0.6 19.6 • 1.5 17.9 +0.4 
16:1 2.0 + 0.3 5.1 + 0.4 2.8 d • 0.2 2.0 c +-0.2 
18:0 23.5 • 1.0 17.8• 1.0 18.8 + 0.7 21.9 • 
18:1 11.1 • 0.6 25.5 + 1.8 20.4 • 1.1 14.5 d +-1.3 
18:2to6 12.8 • 0.3 7.1 • 0.6 7.6 • 1.2 6.6 • 
20:3~o9 1.0 • 0.3 5.3• 0.3 3.7 d +- 0.3 3.2 d • 
20:4to6 2"/.5 • 1.9 13.8• 0.7 24.7 c • 0.3 29.7 e • 
20:3to9/20:46o6 0.04 0.38 0.15 0.11 

For details, see Materials and Methods. 
aOnly the main fatty acids were computed. 
bResuits are the mean of 4 animals • SEM. 
cp<0.001 compared with the fat-free diet. 
dp<o.01 compared with the fat-free diet. 

fa t  depo t s  and  increas ing A6 desa turase  act iv i ty  
(6). A6 Desa turase  is the  first  desa tu ra t ing  
e n z y m e  of  t he  w 6  essent ia l  f a t t y  acid fami ly  
and  is cons idered  to  con t r o l  the  b iosyn thes i s  
o f  the  series (2).  However ,  i t  is r emarkab le  
t h a t  E F A  def ic iency  evokes  an  early decrease 
o f  t he  act iv i ty  of  t he  A5 desa turase  t h a t  is the  
second  e n z y m e  o f  t h e  series (6).  In t he  p resen t  
work ,  i t  is s h o w n  (Figs. 1 and  2) t ha t ,  a f te r  
30  days  o n  a fat-free diet ,  t he  A5 desa turase  
act iv i ty  is still  low,  whereas  i t  was f o u n d  (7 ,9)  
t h a t  A9 and  A6 desa tu r a t i ons  are increased  at  
t he  same t ime.  These  resul ts  agree w i th  the  
work  by  Je f f coa t  and  James  (8)  in  wh ich  
d i f fe ren t  types  of  diets  were admin i s t e r ed  to  
rats.  There fo re ,  A6 a nd  A5 desaturases  m o d i f y  
the i r  act ivi t ies  in oppos i t e  way u n d e r  the  
d ie ta ry  changes  a l ready m e n t i o n e d .  

The  a d m i n i s t r a t i o n  of  cis u n s a t u r a t e d  acids 
o f  t he  l inoleic  acid fami ly  dur ing  on ly  a few 
hour s  (Figs. 1 and  2) evokes  a r eac t iva t ion  
of  t he  A5 desaturase ,  whereas  n e i t h e r  pa lmi t i c  
acid n o r  all trans-linoleic acid evoke such  a 
change.  These  resul ts  ind ica te  t h a t  t he  activa- 
t i o n  is p r o d u c e d  b y  cis u n s a t u r a t e d  acids. How- 
ever, t he  e f f ic iency  of  d ie ta ry  l inoleic,  7-1ino- 
lenic  and  a rach idon ic  acids to  evoke  t he  reac- 
t i va t ion  is d i f fe ren t ,  be ing  t he  h ighes t  for  7- 
l ino lenic  and  arachidonic .  In less t h a n  48  hr ,  
b o t h  7-1inolenic and a rach idon ic  acids reac- 
t iva te  A5 desa turase  to  t he  levels f o u n d  in 
con t ro l  animals .  

The  r eac t iva t ion  is a p p a r e n t l y  p r o d u c e d  by  
A5 desa turase  b iosyn thes i s  since the  l ino lea te  
e f fec t  was nul l i f ied by  s i m u l t aneous  cyclo- 
hex imide  in jec t ion ,  and  i t  is k n o w n  t h a t  cyc le-  

hex imide  inh ib i t s  p ro t e in  synthes i s  in m a m -  
mal i an  cells. 

A l t h o u g h  the  above  descr ibed  e x p e r i m e n t s  
show t h a t  the  a d m i n i s t r a t i o n  of  f a t ty  acids o f  
l inoleic  acid fami ly  to  fa t -def ic ien t  ra ts  evokes  
an  increase of  t he  A5 desa turase  act iv i ty ,  it 
has  been  f o u n d  in similar  e x p e r i m e n t s  t h a t  
t he  same acids decrease t he  A6 desa turase  
(7,9) .  There fore ,  cons ider ing  t h a t  the  two  
desaturases ,  A6 and  A5,  are involved  in arachi-  
don ic  acid b iosyn thes i s  and  t h a t  A5 desatura-  
t i on  act ivi ty  increases  af te r  the  add i t i on  of  
e i t he r  l inoleic,  ~/-linolenic or  a rach idon ic  acids 
to  t he  diet ,  t he  A6 d e s a t u r a t i o n  o f  l inoleic  to  
7-1inolenic acid in vivo would  be  a ra te - l imi t ing  
s tep in t h e  conve r s ion  o f  l inoleic  to  a rach idon ic  
acid. Ind i rec t  s u p p o r t  of  this  concep t  was 
given by  Hassam and  coworke r s  (21)  compar ing  
t he  i n c o r p o r a t i o n  of  r ad ioac t iv i ty  f rom 18:2  
[3H] and  7 -18 :3 [14C]  i n to  the  liver, bra in  and  
p lasma l ipids o f  t he  rat .  All these  resul ts  are in 
acco rdance  wi th  previous  f indings  (2,9) ,  and  
show ev iden t ly  t h a t  t he  s u p p l e m e n t a t i o n  of  t he  
fat-free diet  wi th  f a t t y  acids of  l inoleic  acid 
fami ly  p roduces  an  ac t iva t ion  o f  e icosa t r ienoic  
acid d e s a t u r a t i o n  to a rach idon ic  acid. This  
e n z y m a t i c  behav io r  could  be, in the  case of  
l ino lea te  and  7-1inolenate admin i s t r a t i on ,  a 
phys io logica l  m e c h a n i s m  for  cop ing  wi th  the  
increased  a m o u n t  of  e icosa-8 ,11 ,14- t r ienoic  acid 
p r o d u c e d  b y  t he  cell in  spi te  of  decreased  A6 
desa turase  act ivi ty  when  those  acids were 
ingested.  T h a t  is, t he  cell would  e n h a n c e  t he  
a m o u n t  of  A5 desa turase  to  be  able to  t rans-  
f o rm  the  increased level o f  subs t ra te .  At  first  
sight,  th is  hypo thes i s  could  n o t  be  so easily 
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used to explain the effect of arachidonic acid 
administration. However, the cellular level of 
arachidonic acid is related to the linoleate 
level. Therefore, it Would be necessary for 
arachidonic acid to produce a similar effect 
to that of linoleate or 7-1inolenate in order to 
make A5 desaturase activity adequate to cope 
with increased levels of substrate. Moreover, 
if arachidonate had an antagonistic effect to 
linoleate or 7-1inolenate, it would disorganize 
the regulatory mechanism. 

From all these experiments, it is apparent 
that the mechanisms whereby individual des- 
aturases are regulated by dietary fat may be 
unique to each enzyme, although the ultimate 
consequence leads to a coordinate change in 
the activities of these enzymes. This coordinate 
change would be relevant in determining the 
relative amounts of 20:36o6 and 20:4r that 
produce different eicosanoids. 

The 4 acids, 18:26o6, 7-18:3, t,t-18:2o~6 
and arachidonic, were incorporated into the 
microsomal lipids (Tables 2 and 3), but only 
cis-linoleic and 7-linolenic acids were converted 
to arachidonic acid. Linoelaidic acid not only 
did not evoke an increase of A5 desaturase 
activity, but  also was not  converted into arachi- 
donic acid. This last result agrees with an old 
work demonstrating that it is not a substrate 
in vitro for the rat A6 desaturase (22). "r- 
Linolenic acid was less incorporated in the 
microsomal lipids, probably because this acid 
is rapidly removed by chain elongation (23) and 
subsequent A5 desaturation. The striking 
difference in the relative increases of the per- 
centage of arachidonic acid in microsomal 
lipids and the A5 desaturase activity when 
linoleic acid administration was replaced by 
7-1inolenic acid (Table 2) would corroborate 
this hypothesis. Moreover, only 7-1inolenic 
and arachidonic acids evoked a recovery of 
arachidonic acid to control rat level in 48 hr. 
Therefore, it might be possible that the mech- 
anism of linoleate or 7-1inolenate act/vat/on of 
A5 desaturase biosynthesis is produced through 
their conversion to arachidonic acid. However, 
this suggestion needs further investigation. 
The fatty acid composition of the microsomal 
lipids of the animals supplemented with 3'- 
linolenic acid shows a content  of 22:4606 and 
22:5w6 acids, higher than the linoleic-treated 
group. These results indicate that 7-linolenate 
is more efficient than linoleate in the con- 
version to polyunsaturated acids of 20 and 
22 carbons, very probably because the A6 
desaturase step has been avoided. The relative 
percentages of linoleic acid in 3,-18:3 treated 
rats were significantly lower than those of the 
fat-deficient animals, probably expressing an 

enhancement of linoleic acid metabolism. 
It has been well demonstrated that dietary 

trans fatty acids are absorbed and incorporated 
into animal and human tissues (24,25) and, in 
this experiment, it is shown that there is a 
rapid incorporation of 9-trans ,12- trans-18:2 
either in plasma or in liver lipids (Tables 1 and 
2). Besides, it is known that linoelaidic acid is 
not converted in vitro in 3,-linolenic acid (22) 
and in vivo into an eicosatrienoic acid (26,27). 
However, the inclusion of the trans supplement 
in the fat-free diet (Tables 1 and 2) increased 
the 18:2~o6 concentration in plasma and liver 
microsomes, which indicates that the me- 
tabolism of linoleic acid was at least partially 
impaired. In agreement with this observation, 
De Schrijver and Privett (28) found that the 
conversion of linoleic to 3,-linotenic acid was 
suppressed by the dietary trans fatty acid. 
Earlier in vitro experiments carried out by 
Brenner and Peluffo (22) also demonstrated 
that linoelaidic inhibits the conversion of 
linoleic acid to 74inolenic acid. Besides, dietary 
t rans-18:2 decreased the levels of arachidonic 
acid in the rat liver even when appropriate 
amounts of linoleic acid were fed (29). More- 
over, it has been well documented that the 
trans, t rans- isomer of linoleic acid possesses no 
EFA activity in the sense of curing or prevent- 
ing classical EFA symptoms (30-32). Moreover, 
linoelaidic aggravates EFA deficiency when 
fed to animals as a sole dietary fat (31,33). 
The results obtained in the present experiment 
show that this aggravation of essential fatty 
acid deficiency may lie in the A6 desaturase 

inh ib i t ion  since the activity of A5 desaturase 
does not differ from that obtained in the 
animals fed a fat-free diet. 
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ABSTRACT 

The effects of feeding cholic acid, chenodeoxycholic acid and ursodeoxycholic acid on the activity 
of the hepatic steroid 12cehydroxylase, gallbladder bile acid composition, fecal neutral sterol output, 
cholesterol synthesis and bile acid synthesis were determined in female hamsters. The 12a-hydroxylase 
activity was inhibited to 56% by cholic acid, to 62% by chenodeoxycholic acid, and to 78% by ursode- 
oxycholic acid compared with the control. Bile acid composition was altered by feeding of cholic acid 
and chenodeoxycholic acid to be rich in the given bile acids. Fecal neutral sterol output increased 
about twice by feeding chenodeoxycholic acid and ursodeoxycholic acid, whereas cholic acid had no 
significant effect. Body cholesterol synthesis increased to 217% by chenodeoxycholic acid and to 
274% by ursodeoxycholic acid, whereas effect of cholic acid was not significant. Bile acid synthesis 
was suppressed to 48% of control only by chenodeoxycholic acid. A positive correlation between the 
12~-hydroxylase activity and the bile acid synthesis was observed in the control, chenodeoxycholate- 
fed and ursodeoxycholate-fed animals. In conclusion, ursodeoxycholic acid might have less inhibitory 
effect on the steroid 12~-hydroxylase and the bile acid synthesis than chenodeoxycholic acid. 
Lipids 18:789-794, 1983. 

Chenodeoxycholic acid and ursodeoxycholic 
acid have been extensively applied as therapeu- 
tic agents in the treatment of cholesterol gall- 
stones (1,2). The administration of these bile 
acids reduces biliary cholesterol secretion (3,4), 
decreases cholesterol saturation in bile (5,6), 
and induces gallstone dissolution (1,2). These 
bile acids have also been reported to decrease 
intestinal absorption of cholesterol (7,8) and to 
inhibit hepatic 3-hydroxy-3-methylglutaryl co- 
enzyme A (HMG-CoA) reductase (9,10), result- 
ing in decreased hepatic cholesterol synthesis. 
Despite these studies, however, information 
about the effects of chenodeoxycholic acid and 
ursodeoxycholic acid on the hepatic steroid 
12a-hydroxylase remains limited. 12a-Hydrox- 
ylase is a microsomal mixed function oxidase 
which catalyzes the conversion of 7a-hydroxy- 
cholest-4-en-3-one to 7or, 12a-dihydroxycholest- 
4-en-3-one and is one of the key enzymes in- 
volved in the metabolism of cholesterol to the 
bile acids in the liver (1 1). Together with the 
mitochondrial 26-hydroxylase which catalyzes 
the initial step of the side-chain degradation, 
the microsomal 12a-hydroxylase may regulate 
the relative amounts of cholic acid and cheno- 
deoxycholic acid synthesized in the liver (11, 
12). Danielsson showed that the activity of the 

1 This paper is Part XII of a series entitled 'Metabo- 
lism of Bile Acids.' For Part XI, see reference 17. 

2Permanent address: The First Department of 
Surgery, Kyushu University School of Medicine, 
Maidashi 3-1-1, Higashi-ku, Fukuoka, 812, Japan. 

*To whom correspondence should be addressed. 

12~x-hydroxylase in rats is inhibited by tauro- 
chenodeoxycholic acid (13). However, rats are 
known to carry out 6/3-hydroxylation of 
chenodeoxycholic acid to make 0t-muricholic 
acid; this, in turn, is converted into its 7~ 
epimer, /3-muricholic acid (14), which can also 
be made from ursodeoxycholic acid (15). It is, 
therefore, possible that the observed suppres- 
sion of the 120t-hydroxylase activity was not a 
direct effect of chenodeoxycholic acid itself, 
but rather was mediated by a- and/3-muricholic 
acids. Recently, Ahlberg et al. reported that the 
12a-hydroxylase activity in human liver micro- 
some was inhibited ca. 50% by chronic oral 
administration of chenodeoxycholic acid (16). 
However, for further investigation of the effects 
of bile acid feeding on the enzyme, there exist 
ethical problems in obtaining liver specimens 
from subjects whose hepatobiliary systems are 
not affected. It was, therefore, considered of 
importance to get a suitable experimental 
animal whose bile acid metabolism resembles 
that of humans. To investigate the effect of 
chenodeoxycholic acid and ursodeoxycholic 
acid on the hepatic 12a-hydroxylase, the ham- 
ster appears to be a more suitable animal model 
than the rat, since the hamster does not have 
the hepatic 6/3-hydroxylase and the individual 
bile acid composition is similar to that of 
humans (17). Thus, we have now studied ef- 
fects of  cholic acid, chenodeoxycholic acid and 
ursodeoxycholic acid on the hepatic steroid 
12a-hydroxylase in hamsters. We also report 
effects of these bile acids on the gallbladder bile 
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acid composition, fecal neutral sterol output, 
cholesterol synthesis and bile acid synthesis. 

EXPERIMENTAL PROCEDURES 

Materials 

70t-Hydroxycholest-4-en- 3- one, 5/3- choles- 
tane-3t~,7a, 12a-triol, 7a, 12a-dihydroxy-5/3-cho- 
lestan-3-one, 7t~,12a-dihydroxycholest-4-en-3- 
one, and tritium-labeled 7a-hydroxycholest-4- 
en-3-one (specific radioactivity 49 /aCi/mg) 
were synthesized as previously reported (17). 
70t,12a-Dihydroxy-5/3-cholanoic acid was syn- 
thesized as previously described (18). Cholic 
acid (Sigma Chemical Co., St. Louis, MO) was 
recrystallized 3 times from methanol. Cheno- 
deoxycholic acid and ursodeoxycholic acid of 
better than 99% purity were generously sup- 
plied by Tokyo Tanabe Pharmaceutical Co. 
(Tokyo, Japan) and used without further purifi- 
cations. Piperidinohydroxypropyl Sephadex 
LH-20 was prepared as described by Goto et al. 
(19). All other chemicals were reagent grade. 
Chow containing 0.2% of cholic acid, cheno- 
deoxycholic acid or ursodeoxycholic acid was 
prepared by mixing 2.0 g of each bile acid in 
300 ml of ethanol with 1.0 kg of Standard 
Powder Chow FM of Oriental Yeast Co. Ltd. 
(Tokyo, Japan). 

Animals 

Twenty female Golden Syrian hamsters with 
a mean body weight of 92 g were purchased 
from Shizuoka Laboratory Animal Center 
(Shizuoka, Japan) and were randomly divided 
into 4 groups after 2 weeks of acclimation 
period. Each group was fed one of the standard 
chow, 0.2% cholic acid chow, 0.2% chenode- 
oxycholic acid chow and 0.2% ursodeoxycholic 
acid chow for 2 weeks. Lighting was between 
6 a.m. and 6 p.m. and room temperature was 
controlled at 25 C. Chows and water were given 
ad libitum. During this period, one animal from 
the control group and 2 from the ursodeoxy- 
cholic acid group died of unknown etiology. 
Food intake was weighed daily. Feces of the 
last 7 days were collected, lyophilized and 
stored in desiccator until analyzed. 

Sacrifice was performed between 9 and 10 
a.m. Under ether anesthesia, the abdomen and 
the chest were opened; blood was aspirated 
from the heart. The gallbladder was removed 
and the bile was deproteinized with ethanol. 
The liver was then excised, weighed, and used 
for the incubation. 

Measurement of Mierosomal Steroid 
12a-Hydroxylase Activity 

Two g portion of the liver was used for 

measuring the activity of hepatic microsomal 
steroid 12a-hydroxylase. The methods for the 
preparation of the microsomes and for the 
determination of the rate of the conversion of 
70t-hydroxycholest-4-en-3-one to 7ct, 12t~-dihy- 
droxycholest-4-en-3-one have been described in 
detail (17). 

Analysis of Gallbladder Bile Acids 

The determination of individual bile acid 
composition of the gallbladder bile was carried 
out by gas liquid chromatography as methyl 
ester-dimethylethylsilyl ether derivatives, as 
described previously (17). 

Analysis of Fecal Bile Acids and Neutral Sterols 

Seven days' pool of feces was ground down 
and mixed thoroughly. Five mg of 70~,12a- 
dihydroxy-5~cholanoic acid and 1 mg of 5ot- 
cholestane were added as internal standards to 
2 g portion of feces. The feces were mixed with 
20 ml of 2 N KOH in a Teflon beaker and 
heated at 130 C for 3 hr. The hydrolysate was 
filtered and the residue was extracted with hot 
ethanol for 24 hr. The ethanolic extract was 
condensed by evaporation of ethanol under a 
reduced pressure, combined with the filtrate, 
diluted with water, acidified with d-HC1, and 
extracted twice with ether and twice with ethyl 
acetate. The extracts were combined, washed 
with water to neutrality, dried over anhydrous 
Na2SO4, filtrated and evaporated under re- 
duced pressure. The residue was dissolved in 
5 ml of 90% ethanol and chromatographed on a 
column (1.6 x 10 cm) of piperidinohydroxy- 
propyl Sephadex LH-20. Neutral sterols were 
eluted with 60 ml of 90% ethanol and bile acids 
were eluted with 200 ml of 0. I M acetate in 
90% ethanol. Each fraction was evaporated 
under reduced pressure to dryness. The neutral 
sterols were converted to trimethylsilyl ether 
derivatives and the bile acids were converted to 
methyl ester-trimethylsilyl ether derivatives. 
Analyses of both the neutral sterols and the bile 
acids were carried out by gas liquid chromatog- 
raphy using glass column packed with 2% Poly- 
1-110 on 100-120 mesh of Chromosorb W. 
Column temperature was 250 C. Suitable cor- 
rections were made using the internal standards. 
Cholesterol and bile acid syntheses were calcu- 
lated using the chromatographic balance 
method (20,21). 

Statistical Methods 

Results were expressed as mean +SD. Group 
means were compared by paired Student's 
t-test. Bivariate regression analyses were per- 
formed by the method of least squares. 
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R ESU LTS 

Under  the cond i t ions  of  the  p resen t  s tudy,  
the  hamsters  receiving bile acid diets ingested 
an average of  17 mg/day  of  each bile acid. The 
animals on  these  diets showed  no  significant  
d i f ferences  f rom the  con t ro l  animals, in t h e k  
weight  gain and food in take for the  entire 
exper imenta l  period.  

Steroid 12c=-Hydroxylase Activity 

The mean activity of  hepa t ic  microsomal  
12a-hydroxylase  of  each group is s h o w n  in 
Figure 1. The activity was 104.8 +- 6.8 p m o l / m g  
pro te in / ra in  for  the con t ro l  group,  58.8 + 
5.5 p m o l / m g  p ro t e in /min  for  the cholic acid 
group,  64.2 --- 17.3 p m o l / m g  p ro t e in /min  for  
the  chenodeoxycho l i c  acid group, and 81.7 + 
5.2 p m o l / m g  p r o t e i n / m i n  for  the  u r sodeoxy-  
cholic acid group. Statistical d i f ferences  be- 
tween  the  con t ro l  and each bile acid group were 
P < 0.0005 (cholic acid), P < 0.0025 (cheno-  
deoxycho l ic  acid) and P < 0.0025 (ursodeoxy-  
chohc  acid). The d i f ference  be tween  the  eholic 
acid group and the  u r s o d e o x y c h o h c  acid group 
was also statist ically significant (P < 0.001).  

Bile Acid Composition in Gallbladder Bile 

The bile acid compos i t i on  in each group is 
shown  in Table 1. Bile of  the  con t ro l  group 
con ta ined  ca. 80% of  cholic acid plus its metab-  
oh tes  (i.e., deoxycho l ic  acid and 7 -ke todeoxy-  
cholic acid). Cholic acid adminis t ra t ion  resul ted 
in increased percentage  of  deoxycho l i c  acid and 
conspicuous  d isappearance  of  c h e n o d e o x y -  
cholic acid. Adminis t ra t ion  o f  bo th  chenode-  
o x y c h o h c  acid and u r sodeoxycho l i c  acid de- 
creased the  percentages  of  chohc  and deoxy-  
chohc  acids and increased those  of  c h e n o d e o x y -  
cholic and l i thochol ic  acids. Ursodeoxychof ic  

m = 

2 

x - 
o 

o 
E 

100 

50 

I 

Control C CDC UDC 

(n=4~ m=5} (n=5) (n:3t  

FIG. 1. Effect of bile acid feeding on the activity 
of the hepatic microsomal steroid 12a-hydroxylase in 
female hamsters. The values are the means +-SD. The 
activity is pmol of 7a,12a-dihydroxycholest-4-en-3- 
one formed from 7~-hydroxycholest-4-en-3-one/mg of 
microsomal protein/min. CA, CDC and UDC mean 
cholic acid, chenodeoxycholic acid and ursodeoxy- 
cholic acid, respectively. *: Significantly different 
from control values (P < 0.005 or better by paired 
t-test). 

acid occupied  ca. 20% of  to ta l  bile acid in the  
u r sodeoxycho l i c  acid group. 

Fecal Bile Acids and Neutral Sterols 

The fecal s teroid  excre t ion  during the  last 
week is shown  in Table 2. Fecal neutra l  s terol  
ou t p u t  increased abou t  twice by feeding of  

TABLE 1 

Effects of Bile Acid Feeding on Gallbladder Bile Acid Composition in Female Hamsters 
(mean -+SD) 

Cholic Chenodeoxy- Ursodeoxy- 
Control acid cholic acid cholic acid 

Bile acid (n = 4) (n = 5) (n = 5) (n = 3) 

(%) 

Cholic acid 70.4 +- 9.3 67.9 +- 3.5 9.4 -+ 4.1 b 12.1 -+ 0.6 b 
Cbenodeoxycholic acid 17.6 -+ 3.9 NDa, b 81.5 -+ 6.5 b 58.8 -+ 5.3 b 
Deoxycbolic acid 8.2 -+ 10.9 31.0 -+ 3.7 b 1.1 -+ 0.7 b 0.6 -+ 0.3 b 
Lithocholic acid 1.4 -+ 0.7 0.2 -+ 0.1 7.9 +- 2.5 b 7.7 -+ 1.0 b 
7-Ketodeoxycholic acid 2.4 -+ 1.3 1.0 -+ 0.3 ND ND 
Ursodeoxycholic acid ND ND ND 20.8 -+ 3.4 b 

aNot detected. 
bSignificantly different from control values (P < 0.05 or better by paired t-test). 
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TABLE 2 

Effects of Bile Acid Feeding on Fecal Neutral Sterol Output, Cholesterol Synthesis, 
and Bile Acid Synthesis in Female Hamsters (mean -+SD) 

Cholic Chenodeoxy- Ursodeoxy- 
Control acid cholic acid cholic acid 
( n = 4 )  (n=  5) (n= 5) ( n = 3 )  

(mg/day) 

Cholesterol intake 5.84 +- 0.97 4.95 -+ 0.37 5.06 -+ 0.24 a 6.22 -+ 0.48 
Fecal neutral sterol output 2.98 + 0.83 3.30 + 0.81 6.56 -+ 1.15 a 6.72 +- 1.14 a 
Cholesterol synthesis b 1.69 -+ 1.16 2.16 -+ 1.38 3.66 + 0.88 a 4.63 +- 1.67 a 
Bile acid synthesis c 4.52 -+ 1.17 3.81 + 0.78 2.16 -+ 0.26 a 4.12 -+ 0.75 

aSignificantly different from control values (P < 0.05 or better by paired t-test). 
bTotal fecal steroid excretion (fecal neutral sterol output + fecal bile acid output) -- 

total dietary steroids (cholesterol intake + bile acid intake). 
CFecal bile acid output -- bile acid intake. 

c h e n o d e o x y c h o l i c  acid and  u r s o d e o x y c h o l i c  
acid c o m p a r e d  wi th  the  con t ro l .  There  was n o  
s igni f icant  change  b e t w e e n  the  con t r o l  and  t he  
chol ic  acid group.  A d m i n i s t r a t i o n  of  cheno-  
deoxycho l i c  and  u r s odeoxycho l i c  acids in- 
creased choles te ro l  synthes is  ca. 2-3 t imes,  
whereas  chol ic  acid a d m i n i s t r a t i o n  s h o w e d  n o  
s ignif icant  effect .  Bile acid syn thes i s  was sup- 
pressed marked ly  by  c h e n o d e o x y c h o l i c  acid 
a d m i n i s t r a t i o n  (P < 0 .0005) .  Bile acid syn thes i s  
in  chola te - fed  and  u r s o d e o x y c h o l a t e - f e d  ani- 
mals was sl ightly decreased b y  16% and 9% of  
t he  cont ro l ,  respect ive ly ;  however ,  t he  differ- 
ences  b e t w e e n  means  were ins ignif icant .  

As s h o w n  in Figure  2, the  bile acid syn thes i s  
was cor re la ted  well (r  = 0 .823,  P < 0 .001 ,  n = 
12) w i th  the  ac t iv i ty  of  the  s te ro id  12c~-hydrox- 
ylase in the  cont ro l ,  c h e n o d e o x y c h o l a t e - f e d  
and  u r s o d e o x y c h o l a t e - f e d  hamsters .  

DISCUSSION 

The  resul ts  of  the  p resen t  s t udy  show t h a t  
the  s teroid  12a -hydroxy lase  act ivi ty  in  ham-  
sters was in f luenced  b y  feeding of  var ious bi le  
acids and  t h a t  the  ac t iv i ty  r e s p o n d e d  differ- 
e n t l y  to  d i f fe ren t  bi le  acids. Our  da ta  show t h a t  
t he  act iv i ty  of  the  12a -hydroxy lase  was sup- 
pressed marked ly  w h e n  chol ic  acid or  cheno-  
d e o x y c h b l i c  acid h a d  b e e n  fed. T he  same e f fec t  
on  the  e n z y m e  has  been  r e p o r t e d  by  Daniels- 
son, who  observed  decreased 12~-hydroxylase  
act ivi ty  by feeding of  t au rocho l i c  acid and  
t a u r o c h e n o d e o x y c h o l i c  acid to  ra ts  (13) .  How-  
ever, t he  prev ious  r e p o r t  on  the  i n h i b i t o r y  ef- 
fect  of  t a u r o c h e n o d e o x y c h o l i c  acid was incon-  
clusive, since the  ra ts  possess a 6~-hydroxylase  
t h a t  conver t s  c h e n o d e o x y c h o l i c  acid to  or- and  
~ m u r i c h o l i c  acids (14) .  Our  da ta  provide  d i rec t  
ev idence  fo r  the  i n h i b i t o r y  e f fec t  of  chenode -  
oxycho l i c  acid i tself  on  the  120~-hydroxylase in 

~ �9 �9 �9 
o 2 

i 
I / n = 1 2 ,  r = 0 . 8 2 3 ,  P<O.O01 

/ I , , I 
5 0  1 0 0  

Hepatic sleroid 12~(.-hydro~ylase activity 

( pmoles / mg protein / min ) 

FIG. 2. Correlation between the activity of the 
hepatic microsomal steroid 12a-hydroxylase and the 
bile acid synthesis in control, chenodeoxycholate-fed 
and ursodeoxycholate-fed female hamsters. The best- 
fit linear function was determined by the method of 
least squares. The bile acid synthesis was calculated 
using the chromatographic balance method (fecal bile 
acid output minus bile acid intake). The symbols indi- 
cate the different treatment groups: control (e), 
chenodeoxycholate-fed (m), and ursodeoxycholate-fed 
(A). 

e x p e r i m e n t a l  animals.  More  recen t ly ,  Ah lbe rg  
et  al. showed  the  i n h i b i t o r y  e f fec t  of  chenode -  
oxycho l i c  acid on  the  12c~-hydroxylase act iv i ty  
in  pa t i en t s  wi th  cho les te ro l  gal ls tone disease 
(16) .  Our  da ta  in hams te r s  are cons i s t en t  wi th  
the i rs  and  the  ex t en t s  of  i n h i b i t i o n  are a lmos t  
the  same levels (39% in h a m s t e r s  and  46% in 
m a n ) .  

Effec t  o f  u r sodeoxycho l i c  acid on  the  12a- 
hyd roxy l a se  act iv i ty  has  n o t  been  s tudied  
direct ly.  However ,  This t le  et  al. c o m p a r e d  the  
effects  of  feeding c h e n o d e o x y c h o l i c  acid and  
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ursodeoxycholic acid in man and found that 
administered ursodeoxycholic acid does not 
suppress endogenous cholic acid synthesis to 
the same extent as does chenodeoxycholic acid 
(22). The results suggest that the inhibition of 
the 12ct-hydroxylase by ursodeoxycholic acid is 
not as effective as that of chenodeoxycholic 
acid. In accord with the suggestion, our data 
show that the 12a-hydroxylase activity in the 
ursodeoxycholate-fed hamsters was higher than 
that in the chenodeoxycholate-fed animals, 
although the difference between both groups 
was not statistically significant. It must be men- 
tioned that the effect of ursodeoxycholic acid 
on biliary bile acid composition in the hamsters 
differed from that in man. When ursodeoxy- 
cholic acid was administered to man, it became 
the predominant biliary bile acid with a re- 
ciprocal decrease of chenodeoxycholic acid 
and, to a lesser extent, of cholic acid (6). In the 
ursodeoxyeholate-fed hamsters, however, the 
administered bile acid accounted for 21% of 
total biliary bile acids, while chenodeoxycholic 
acid became the major bile acid (59%) in the 
bile. The reasons for this difference are not 
known. A possibility is a much greater conver- 
sion of ursodeoxycholic acid to chenodeoxy- 
cholic acid in hamsters than in man. It has been 
reported that in the intestinal tract a major 
fraction of unabsorbed ursodeoxycholic acid is 
7-dehydroxylated to form lithocholic acid by 
the action of microorganisms (23), and that this 
secondary bile acid, if absorbed, is largely con- 
verted to chenodeoxycholic acid during hepatic 
passage in hamsters (24). Another possible 
pathway for the formation of chenodeoxy- 
cholic acid from ursodeoxycholic acid involves 
the bacterial 7-dehydrogenation of ursodeoxy- 
cholic acid to form 7-ketolithocholic acid, 
which is then reduced to chenodeoxycholic 
acid by intestinal bacteria or the liver (25,26). 

Anyhow, because the major biliary bile acid 
in the ursodeoxycholate-fed hamsters was not 
ursodeoxycholic acid but rather chenodeoxy- 
cholic acid, it is reasonable to assume that the 
suppression of the 12~t-hydroxylase activity in 
these animals was not an effect of ursodeoxy- 
cholic acid alone but rather combined effects of 
ursodeoxycholic and chenodeoxycholic acids. 
Clearly, additional studies are needed to eluci- 
date the effect of ursodeoxycholic acid alone 
on the 12t~-hydroxylase activity. Nevertheless, 
we interpret our data to indicate that urso- 
deoxycholic acid has a lesser inhibitory effect 
on the 12ct-hydroxylase than chenodeoxycholic 
acid, because the sum (80%) of the contents of 
ursodeoxycholic and chenodeoxycholic acids in 
the bile of the ursodeoxycholate-fed hamsters 
was the same as the content  (81%) of cheno- 

deoxycholic acid in the chenodcoxycholate-fed 
animals, and the only difference in the bile acid 
composition between both groups was the 
presence or absence of relatively small amounts 
of ursodeoxycholic acid. 

The present study shows that daily fecal 
neutral sterol output increased about twice by 
feeding of chenodeoxycholic acid and urso- 
deoxycholic acid compared with the control 
and cholate-fed hamsters. Previous studies o~ 
the effect of bile acid feeding on cholesterol 
absorption from the gastrointestinal tract in 
man and experimental animals have shown that 
cholesterol absorption was depressed after feed- 
ing diets of chenodeoxycholic acid (7) and 
ursodeoxycholic acid (8,27), while the adminis- 
tration of cholic acid (27,28) was associated 
with an increase of cholesterol absorption. We 
believe that the increased output of fecal 
neutral sterols during chenodeoxycholic acid 
and ursodeoxycholic acid feeding is the reflec- 
tion of the decreased absorption of cholesterol. 

The effect of dietary bile acid on endogen- 
ous cholesterol synthesis 'is still controversial. 
Some of the available data suggest that bile 
acids directly inhibit the hepatic HMG-CoA 
reductase, the rate-controlling enzyme of 
cholesterol synthesis, resulting in a decrease of 
cholesterogenesis (9,10,29). Other studies seem 
to suggest that, during ursodeoxycholic acid 
feeding, an increased synthesis of cholesterol is 
mediated through the decreased cholesterol 
absorption (30,31). Our finding that cheno- 
deoxycholic acid and ursodeoxycholic acid 
feeding increased endogenous cholesterol syn- 
thesis, wlfile cholic acid feeding caused no sig- 
nificant effect on cholesterogenesis, seems to 
support this latter mechanism. In addition, 
there is a possible explanation of the above- 
mentioned discrepancy; i.e., the HMC~CoA 
reductase of the intestinal mucosa participates 
considerably in the cholesterol synthesis and 
has a different character from that of the liver, 
so a reduced activity of the hepatic HMG-CoA 
reductase does not always prove a decreased 
cholesterol synthesis of whole body (32). 

The bile acid synthesis was inhibited by 
chenodeoxycholic acid feeding, whereas urso- 
deoxycholic acid had little effect (Table 2). 
This result is consistent with that of Thistle 
et al. who suggested that administered ursode- 
oxycholic acid suppressed endogenous bile 
acid synthesis much less than chenodeoxycholic 
acid (22). It has been reported that cholic acid 
administration suppressed the hepatic choles- 
terol 7a-hydroxylase activity, the rate-deter- 
mining enzyme of bile acid synthesis (13,29), 
and consequently bile acid synthesis in rats 
(28). In the present study, the depression of the 

LIPIDS, VOL. 18, NO. 11 (1983) 



794 s. KUROKI AND T. HOSHITA 

bile acid synthesis  during cholic acid feeding 
was also observed,  a l though the d i f ference  
be tw een  means  was no t  statist ically significant.  

It is wor th  men t ion ing  tha t  there  is also a 
posit ive corre la t ion  b e t w e e n  the activity of  the  
s teroid  12a-hydroxylase  and the  bile acid syn- 
thesis in  the  control ,  chenodeoxycho l a t e - f ed  
and u r sodeoxycho la t e - f ed  animals (Fig. 2). The 
bile acid synthesis  may ref lect  the  activity of  
choles terol  70t-hydroxylase, so the above- 
men t ioned  corre la t ion suggests tha t  choles terol  
7a -hydroxylase  and s teroid 12a-hydroxylase  
might  be inhib i ted  in a similar fashion by these 
3 ,7 -d ihydroxy la ted  bile acid feedings. 

In conclusion,  the  s teroid 12a-hydroxylase  is 
inh ib i ted  in tensely  by cholic and c h e n o d e o x y -  
cholic acids and slightly by u r sodeoxycho l i c  
acid. The bile acid synthes is  is decreased mark- 
edly by chenodeoxycholic acid and slightly by 
cholic and u r sodeoxycho l i c  acids. 

ACKNOWLEDGMENTS 

The authors wish to thank Dr. Taiju Kuramoto for 
his helpful suggestions and comments and Miss Set- 
suko Muramoto for her technical assistance. 

REFERENCES 

1. Thistle, J.L., and Hofmann, A.F. (1973) New 
Eng. J. Med. 289, 655-659. 

2. Makino, I., Shinozaki, K., Yoshino, K., and 
Nakagawa, S. (1975) Jpn. J. Gastroenterol. 72, 
690-702. 

3. Adler, R.D., Bennion, L.J., Duane, W.C., and 
Grundy, S .M.  (1975) Gastroenterology 68, 
326-334. 

4. Roda, E., Mazzella, G., Roda, A., Aldini, R., 
Festi, D., Bazzoli, F., Messale, E., Morselli, 
A.M., and Barbara, L. (1981) in Bile acids and 
Lipids (Paumgartner, G. and Stiehl, A., eds.) 
pp. 189-194, MTP Press, Lancaster, England. 

5. Danzinger, R.G., Hofmann, A.F., Thistle, J.L., 
and Schoenfield, LA. (1973) J. Clin. Invest. 52, 
2809-2821. 

6. Makino, I., and Nakagawa, S. (1978) J. Lipid 
Res. 19, 723-728. 

7. Ponz De Leon, M., Carulli, N., Loria, P., Iori, R., 
and Zironi, F. (1979) Gastroenterology 77, 
223-230. 

8: Ponz De Leon, M., Carulli, N., Loria, P., Iori, R., 
and Zironi, F. (1980) Gastroenterology 78, 
214-219. 

9. Key, P.H., Bonorris, G.G., Marks, J.W., Chung, 
A., and Schoenfield, L.J. (1980) J. Lab. Clin. 
Med. 95, 816-826. 

10. Maton, P.N., Ellis, H.J., Higgins, M.J.P., and 
Dowling, R.H. (1980) Eur. J. Clin. Invest. 10, 
325-332. 

11. Einarsson, K. (1968) Eur. J. Biochem. 5, 101- 
108. 

12. Bj6rkhem, I., Danielsson, H., and Gustafsson, J. 
(1973) FEBS Lett. 31, 20-22. 

13. Danielsson, H. (1973) Steroids 22, 667-676. 
14. Voigt, W., Thomas, P.J., and Hsia, S.L. (1968) J. 

Biol. Chem. 243, 3493-3499. 
15. Hoshita, T., Kono, M., Matsumoto, M., Uchi- 

yama, M., and Kuramoto, T. (1974) Yakugaku 
Zasshi 94, 1196-1205. 

16. Ahlberg, J., Angelin~ B., BjOrkhem, I., Einarsson, 
K., Gustafsson, J.-A., and Rafter, J. (1980) J. 
Lab. Clin. Med. 95, 188-194. 

17. Kuroki, S., Muramoto, S., Kuramoto, T., and 
Hoshita, T., J. Lipid Res., in press. 

18. Pietra, S., and Traverso, G. (1951) Gazz. Chim. 
Ital. 81, 687-691. 

19. Goto, J., Hasegawa, M., Kato, H., and Nambara, 
T. (1978) Clin. Chim. Acta 87, 141-147. 

20. Grundy, S.M., Ahrens, E.H., Jr., and Miettinen, 
T.A. (1965) J. Lipid Res. 6, 397-410. 

21. Miettinen, T.A., Ahrens, E.H., Jr., and Grundy, 
S.M. (1965) J. Lipid Res. 6,411-424. 

22. Thistle, J.L., Larusso, N.F, Hofmann, A.F., 
Turcotte, J., Carlson, G.L., and Ott, B.J. (1982) 
Dig. Dis. Sci. 27, 161-168. 

23. Ota, M., Isobe, J., Tsuji, Y., Kuramoto, T., and 
Hoshita, T. (1977) Hiroshima J. Med. Sci. 26, 
233-251. 

24. Ota, M., Tsunoda, H., and Hoshita, T. (1978) 
Yakugaku Zasshi 98, 108-118. 

25. Sutherland, J.D., and Macdonald, I.A. (1982) 
J. Lipid Res. 23,726-732. 

26. Fromm, H., Carlson, G.L., Hofmann, A.F., 
Farivar, S., and Amin, P. (1980) Am. J. Physiol. 
239,.GI61-G166. 

27. Hirabayashi, N., and Aizawa, Y. (1976) Folia 
Pharmacol. Japon. 72, 313-317. 

28. Cohen, B.I., Raicht, R.F., and Mosbach, E.H. 
(1977) J. Lipid Res. 18, 223-231. 

29. Schoenfield, L.J., Bonorris, G.G., and Ganz, P. 
(1973) J. Lab. Clin. Med. 82, 858-868. 

30. Carulli, N., Ponz De Leon, M., Zironi, F., Pinetti, 
A., Smerieri, A., Iori, R., and Loria, P. (1980) 
J. Lipid Res. 21, 35-43. 

31. Raicht, R.F., Cohen, B.I., Sarwal, A., and Taka- 
hashi, M. (1978) Biochim. Biophys. Acta 531, 
1-8. 

32. Young, N.L., Saudek, C.D., and Crawford, S.A. 
(1982) J. Lipid Res. 23, 266-275. 

[Received March 9, 1983] 

LIPIDS, VOL. 18, NO. 11 (1983) 



Comparison of Ultracentrifugation and Gel Filtration 
for the Isolation of Bovine Lipoproteins 
R.R. GRUMMER*, C,L. DAVIS and H.M. HEGARTY, Department of Dairy Science, 
1207 W. Gregory Drive, University of Illinois, Urbana, IL 61801 

795 

ABSTRACT 

Lipoproteins from the plasma of three nonlactating Holstein cows were isolated using either prep- 
arative ultracentrifugation or gel filtration chromatography. Lipoprotein classes obtained by ultra- 
centrifugation were very low density plus chylomicra, <1.006 g/ml; low density, 1.007-1.039 g/ml; 
high density1, 1.040-1.063 g/ml; and high density, 1.064-1.22 g/ml. These lipoprotein classes were 
individually applied to an agarose gel column to determine at what volume they eluted in comparison 
to lipoproteins that were separated after applying total bovine lipoproteins to the column. Three 
major peaks corresponding to very low density lipoproteins plus chylomicra, low density, and high 
density lipoproteins resulted after gel filtration of total lipoproteins. Very low density lipoproteins 
plus chylomicra, obtained by ultracentrifugation, eluted as a single peak, as did low density and high. 
density lipoproteins. However, high densityl lipoproteins eluted as two peaks. The first peak eluted at 
the same volume as low density lipoproteins, and the second peak eluted at a volume similar to that of 
the ascending slope of the high density lipoprotein peak. Results from disc polyacrylamide gel electro- 
phoresis, immunoelectrophoresis and double immunodiffusion of lipoprotein fractions, and SDS 
polyacrylamide gel electrophoresis of their apoproteins, similarly indicated that the lipoproteins 
present in the 1.040-1.063 g/ml density interval are a mixture of low and high density lipoproteins 
rather than a unique class of lipoproteins. 
Lipids 18:795-802, 1983. 

INTRODUCTION 

Analytical and preparative ultracentrifuga- 
tion, electrophoresis, precipitation by sulfated 
polysaccharides, and gel filtration are tech- 
niques which have been used to isolate and 
characterize bovine lipoproteins (1-6). Prepara- 
tive ultracentrifugation has been used exten- 
sively to isolate bovine lipoproteins on the basis 
of their hydrated densities; however, this 
method kas several disadvantages. Centrifuga- 
tion time required to obtain one fraction ranges 
from 18 to 24 hr, hence the isolation of several 
fractions from a single serum or plasma sample 
is very time-consuming. Secondly, lipoproteins 
obtained using this technique are often con- 
taminated by other blood constituents having 
similar densities. Additionally, because bovine 
very low density lipoproteins may change 
density if not maintained at physiological 
temperatures (7), isolation must proceed at ca. 
37 C. Ferrefi and Gleockler (2) fractionated 
bovine lipoproteins according to molecular size 
using gel filtration chromatography and sug- 
gested it as an alternative isolation technique 
because it avoided many problems associated 
with ultracentrifugation. The objective of this 
study was to make a direct comparison between 
preparative ultracentrifugation and gel filtration 
chromatography as methods for separating 
bovine lipoproteins. 

*To whom correspondence should be addressed. 

MATERIALS AND METHODS 

A flowchart of the experimental procedure 
is shown in Figure 1. Eight hundred ml of 
blood were obtained from the internal iliac 
artery of each of 3 nonlactating Holstein cows. 
The vessel in which the blood was collected 
contained amounts of disodium ethylenedia- 
minetetraacetate (Na2-EDTA), sodium azide 
(NAN3), and gentamycin sulfate to provide con- 
centrations in blood of 0.1%, 0.05%, and 
0.005%, respectively. To process the samples as 
quickly as possible, 2 ultracentrifuges were used 
(Beckman Models L2-65B and L5-50B). Total 
lipoproteins were isolated from 150 ml of 
plasma (coUected by centrifuging whole blood 
at 9,000 x g for 20 min at 20 C) by adjusting 
the background density to 1.22 g/ml with solid 
potassium bromide and centrifuging at 30,000 
rpm (Beckman 30 rotor) for 40 hr in the 
L2-65B centrifuge operating at 20 C. T h e  
lipoproteins were collected by aspiration and 
concentrated to a volume of ca. 8 ml by ultra- 
filtration (50 ml Amicon stirred cell Model 
8050). All steps used in the sequential isolation 
of lipoproteins, including centrifugation of 
blood to obtain plasma, were carried out at 
37 C. A Beckman 50.2 Ti rotor and L5-50B 
ultracentrifuge were used for isolation of lipo- 
proteins from 198 ml of plasma. Very low 
density lipoproteins and chylomicra (VLDL 
plus CM; < 1.006 g/ml) were obtained by aspira- 
tion ~ following ultracentrifugation of plasma for 
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FIG. 1. Flowchart of procedures used in isolation and characterization of bovine lipo- 
proteins. 

18 hr at 35,000 rpm. Salt solutions prepared 
according to Lindgren (8) were used for density 
manipulations during sequential isolation of 
low density (LDL; 1.007-1.039 g/ml), high 
densitYx (HDL1; 1.040-1.063 g/ml), and high 
density (HDL; 1.064-1.22 g/ml) lipoproteins. 
LDL and HDLI were removed by aspiration 
following centrifugation for 20 hr at 35,000 
rpm, and HDL were similarly obtained after 
centrifugation for 24 hr at 35,000 rpm. Isolated 
lipoprotein fractions were concentrated to 6-8 
ml by ultrafiltration. Salt solutions used for 
density adjustment contained Na2 �9 EDTA 
(0.04%), NaN3 (0.05%) and gentamycin sulfate 
(0.005%). Solution densities were measured 
using an American Optical Model 10423 refrac- 
tometer. 

A 0.5-ml aliquot of each concentrated lipo- 
protein sample was frozen for analysis by disc 
polyacrylamide gel electrophoresis (PAGE), 
immunoelectrophoresis, double immunodiffu- 
sion and SDS PAGE of their lipoproteins. The 
remainder of the lipoprotein sample was sub- 
jected to gel filtration chromatography (9). 
Bio-Gel A5-M, 200-400 mesh (Bio/Rad Labora- 
tories) was packed to a bed height of 92 cm in a 
K 26/100 column (Pharmacia). Samples were 
applied to the column and eluted at 20 C with 
1 M sodium chloride (NaC1) containing 1.2% 
Tris Base (Sigma) and 0.2% NAN3, adjusted to 

pH 8.0. The rate of elution was ca. 17 ml/hr 
and 90 5-ml fractions were collected for each 
lipoprotein sample. The relative concentration 
of lipoprotein in each fraction was measured by 
absorption of light at 280 nm. Several fractions 
from each peak were composited and concen- 
trated to ca. 1-3 ml to be used for disc and 
SDS PAGE. The fraction from each peak with 
the greatest absorbance at 280 nm was concen- 
trated by ultrafiltration (10 ml Amicon Stirred 
Cell Model 12) to a volume of ca. 0.5 ml to be 
used for immunoelectrophoresis and double 
immunodiffusion analyses. 

Disc PAGE was conducted using the proce- 
dures of Naito et al. (10) for sample and spacer 
gels and Narayan (11) for the separating gel. 
A 3.75% acrylamide separating gel was neces- 
sary for adequate separation of VLDL and 
LDL. 

Electrophoresis was conducted by applying a 
constant current of 7 mA/tube for 40 min. 
SDS PAGE of lipoprotein apoprotein con- 
stituents was performed according to Edelstein 
and Scanu (12). Fifty/~g of protein from each 
fraction was used. 

Immunoelectrophoresis and double immuno- 
diffusion techniques employed were as de- 
scribed by Ouchterlony and Nilsson (13). 
Antisera were obtained by in jec t ing 2 New 
Zealand white rabbits with 0.5 ml whole 
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bovine sera emulsified with an equal volume of 
Freund's complete adjuvant. Injections were 
made subcutaneously at 4 different sites on the 
rabbits' backs. Booster injections were made 3 
weeks later with 0.25 ml whole bovine sera 
emulsified with an equal volume of Freund's 
incomplete adjuvant. Rabbits were bled 4 
weeks later and serum from each animal was 
pooled. Double immunodiffusion was per- 
formed on 45 x 95 mm plates (Miles Labora- 
tories) coated with 10 ml gel media consisting 
of 1.0% agarose in 0.04 M barbital buffer, 
pH 8.6. Sample wells were cut in the gel media 
to allow application of 25 /41 antigen, saline or 
antisera. Forty-eight hr were allowed for the 
formation of immunoprecipitates. Slides for 
immunoelectrophoresis were prepared by coat- 
ing 76 x 25 mm glass slides with 2 ml gel 
media. Side wells were made to contain 5 /41 
antigen and the center trough to contain 65 /A 
of antisera. After electrophoresis of antigens by 
applying a potential difference of 10 V/cm with 
a current of 5 mA per plate, antiserum was 
added to the center trough and immunoprecipi- 
tates were allowed to form for 48 hr. 
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The elution profiles of lipoproteins obtained 
from the plasma of 3 nonlactating Holstein 
cows are shown in Figure 2. Profiles were simi- 
lar for the 3 animals and agree with those re- 
ported by Ferreri and Gleockler (2). Three 
major peaks were observed and correspond to 
(I) VLDL plus CM, (II) LDL, and (III) HDL. A 
small peak eluted at ca. 450 ml. Ferreri and 
Gleockler (2) reported the presence of an extra 
peak which eluted after the HDL which they 
suggested to be albumin. The small peak we 
observed was shown n o t  to be albumin since 
the latter eluted much earlier. Although CM 
have been separated from VLDL by gel filtra- 
tion (14), the agarose gel used in this study did 
not facilitate the separation of lipoproteins in 
the size range of the VLDL and CM. The quan- 
tities of LDL were constant among cows; how- 
ever, the amounts of HDL and VLDL varied 
considerably. Adequate separation of VLDL 
plus CM from LDL was obtained, but complete 
separation between LDL and HDL peaks was 
not achieved. A similar elution pattern was 
obtained by Ferreri and Gleockler (2) and they 
speculated that the reason for the lack of com- 
plete resolution of LDL and HDL was due to 
the presence of HDL1, a class of lipoprotein 
previously isolated by ultracentrifugation and 
characterized by Puppione et al. (4) and Raph- 
ael et al. (15). Therefore, it was a major objec- 
tive of this study to determine where the sub- 

FIG. 2. Elution profiles of lipoproteins from 3 
nonlactating Holstein cows. Total lipoproteins isolated 
by ultracentrifugation were separated using gel filtra- 
tion chromatography. 

class of lipoprotein, HDL1, isolated by ultra- 
centrifugation, would elute in comparison to 
VLDL, LDL and HDL also isolated by ultra- 
centrifugation. Figure 3 shows the elution pro- 
files of VLDL plus CM, LDL, HDL1 and HDL 
obtained by ultracentrifugation from 1 cow and 
is representative of all 3 animals sampled. 
VLDL plus CM, LDL and HDL isolated by 
ultracentrifugation appeared relatively free of 
other lipoproteins although slight contamina- 
tion was occasionally encountered. However, 
HDL1 from each animal formed a double peak. 
The first peak eluted at the same volume as the 
LDL peak, whereas the second peak always 
eluted at a volume corresponding to the ascend- 
ing portion of the HDL peak. These results indi- 
cate that the HDL1 class is not a separate entity 
but rather a combination of LDL and HDL. 

To test this hypothesis further, disc PAGE, 
immunoelectrophoresis and double immunodif- 
fusion were employed to characterize the iso- 
lated lipoprotein fractions. Results from disc 
PAGE, which separates particles on the basis of 
size and electrical charge, were supportive of 
those obtained from examination of gel filtra- 
tion elution profiles. Figure 4 shows acrylamide 
gels of lipoproteins isolated by ultracentrifuga- 
tion (a) before and (b) after column chromatog- 
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FIG. 3. Elution profiles of lipoproteins previously 
separated by preparative ultracentrifugation. Density 
intervals used for separation were: VLDL plus chylo- 
micron, <1.006 g/ml; LDL, 1.007-1.039 g/ml; HDL~, 
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FIG. 4. Disc polyacrylamide gel electrophoresis of 
bovine lipoproteins isolated by preparative ultracentri- 
fugation (a) before and (b) after gel filtration chroma- 
tography. (a): 1-VLDL, <1.006 g/ml; 2-LDL, 1.007- 
1.039 g/ml; 3-HDL 1 , 1.040-1.063 g/ml; HDL, 1.064- 
1.22 g/ml; 5-total lipoproteins. (b): 6-VLDL, fractions 
30-38; 7-LDL, fractions 48-50; 8-HDLt, peak 1-frac- 
tions 46-50; 9-HDL~, peak 2-fractions 54-60; 10-HDL, 
fractions 55-58; ll-HDL, fractions 59-65; 12-HDL, 
fractions 67-72. 

raphy. VLDL plus CM isolated by ultracentri- 
fugation (Fig. 4a) separated into 2 bands. A 
sharp band just penetrated the separating gel 
while a faint band remained in the spacer gel. 
Ferreri and Gleockler (2) speculated that the 
faint band may consist of CM. Electrophoresis 
of HDL1 before passing through the agarose 
column revealed that it comprised both a and 
fl migrating lipoproteins. The fl migrating band 
is clearly equivalent to the /3 migrating band 
obtained from electrophoresis of LDL, whereas 
the a band was quite diffuse and  migrated to a 
region similar to a portion of the very hetero- 
geneous HDL fraction. Figure 4b shows the 
electrophoretic mobility of lipoproteins from 
peaks obtained after subjecting lipoproteins 
isolated by ultracentrifugation to column chro- 
matography. The lipoproteins eluting in the 
first HDL1 peak exhibited fl migration almost 
identical to that of LDL, and the lipoproteins 
from the second peak showed similar migration 
as lipoproteins obtained from the ascending 
fractions of the HDL peak. The acrylamide gel 
(3.75%) was too porous for sharp resolution of 
HDL bands; however, the presence of multiple 
broad diffuse bands may be indicative of 
heterogeneity within this lipoprotein class. 

Immunoelectrophoresis was used to charac- 
terize the lipoprotein fractions further. The 
ability of lipoproteins to migrate through 1% 
agarose gel depends mainly on their electrical 
charge, and the extent of migration is visualized 
by development of an antigen-antibody precipi- 
tate. Immunoelectrophoresis of VLDL plus CM 
resulted in a distinct single line of precipitation 
(data not shown). The absence of a doublet 
may have resulted because chylomicra were not  
present at a high enough concentration to facili- 
tate a visual antibody-antigen precipitate. The 
lipoproteins contained in the most concen- 
trated fraction of HDLI peaks 1 and 2 obtained 
by chromatography are compared to those in 
the most concentrated fraction from LDL and 
HDL peaks (Fig. 5). Although not identical, the 
precipitation line of LDL (fraction 47) was 
similar to that of HDL1 peak 1 (fraction 48). 
The slight difference in pattern may be due to 
heterogeneity of LDL and slight variations in 
electrical charge of lipoproteins within this 
class. Patterns obtained from immunoelectro- 
phoresis of HDLl peak 2 (fraction 56) and 
HDL (fraction 60) were similar showing the 
presence of 2 lines of precipitation. Two rather 
distinct protein-containing particles apparently 
elute together. The precipitate line closest to 
the sample well resembles LDL; however, it is 
difficult to imagine that LDL would still be 
eluting at this volume. It is also unlikely that 
the pattern reflects heterogeneity of HDL be- 
cause of the striking difference between the 
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FIG. 5. Immunoelectrophoresis of bovine lipopro- 
teins obtained by gel filtration chromatography and 
bovine serum albumin. (a) LDL, fraction 47 (top); 
HDL 1, fraction 48 (bottom). (b) HDL~, fraction 56 
(top); HDL, fraction 60 (bottom). (c) Bovine serum 
albumin, 1 mglml (top); bovine serum albumin, 0.1 
mg/ml (bottom). Center trough contained antibovine 
$era .  

two lines. The possibility exists that one of the 
lines, probably that closest to the well, corre- 
sponds to a nonlipoprotein protein that is of 
similar size as HDL yet has a different electrical 
charge. Because the line farthest from the well 
appeared at a location similar to that of al- 
bumin, the pattern obtained from HDL was 
compared to that of albumin (Fig. 5d). A bow- 
shaped precipitate characteristic of albumin was 
not observed in the precipitate line farthest 
from the well, which suggests that this line is 
probably HDL and not albumin contamination. 

Double immunodiffusion was utilized to 
determine the immunological relation between 
lipoprotein fractions. Of particular interest ~vas 
the relationship between LDL and HDL1 from 
peak 1, since the precipitate patterns from 

immunoelectrophoresis of these lipoproteins 
was similar but not  identical. Precipitation lines 
from LDL (fraction 47) and HDLt from peak 1 
(fraction 48) fuse and form an arc (Fig. 6a). 
This type of reaction indicates the presence of 
identical antigenic determinants in the samples 
compared. A similar reaction occurs when 
HDL1 from peak 2 (fraction 56) is compared to 
HDL (fraction 60; Fig. 6c). Therefore, it ap- 
pears that LDL and HDL1 eluting in peak 1 are 
identical in regard to their immunological prop- 
erties, as are HDL and HDL1 from peak 2. If 
HDL1 from peak 1 (fraction 48) and peak 2 
(fraction 56) are compared (Fig. 6b), the pre- 
cipitation pattern shows fusion and the pres- 
ence of a spur which is indicative of a partial 
identity between the 2 antigens. Since lipids are 
weak antigens, these results indicate that LDL 
and HDL1 from peak 1 contain the same 
complement of apoproteins as does HDL and 
HDL1 from peak 2. The partial relationship 
between HDL1 from peaks 1 and 2, i.e., be- 
tween LDL and HDL, is evidence that these 2 
lipoprotein classes contain some but not all 
similar apoproteins. These results are contra- 
dictory to those of Stead and Welch (5) who 
indicated that HDL and LDL (LDL1 in their 
terminology) were immunologically identical 
and LDL and HDL1 (LDL2 in their terminol- 
ogy) were immunologically distinct. 

Because of these results and the fact that 
monospecific antisera was not  used, apoprotein 
content of various lipoprotein fractions was 
determined using SDS PAGE (Fig. 7). Apopro- 
tein content of LDL, HDL1 and HDL isolated 
by ultracentrifugation was similar, with the 
amount of each apoprotein varying among 
fractions. Although not  adequately shown in 
Figure 7, LDL contained the most protein 
which was unable to enter the 10% acrylamide 
gels used in this analysis. This protein may 

FIG. 6. Double immunodiffusion of bovine lipoproteins obtained by gel filtration chro- 
matography. (a) Bottom wells: left and fight-0.9% saline, center-antibovine sera; top 
wells: left-LDL, fraction 47, right-HDL1, fraction 48. (b) Bottom wells: same as (a); top 
wells: left-HDL1, fraction 48, dght-HDLl, fraction 56. (c) Bottom wells: same as (a); 
top wells: left-HDL, fraction 60, right-HDLt, fraction 56. 
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sively protein which did not  enter the acryl- 
amide gels. If it  is assumed that  this protein is 
apoB, then bovine LDL is similar to that of 
humans (16) in that  i t  contains predominantly 
apoB. The relative absence of other  apoproteins 
may be indicative of a greater puri ty of lipopro- 
teins isolated by gel filtration as compared to 
ultracentrifugation. HDL 1 from peak 2 and 
HDL had a very similar apoprotein content  
with the 22,000 molecular weight protein bei~lg 
the predominant  band observed. Results from 
apoprotein analysis, therefore, are supportive 
of other analyses conducted in suggesting that 
LDL and HDLI from peak 1 are similar, as are 
HDL1 from peak 2 and HDL. 

FIG. 7. SDS polyacrylamide gel electrophoresis of 
bovine apoproteins from lipoproteins isolated by 
preparative ultracentrifugation (a) before and (b) after 
gel filtration chromatography. (a): 1-LDL, 1.007- 
1.039 g/ml; 2-HDL1, 1.040-1.063 g/ml; 3-HDL, 
1.064-1.22 g/ml. (b): 4-LDL, fractions 48-50; 5- 
HDL1, peak 1-fractions 46-50; 6-HDL~, peak 2-frac- 
tions 54-60; 7-HDL, fractions 59-65; 8-protein stand- 
ards-bovine serum albumin, egg albumin, trypsinogen, 
cytochrome c. 

represent apoB which in other species has a 
molecular weight too large to migrate into 10% 
acrylamide gels (16). HDL had the least protein 
remaining atop the gel, while HDL1 was inter- 
mediate in this respect. The protein contained 
within the bold prominent  band seen in the 
HDL fraction had a molecular weight of  ca. 
22,000 and may represent bovine apoA-I. How- 
ever, Jonas (17) and Puppione et al. (18) have 
reported a molecular weight of  ca. 27-28,000 
for bovine apoA-I. LDL contained the least 
amount  of this protein and HDL1 an inter- 
mediate quantity.  Two heavier proteins having 
molecular weights of ca. 40,000 and 55,000 
were also present in LDL, HDL1 and HDL frac- 
tions. The identi ty of these proteins is un- 
known; however, their presence in all 3 frac- 
tions from each animal suggests that they may 
be apoproteins rather than contaminating pro- 
tein. The low molecular weight proteins (8,200- 
9,600) observed in the HDL fractions may 
represent C apoproteins. 

SDS PAGE of  LDL, HDL1 and HDL protein 
after gel filtration indicated that LDL and 
I-IDL1 from peak 1 contained almost exclu- 

DISCUSSION 

In agreement with Ferreri and Gleockler (2), 
results from this s tudy indicate that gel filtra- 
tion is an excellent method for separating 
bovine lipoproteins. Use of Bio Gel A5-M 
facilitates the separation of bovine l ipoproteins 
into 3 major groups, undoubtedly  correspond- 
ing to VLDL plus CM, LDL, and a very hetero- 
geneous class of HDL. Chylomicra have been 
separated from VLDL using gel filtration (14) 
and we are currently at tempting to resolve HDL 
using this method. However, due to the ex- 
treme range in size of bovine lipoproteins, no 
single gel can provide for separation of all the 
l ipoprotein classes and subclasses simulta- 
neously. 

A comparison of ultracentrifugation and gel 
fil tration for isolation of l ipoproteins raises 
considerable doubt  as to the validity of using 
the density interval of 1.040-1.063 g/ml to ob- 
tain a distinct class of bovine lipoproteins. 
Considerable confusion exists in the l i terature 
in regard to the make-up of l ipoproteins iso- 
lated within the 1.006-1.063 g/ml density 
range. Stead and Welch (5) have subfraction- 
ated bovine LDL by ultracentrifugation and 
have referred to the 2 subfractions as LDLI 
(1.019-1.039 g/ml) and LDL2 (1.039-1.060 
g/ml). LDL1 exhibited c~ migration and LDL2 
/3 migration when subjected to disc PAGE. This 
confirmed their earlier work (1) in which LDL1 
and LDL2 corresponded to density intervals of 
1.019-1.039 g/ml and 1.039-1.050 g/ml. 
Dryden et al. (19) also observed that bovine 
LDL consisted of 2 components  and subse- 
quently subfractionated the LDL class into 2 
subclasses: LDL1 (1.007-1.044 g/ml) and LDL2 
(1.044-1.063 g/ml). Results from analysis by 
analytical ultracentrifugation indicated that 
LDL1, LDL2 and HDL had densities of 1.030, 
1.057 and 1.077 g/ml, respectively. 

Raphael et al. (15) subfractionated bovine 
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LDL by ultracentrifugation since they had also 
observed the presence of ~ migrating lipopro- 
tein in t h e  1.006-1.063 g/ml density range. 
However, in contrast to Stead and Welch (5), 
lipoproteins within the 1.006-1.039 g/ml 
density interval, referred to as LDL, exhibited 
predominantly /3 migration, whereas those 
isolated in the 1.039-1.063 g/ml density inter- 
vat showed mainly a migration. Because of the 
predominance of  ~ migrating lipoproteins and 
the similarity in composition to HDL, they 
termed this fraction HDL1. The amount of 
overlap of a and ~ migrating lipoproteins within 
these subfractions appeared dependent on the 
physiological state of the cow (e.g., lactating vs 
nonlactating). Ferreri and Gleockler (2) used 
gel filtration to isolate bovine lipoproteins and 
reported that the lipoproteins eluting between 
the LDL and HDL peak showed increasing 
migration with decreasing lipoprotein size. 
They concluded that this heterogeneous group 
of lipoproteins may be equivalent to the HDL1 
isolated in the 1.039-1.063 g/ml density inter- 
val reported by Raphael et al. (15). 

Results from this study differ from those of  
�9 Stead and Welch (5) but are similar to those 

reported by Raphael et al. (15) and Ferreri and 
Gleockler (2). What does differ between our 
findings and those above is interpretation of 
data. The lipoproteins eluting from the column 
between the LDL and HDL peaks are present in 
the 1.039-1.063 g/ml density interval. In addi- 
tion, a significant portion of the LDL and HDL 
peak fall within this density range. HDL1 iso- 
lated by ultracentrifugation and applied to a gel 
filtration column eluted in two peaks, one 
corresponding to the LDL peak, the other to 
the ascending edge of the HDL peak. This 
observation was confirmed using PAGE, im- 
munoelectrophoresis and double immunodiffu- 
sion techniques. These methods enable separa- 
tion and/or identification of bovine lipopro- 
reins according to molecular size, electrical 
charge and immunological properties. Based on 
these physical and chemical characteristics, 
there is no basis to believe that in the bovine, a 
unique lipoprotein class exists that has a dens- 
ity within the range of 1.039-1.063 g/ml. 
Therefore, the justification for isolating a lipo- 
protein class within this density interval by 
ultracentrifugation seems questionable. How- 
ever, more work in this area would be beneficial 
to ensure that discrepancies between this study 
and others (1,5) are not  due to.animal variabil- 
ity since small animal numbers have typically 
been used. Lactating cows were not sampled in 
this experiment. There is evidence to suggest 
that the level of lipoproteins in the 1.039-1.063 
g/ml density interval increases during lactation, 

in particular late lactation (2,15). In further 
work, we have examined elution profiles of 
lipoproteins obtained from lactating cows and 
evidence indicates that, indeed, this occurs. 
However, this increase appears to be due to 
greater HDL levels and greater heterogeneity of 
lipoproteins within this class. 

Gel filtration provides an alternative method 
to ultracentrifugation for the separation of 
bovine lipoproteins; however, the agarose gel 
column used in this study is not suitable for the 
separation of CM from VLDL or for resolution 
of  subclasses of HDL. Multiple columns in 
series, each containing gels with varying exclu- 
sion limits, could be used to accomplish a more 
complete separation of bovine lipoproteins; 
however, this would be very time-consuming 
and cumbersome. The development and use of 
techniques employing high performance liquid 
chromatography may alleviate some of these 
problems in the future. Density intervals ap- 
propriate for isolation of bovine lipoproteins by 
ultracentrifugation which result in the least 
amount of cross-contamination need to be 
identified. Zonal centrifugation and isopycnic 
density gradient centrifugation may prove use- 
ful for establishment of  suitable density inter- 
vals for the separation of bovine lipoproteins. 
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Oleic Acid Transfer from Microsomes to Egg Lecithin Liposomes: 
Participation of Fatty Acid Binding Protein 

A N G E L  C A T A L A ' ,  j and BEATRIZ AVANZATI, Instituto Multidiscip/inario de Biolog/a 
Calular C.C 403, (1900) La Plata, Argentina 

A B S T R A C T  

Oleic acid transfer from microsomes or mitochondria to egg lecithin liposomes was stimulated by 
fatty acid binding protein. By gel filtration, it could be demonstrated that this protein incorporates 
oleic acid into liposomes. Fatty acid binding protein transfer activity was higher using microsomes 
rather lhan mitochondria, which suggests a selective interaction with different kinds of membranes. 
Transfer of oleic acid by this soluble protein is greater than that of stearic acid. The results indicate 
that fatty acid binding protein may participate in the intracellular transport of fatty acids. 
Lipids 18:803-807, 1983. 

The transfer of hydrophobic molecules 
between membranes is a process of biological 
significance. Thus, the function and activity of 
phospholipids, fatty acids, cholesterol, steroid 
hormones, fat-soluble vitamins and lipophilic 
drugs in cells and in whole organisms require 
their transfer between numerous bilayers and 
micellar lipid structures. 

During the last 10 years, several phospho- 
lipid exchange or transport proteins have been 
isolated and characterized from different 
sources (1). Reports of steroid hormone bind- 
ing protein (2) and of cholesterol binding 
protein (3), which are believed to be involved 
in the intracellular transport of these lipids in a 
specific and controlled fashion, suggested there 
might be a protein which could function in a 
similar way in the intracellular transport of 
fatty acids. 

A soluble fatty acid binding protein (FABP), 
MW 12,000, present in cytosol obtained from 
various tissues (4) seems to be a good candidate 
for fatty acid transport between membranes. 
However, there is no direct evidence for the 
participation of FABP in a transport process 
between well characterized membranes. The 
present study was thus undertaken to check 
whether such protein is involved in fatty acid 
transport between membranes. 

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

Labeled fatty acids were purchased from 
The Radiochemical Centre, Amersham, Eng- 
land. Sephadex G75 and Sepharose 2B were 
obtained from Pharmacia Fine Chemicals, Inc., 
Piscataway, NJ. Unlabeled oleic and stearic 

*To whom correspondence should be addressed. 
~Member of the Carrera del Investigador (~ienti'f- 

ico, Consejo Nacional de lnvestigaciones Cientifieas y 
Tdcnicas (CONICET), Argentina. 

acids were generously provided by NuChek 
Prep., Elysian, MN. 

Gel filtration of supernatants was performed 
as described (5). FABP was partially purified 
(as the 12,000 MW fraction) by filtration 
through Sephadex G75 (bed volume, 250 ml) 
and concentrated in an Amicon ultrafiltration 
cell (Amicon Corp., Lexington, MA) by using a 
UM-2 membrane. Mitochondria and micro- 
somes were isolated as previously described (5). 
Egg lecithin was prepared by the method of 
Singleton et al. (6) dissolved in chloroform and 
stored at - 2 0  C under nitrogen. Egg lecithin 
liposomes were prepared according to Rogers 
and Strittmatter (7). 

Phospholipids (8) and protein (9) were 
determined as already described. 

I ncorporation of  [ 1-~ 4 C ] Oleic Acid into Microsomes 

[ I- t4c] Oleic acid (0.5/,tCi) specific activity 
57.4 mCi/mmol, and 2.2 /amol of unlabeled 
oleic acid were dispersed with the aid of 100/al 
propylene glycol and incubated in the presence 
of 1.5 ml of microsomal suspension containing 
50 mg protein. After incubation at 37 C for 10 
min, the suspension was diluted with 5 ml 0.25 
M sucrose and centrifuged at 105,000 x g for 
30 min. The final pellet was resuspended in 
0.25 M sucrose in its original volume (1.5 ml). 
The amount of fatty acid bound to the micro- 
somes was determined by extraction of an 
aliquot of the final suspension with chloro- 
form/methanol (2: 1). 

Fatty Acid Transfer System 

Transfer activity was determined by measur- 
ing the transfer of labeled oleic acid from 
microsomes to egg yolk lecithin liposomes. 
[ 1-14C10leic acid labeled microsomes (2.5 mg 
protein, 34 nmol [1-t4C] oleic acid) were in- 
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cubated with liposomes (0.16 /lmol phospho- 
lipid-P) and cytosolic fractions with affinity for 
oleic acid or cytosol in a total volume of 1.5 ml 
0.25 M sucrose, 0.001 M EDTA, 0.01 M Tris- 
HC1 (pH 7.4). Incubation was carried out for 
20 min at 25 C. At the end of the incubation, 
the pH of the medium was quickly adjusted to 
5.1 by addition of 0.5 ml 0.2 M sodium acetate- 
acetic acid (pH 5.0) in 0.25 M sucrose. Micro- 
somes were quantitatively sedimented at 
10,000 x g for 10 min. Aliquots of the super- 
natant were counted in toluene counting fluid 
containing 30% Triton XI00. 

The pellet was dissolved in 0.5 ml sodium 
deoxycholate 2.5% and radioactivity was deter- 
mined as described above. The supernatant con- 
taining the liposomes and soluble protein was 
analyzed by gel filtration. 

Separation of Liposomes and FABP by Gel Filtration 

Supernatant (1 ml) obtained in fatty acid 
transfer system, containing liposomes and 
FABP, was applied to a Sepharose 2B column 
(1 x 15 cm) and eluted with 0.01 M Tris-HC1 
(pH 7.4). Routinely, 1-ml fractions were col- 
lected. Liposomes emerged in the void volume, 
whereas FABP eluted in fractions 14-18 (not 
shown). Radioactivity, phospholipids and pro- 
tein were determined in each fraction. 
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cytosol incubated with [1J4C] oleic acid 
showed association of radioactivity with a low 
molecular weight protein which has been desig- 
nated "fatty acidbinding protein" (fraction II). 
Radioactivity was also associated with compo- 
nents in the excluded (void) volume (fraction I) 
(Fig. 1). 

To study transfer of fatty acids between 
membranes, microsomes containing [1J4C] 
oleic acid were incubated with egg lecithin 
liposomes in the presence of cytosol or cyto- 
solic fractions showing affinity for oleic acid. 
The transfer of oleic acid was not significantly 
affected by cytosol or fraction I. Appreciable 
transfer was observed in the presence of frac- 
tion II (Fig. 2). 

The transfer of oleic acid from microsomes 
to liposomes was dependent on the incubation 
time (Fig. 3). The maximum transfer rate 
attained was 0.65 nmol of [1J4C] oleic acid/ 
min/mg of fraction II. In the absence of lipo- 
somes, more than 98% of the radioactivity was 
recovered associated to microsomes. Appre- 
ciable spontaneous transfer of oleic acid (10% 
in 20 min of incubation at 25 C) was observed 
in the absence of fraction II. 

For determination of the amount of oleic 
acid incorporated in acceptor vesicles as a func- 
tion of fraction II protein concentration, 
supernatants obtained in fatty acid transfer 
system after centrifugation were analyzed by 
Sepharose 2B gel filtration. In these experi- 
ments, the column eluates were analyzed chem- 
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FIG. 1. Gel filtration chromatography of rat liver cytosol in the presence of [1-I*C] 
oleic acid. 25 nmol of [ 1J4C] oleic acid (in 50 ~1 of propylene glycol) were added to 10 mg 
of cytosolic protein in 0.5 ml of 0.01 M Tris-HC1 (pH 7.4) and chromatographed in Sepha- 
dex G75 (1 • 43 cm, 12 ml/hr, 1 ml fractions, elution buffer 0.01 M Tris-HC1, pH 7.4). 
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FIG. 2. Transfer of oleic acid during incubation of 
rat liver labeled microsomes with egg lecithin lipo- 
somes in the presence of cytosol or cytosolic fractions. 
The incubation was at 25 C for 20 min. The incuba- 
tion mixture contained 2.5 mg microsomal protein 
(34 nmol [1-~4C] oleic acid) and liposomes (0.16 
pmol phospholipid-P) in a total volume of 1.5 ml 
0.25 M sucrose, 0.001 M EDTA, 0.01 M Tris-HCl 
(pH 7.4). Fraction II (o), fraction I (A), cytosol (.). 
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FIG. 3. Time course of oleic acid transfer reaction 
accelerated by fraction II (1 mg protein). Oleic acid 
transfer activity was assayed under the standard condi- 
tions described in Material and Methods. Incubation 
was at 25 C for the indicated time. 

ically b o t h  for  phospho l ip ids  and pro te in  in 
add i t ion  to de t e rmi n i ng  the  d i s t r ibu t ion  of  
radioact iv i ty .  

Our  results  ind ica te  t ha t  oleic acid was ef- 
fect ively t rans fe r red  f rom mic rosomes  to 
l iposomes.  As can be seen (Fig. 4), specific 
rad ioac t iv i ty  of  the  l iposomal  phospho l ip ids  
was increased cons iderab ly ,  whereas  oleate 
i nco rpo ra t ed  per  mg of  p ro t e in  ( f rac t ion  l l )  
decreased as a f u n c t i o n  of  t r ans fe r  p ro t e in  con-  
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FIG. 4. Oleic acid distribution in egg lecithin lipo- 
somes and fraction 1I as a function of transfer protein 
concentration. Supernatant prepared as described in 
fatty acid transfer system was subjected to Sepharose 
2B column (see Materials and Methods). Radioactivity, 
phospholipids and protein were determined in each 
fraction. 

cen t r a t ion .  The  increase in the  specif ic  radio- 
act ivi ty  of  l iposomal  phospho l ip ids  and the  fact  
t ha t  no  changes  in the  s u p e r n a t a n t  phospho -  
lipid c o n t e n t  could be de tec ted ,  suggest  the  in- 
f luence  of  FABP in the  m o v e m e n t  of  oleic acid 
f rom mic rosomes  to l iposomes  ra the r  than  a 
pa r t i t i on  of  the  f a t ty  acid a m o n g  the  3 compo-  
nen t s  of  the  t ransfe r  assay system.  Thus ,  it 
ind ica tes  tha t  oleic acid t ransfe r  was f rom 
mic rosomes  to f a t ty  acid b ind ing  p ro te in  to  egg 
lec i th in  l iposomes.  

The  t ransfe r  act ivi ty  ob ta ined  when  mi to-  
c h o n d r i a  con ta in ing  [1-14C] oleic acid was 
i n c u b a t e d  wi th  egg lec i th in  l iposomes  at 25 C in 
the  presence  of  f rac t ion  II was lower  t han  t ha t  
observed using labeled mic rosomes  as donor s  of  
oleic acid (Fig. 5). It mus t  be n o t e d  t ha t  the  
a m o u n t  o f  oleic acid present  in m i t o c h o n d r i a l  
m e m b r a n e s  was in the  same range as t h a t  pres- 
en t  in mic rosomal  membranes .  As in the  case o f  
oleic acid labeled microsomes ,  f rac t ion  1 
showed  no  ef fec t  in the  t rans fe r  of  oleic acid 
f rom m i t o c h o n d r i a  to egg lec i th in  l iposomes.  

Next ,  the  t ransfe r  of  labeled oleic acid was 
c o m p a r e d  to the  t ransfer  of labelled stearic  
acid. Microsomes  con ta in ing  e i the r  [1-14C] 
oleic acid or  [ 1-14C] stearic  acid were prepared  
and i n c u b a t e d  wi th  l iposomes  in the  presence  
of  f rac t ion  II (3 mg pro te in) .  Stearic  acid was 
t r ans fe r red  at  a ra te  7.6% of  t ha t  for oleic acid 
(resul ts  no t  shown) .  

The  a m o u n t  of  fa t ty  acids d i sappear ing  
f rom mic rosomal  or m i t o c h o n d r i a l  m e m b r a n e s  
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FIG. 5. Transfer of oleic acid from microsomes or 
mitochondria to liposomes. Microsomes (2.5 mg pro- 
tein) containing [1J4C] oleic acid were incubated in 
the presence of fraction II (*). Mitochondria (2.5 mg 
protein) containing oleic acid were incubated in the 
presence of fraction II (o) or fraction I (A). 

agreed well with the amount recovered in the 
acceptor vesicles. The material showing transfer 
activity present in the second Sephadex peak 
could be stored at - 2 0  C without significant 
loss of activity for one month. 

DISCUSSION 

Fatty acid uptake by hepatic cells is a pas- 
sive process, fatty acids appear to interact with 
the plasma membrane, and no specific receptors 
have been demonstrated (10,11). It has been 
postulated that fatty acid binding protein facili- 
tates the desorption of fatty acids from the 
inner membrane, and that the fatty acid-FABP 
complex diffuses to the endoplasmic reticulum 
where the fatty acid is activated to its acyl-CoA 
derivative. We have previously shown (5) evi- 
dence in the transfer of palmitic acid from fatty 
acid binding protein to microsomes, mitochon- 
dria and lipid vesicles, suggesting the possibility 
that fatty acids may be transferred from micro- 
somes or mitochondria to lipid vesicles in the 
presence of FABP. The present studies confirm 
the concept that the 12,000 MW protein frac- 
tion of rat liver 105,000 • g supernatant is 
involved in the transfer of fatty acids between 
membranes. 

The data presented clearly show that there is 
a functional interaction between hepatic endo- 
plasmic reticulum or mitochondria with FABP, 
since the partial purified protein (fraction II) is 
capable of transferring oleic acid from micro- 
somes or mitochondria to egg lecithin lipo- 
somes. 
The ability of FABP to transfer [1-14C] 

oleic acid incorporated in microsomes at a 
higher rate than that observed using the fatty 
acid incorporated in mitochondria indicates 
that FABP interacts selectively with different 
kinds of membranes and suggests that such an 
interaction may be of physiological significance 
in vivo during efflux or uptake of free fatty 
acids by the liver. In this regard, biological 
membranes are thought to consist of a phos- 
pholipid bilayer interspersed with proteins. The 
fact that phospholipid composition of the outer 
mitochondrial membrane is similar to that of 
microsomal membranes (12) suggests the possi- 
bility that the observed differences in transfer 
of [ 1-14C] oleic acid from microsomes or mito- 
chondria to lipid vesicles should be the result of 
a selective kind of interaction between FABP 
and membrane proteins. 

Our findings are in agreement with results 
obtained using isolated hepatocytes (13)which 
indicate that FABP specifically directs the 
metabolism of long-chain fatty acids towards 
microsomal esterification~ 

It has also been reported that stearic acid 
bound to FABP is transferred to the mitochon- 
drial /3-oxidative system in the heart (14), sug- 
gesting a role as transcytoplasmic fatty acid 
carrier for this protein. 

Mishkin et al. (15), in studies of FABP iso- 
lated from rat liver supernatant, showed that 
binding of oleic acid exceed that of stearic 
acid, which could explain the differences 
observed in the transfer of these fatty acids in 
our assay system. Oleic acid was transferred at a 
rate 13 times higher than stearic acid from 
microsomes to egg phosphatidylcholine lipo- 
somes. 

Other possible explanations on the differ- 
ences observed in the transfer of stearic and 
oleic acids could be due to differences in the 
association of the fatty acid with either specific 
binding microsomal proteins or bulk membrane 
phospholipids. 

Under these conditions, it appears that fatty 
acid transfer involves a sequence of binding to 
FABP and subsequent insertion of the acyl 
chain into the hydrocarbon region of the lipo- 
somal bilayer. 

Recently, it has been demonstrated that 
FABP is an entity of 3 similar components with 
respect to amino acid analysis, electrophoretic 
mobility, and immune crossreactivity (16). Dif- 
ferences between them may be secondary to 
preparatory methods and ligand load. 

Additional studies in this area using the 
transfer assay system described in this paper 
may be expected to clarify the physiological 
function of fatty acid binding protein and its 
participation in fatty acid uptake and utiliza- 
tion. 
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Metabolism of Fatty Acid, Glycerol and a Monoglyceride 
Analogue by Rat Cardiac Myocytes and Perfused Hearts 
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ABSTRACT 

Studies have been conducted on the uptake and metabolism of unesterified fatty acid, free glycerol 
and 1-hexadecyl glyceryl ether by rat cardiac myocytes, and of fatty acid, intact triglyceride and the 
glyceryl ether by perfused rat hearts. Cardiac myocytes efficiently extracted, oxidized and esterified 
oleic acid, but demonstrated little ability to utilize free glycerol. Although the glyceryl ether was 
efficiently extracted by myocytes, it was neither hydrolyzed or esterified. The perfused heart also 
extracted and metabolized unesterified fatty acid, and the fatty acid released during lipolysis of 
circulating lipoprotein triglyceride. The glyceride glycerol, however, was largely recovered (90%) in the 
perfusate suggesting inefficient myocardial utilization of either free glycerol or partial glycerides. 
Myocardial extraction of glyceryl monoether was demonstrated, but the monoglyceride analogue was 
also unmetabolized by intact heart tissue. The results suggest that if monoglycerides are produced by 
the action of lipoprotein lipase on circulating triglycerides, reutilization of intact monoglycerides for 
higher glyceride synthesis is not a major fate of these products. 
Lipids 18:808-813, 1983. 

INTRODUCTION 

The intact heart can efficiently utilize the 
trigtycerides of circulating chylomicrons and 
very low density lipoprotein (VLDL) (1-4). 
Available evidence suggests that these glycerides 
are partially or completely hydrolyzed at the 
capillary endothelial surface by the action of 
functional (membrane-supported) lipoprotein 
lipase (5,6). The released products are rapidly 
utilized by the tissue, since these do not appear 
to accumulate extraceUularly during organ 
perfusion studies in vitro (6,7). 

Free glycerol, resulting from the action of 
lipoprotein lipase, is not efficiently reutilized 
for glycerolipid resynthesis in heart muscle 
due to low levels of glycerokinase activity (8). 
Thus, synthesis of phospholipids and glycerides 
in heart muscle requires either the availability 
of a-glycerophosphate during glycolytic pro- 
duction of dihydroxyacetone phosphate, or 
reutilization of monoglyceride, as in the case of 
intestinal tissue. There are suggestive data (9) 
that, under certain conditions, the heart may 
extract intact glycerides. However, the fate of 
the extracted glyceride has not been deter- 
mined. Thus, it has been difficult to assess 
whether monoglyceride formation and utiliza- 
t ion in heart muscle may represent an impor- 
tant aspect of lipoprotein lipase activity in situ. 

As an approach to assessing the possibility 
that intact glycerides may be utilized by 

*To whom correspondence should be addressed. 

heart tissue, the uptake and metabolism Of 
i-[ 1- 14 C] hexadecyl glyceryl ether by the 
perfused rat heart and by rat cardiac myocytes 
have been compared to that of unesterified 
oleic acid, free glycerol and lipoprotein-asso- 
elated triglyceride. These monoglyceride an- 
alogues have been effectively employed as 
model substrates for elucidating specific aspects 
of glycerolipid resynthesis in intestinal epithelial 
tissue. Since glyceryl monoethers are not  hy- 
drolyzed by lipases (10), their incorporation 
into di- and trialkoxy ether derivatives has 
been taken as a measure of monoglyceride 
metabolism in tissue (10, 11). 

MATERIALS AND METHODS 

Materials 

Trypsin (180 units/mg), coUagenase (type 
2, 136 units/mg) and lima bean trypsin inhibi- 
tor were obtained from Worthington Biochem- 
icals (Freehold, NJ). Bovine serum albumin 
(fraction 5, fatty acid-poor) was purchased 
from Sigma Chemical Co., St. Louis, MO. 
Lipids (> 99% purity) were from Supelco Corp., 
Bellefonte, PA, and labeled compounds were 
from Amersham-Searle Corp., Arlington Heights, 
IL. All other chemicals were of highest purity 
and purchased from Fisher Chemical Co., La 
Jolla, CA. Adult male Wistar rats were obtained 
from Charles River Laboratories (Wilmington, 
MA). The 1-[ 1J4 C] hexadecyl glyceryl mono- 
ether was kindly provided by Dr. R. Wykle, 
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Department of Biochemistry, Bowman Gray 
School of Medicine. 

Lipoprotein isolation and Labeling 

Adult  male rats (200-300 g) were allowed 
standard laboratory chow ad libitum, and were 
subjected to cannulation of the left thoracic 
lymphatic duct (12). Lymph was collected on 
ice for periods up to 24 hr during which ani- 
mals were not  provided food,  but  received a 
continuous intraduodenal infusion of 0.9% 
NaC1 to maintain lymph flow. Large chylomi- 
crons (d< 1.006 g/ml) were removed by pre- 
parative ultracentrifugation of 3 x 106 g-avg 
min. The very low density l ipoproteins (VLDL 
or small chylomicrons) were obtained at 
d< 1.006 g/ml NaC1, dialyzed, and characterized 
by analysis of apolipoprotein composit ion using 
SDS-polyacrylamide disc electrophoresis (13) 
and analysis of lipid composit ions (14). 

The VLDL fraction was labeled with trigty- 
ceride in vitro by a modification of the method 
of Brenneman and Spector (15). This involved 
addition of glyceryl tri[ 1J4C] oleate (30 /~Ci) 
and [2-3H]glyceryl trioleate (150 btCi) to 30 g 
Celite and evaporation of solvents under n i t ro-  
gen. Six ml of the VLDL preparation (0.5 mg 
protein/mt) were added to the Celite, the 
mixture was incubated for 2 hr at room tem- 
perature and the suspension was passed through 
1.2-#m millipore filter. The filtered l ipoprotein 
was washed with 1 mM albumin in saline to 
remove unesterified fat ty acids resulting from 
the procedure and the resulting l ipoprotein 
preparation contained 85-90% of the [14C] 
and [3H] labels in the core triglyceride frac- 
tions. 

Heart Perfusions 

Hearts from adult male rats were perfused 
by a modified Langandroff procedure in a 
closed recirculating apparatus, as described 
earlier (16). The peffusion media (20 ml) 
consisted of a modified Krebs bicarbonate 
buffer containing 0.5% albumin to which lipids 
were added as described for individual studies. 
The media was circulated in the apparatus for 
5 min prior to insertion of heart. Aliquots of  
the perfusate were obtained at 0 and 45 min 
perfusion for analysis of 14CO 2 and lipids as 
described earlier (14,16,17). After perfusion, 
the coronaries were flushed with 5 ml of 
unlabeled media and hearts were blotted,  
weighed and homogenized in buffer for lipid 
extract ion (18). For  individual studies, perfu- 
sion media were prepared to contain: 400 #M 
unesterified fatty acid complexed to bovine 
serum albumin; freshly prepared lymph VLDL 
(400/~M fat ty acid equivalent in triglycerides), 
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containing [2-all] glyceryl tri[ 1J4C] oleate; or 
1- [1J4C]hexadecyl  glyceryl ether (60 /aM) 
added in acetone to the albumin-containing 
media. 

Preparation and Incubation of Heart Ceils 

The procedure for enzymatic dissociation 
of rat ventricular tissue was a modification of 
the described earlier (19). The buffered media 
for bo th  tissue dissociation and resuspension of  
cells consisted of (g/l): NaC1, 6.8; KCL, 0.4; 
NaH2PO, 0.21; Na2HPO4, 0.06; EDTA, 0.01; 
and glucose, 0.9. The pH was adjusted to 7.4 
and osmolarity to 300 mOsm/1. Left ventri- 
cular tissue from adult rat hearts was minced 
and subjected to successive 20 min incubations 
in 2 ml 0.6% trypsin (2 x ), 2 ml 0.3% trypsin 
inhibitor (1 • and 2 ml 0.3% collagenase 
(4-5 x) .  Supernatants from each collagenase 
incubation were collected and maintained on 
ice; these were subsequently combined and 
filtered through 350-/1m nylon mesh. The 
harvested cells were washed 2-3 times with 
buffer allowing cells to settle after each washing. 
These were resuspended in fresh buffer for cell 
counts and determination of viability (19). 

For  studies on lipid uptake and metabolism, 
the myocytes  were diluted in 10 ml buffer 
containing 0.5% albumin to a final cell count  
0.5 x l0  s cells/ml in individual studies, incuba- 
tion media were prepared to contain the 
following: 4 /~mol [ l J 4 C ]  oleic acid (10 /~Ci) 
complexed to bovine serum albumin; 1.2/~mol 
[2J4C] glycerol (50 /ICi); 1.2/amol 1-[ 1-14C]- 
hexadecyl glyceryl ether (1 /aCi) added in 5/~1 
acetone to the albumin-containing media; 

Incubations were for 45 ra in  at 37 C. Ali- 
quots of the cell suspensions were obtained at 
1 rain and at 15-min intervals for determina- 
tions of 14CO~ (20). Aliquots (1.5 ml) were 
also subjected to centrifugation for 4 min at 
2 C to sediment cells, for direct isotopic analysis 
of cells and supernatant,  or for lipid extract ion 
and analysis of lipid fractions. 

Analyses 

14CO2 in the heart perfusion media and CO 2 
trap (16), and in the myocyte  incubation media, 
was assessed by the method of  Cuppy and 
Crevasse (20). Lipids in heart perfusion and cell 
incubation media, and in the tissue preparations 
were extracted by the method of Folch et al. 
(18) using 20 vol of chloroform/methanol  
(2:1, v/v). After  evaporation of  the chloroform 
extract  under N 2 and reextraction of lipids 
in hexane, aliquots of  the hexane extract were 
subjected to thin layer silicic acid chromato- 
graphy in either hexane/diethylether/acetic 
acid (80:16:2,  v/v) or hexane/acetone/acetic 
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acid (89:11:3,  v/v). The latter system has been 
effectively employed to separate alkoxy deriva- 
tives of  glycerolipids (11). Lipid classes were 
identified by comigration with authentic 
standards. Individual silicic acid areas corres- 
ponding to cholesteryl esters, triglycerides 
(or alkoxy diglycerides), unesterified fat ty 
acids, mono- and diglycerides (or alkoxy 
monoglycerides and unmetabolized glyceryl 
ether) and phospholipid were scraped into vials 
for subsequent isotope analysis by liquid 
scintillation spectrometry (11 ). 

R ESU LTS 

Heart Perfusion Studies 

The comparative myocardial  extract ion and 
metabolism of free and esterified fat ty acid, 
glyceride glycerol and the glyceryl monoether  
is summarized in Table 1. During the 4S-rain 
recirculating perf'usion of 8 /~mot (0.4 mM) 
albumin-bound oleic acid, 2.5 /~mol, or 31.2 
+ 4 .0% was extracted by the intact heart. Of 
this, 0.6/~mol, or 24.1 + 2.8%, was completely 
oxidized to ~4CO: and the remainder was 
accounted for as tissue lipid (33.1 +- 1.5%) 
and water-soluble metabolites (42.8 + 4.0%). 
Ca. 91% of the lipid radioactivity from [ 1J4C]-  
oleate was recovered as esterified lipids and 
primarily as triglyceride. These levels of  tissue 
extraction, oxidation and distribution of un- 
esterified fat ty acids are comparable to those 
reported earlier (19,21) using an identical 
approach. 

We have recently reported on studies using 
VLDL labeled in the core lipids with [2-all] - 
glyceryl t r i [1J4C]o lea te  (22). It was shown 
that the correlation coefficient of disappearance 
of triglyceride mass and label from VLDL 
during heart perfusion is 0.96 + 0.04, demon- 
strating the uti l i ty of this in vitro labeled model 
for studies on triglyceride lipolysis. 

In the present studies, perfusion of  hearts 
with VLDL for 45 min resulted in lipolysis 
of 32.5 + 1.6% of the available triglyceride 
fatty acid. Of this (2.6 /zmol), 2.4 #mol,  or 
92.3%, was extracted by the heart and the 
remainder was recovered as unesterified fat ty 
acid in the perfusing media. Ca. one-third 
(29.8%, 0.72 /~mol) of the extracted oleic 
acid was oxidized to ~4 CO2, and only 7.6% was 
recovered in tissue lipids (Table 1). The remain- 
der was accounted for as water-soluble me- 
tabolites, presumably derived from oxidation of 
oleic acid. The distribution of  the extracted 
oleate among tissue lipids was comparable to 
that observed during perfusion of unesterified 
oleic acid. 

During lipolysis of VLDL triglycerides by 

< 

g 

,v, 

g~ 

0 

o 

g 

a 

4 
< 

o 

e~ 

0 

N 

--- O 

I I o 

o~ 

o r ~ +Q I ~ +1 +1 +1 ~ o 

+, § § § ~ 
- g "  a~ 

4 ~  

+1 +1 +1 +1 ~ ,~- O 

r- ta o o ~ g  

~5 o ~ ~ .~. 

+, +, +, -=- ~ ~ d 

§247 ~ - _  

r i d  ~ ~ 

~ YNm~ 

~ ~ ' = ~  

~ - ~ e ~  ~ ,-q ~ ~ = . ~  

~ 0 ;  ~ �9 ~ 0 ~  ~ 

_~= ~m 

LIPIDS,  VOL. 18, NO. 11 (1983) 



MYOCARDIAL SUBSTRATE UTILIZATION 811 

the perfused heart, 0.89 #mol of [2-31-1] glycerol 
(37%) was hydrolyzed from [2-3H]glyceryl 
trioleate. Of this, 90.3 + 15.1% was recovered 
in the perfusate (Table 1) and only 5.3 + 0.2% 
was accounted for in tissue lipids (Table 1). 
The remainder (4.0 -+ 1.1%) was recovered as 
nonlipid glycerol radioactivity. Analysis of the 
distribution of lipid glycerol (Table 1) indicated 
that ca. 92% was as partial glycerides and trigly- 
ceride and the remainder as phospholipid 
glycerol. No radioactivity was recovered as 
unesterified fatty acid. Thus, overall, the ratio 
of VLDL triglyceride fatty acid release to 
glycerol release was 2.92, whereas the ratio 
of tissue extraction of fatty acid and glycerol 
was 28.9, or almost 10-fold. These data are 
also compatible with those reported earlier 
(21). 

Recirculating perfusion of [ 1-14 C] hexadecyl- 
glyceryl-l-monoether for 45 min resulted in 
a extensive tissue extraction representing 58% 
of the available glyceride analogue. Based on 
analysis of the perfusates and tissues, there 
was no lipolysis of the ether (e.g., no unesteri- 
fled hexadecyl alcohol or fatty acid) and there 
was no oxidation of the labeled hexadecyl 
moiety�9 Thus, the extracted label was com- 
pletely recovered in tissue lipids, and of this, 
94% was recovered as the unmetabolized ether�9 
The remainder was distributed in chromato- 
graphic fractions corresponding to partial 
glycerides (4%) and triglycerides (2%). 

Cell S t u d i e s  

Studies with cardiac ventricular myocytes 
were conducted only for qualitative compari- 
sons of tissue lipid extraction and metabolism. 
Since we have previously demonstrated that 
these cells are unable to metabolize VLDL 
triglycerides (21), comparative studies were 
conducted using unesterified oleic acid, glycerol 
and the glyceryl monoether. During 45-min 
incubations of cells (5 x 10 ~ cells/ml) with 
[1J4C]oleic acid, total cellular extraction of 
the fatty acid (Table 2)was  18.3 + 2.2 nmol/  
nag protein (24.8 + 3.1% of the available fatty 
acid). Of this uptake, 2.85 + 0.40 nmol/mg 
protein, or ca. 16%, was oxidized to ~4 CO~ by 
the end of incubation. AS shown in Figure 1, 
the extracted fatty acid was rapidly esterified, 
primarily to triglycerides, during the course 
of incubation, and by 45 min, only 12% was 
recovered as unesterified fatty acid (Table 2). 

When myocytes were incubated with [2- 
~4 C] glycerol, only 0.4 -+ 0.08% was extracted 
by the cells and none of this appeared as ~4CO2 
(Table 2). Analysis of the cellular radioactivity 
after the 45-rain incubation showed that 90% 
of the extracted glycerol was recovered as 
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nonlipid glycerol. The 10% associated with 
tissue lipids (0.009 /~mol/mg protein) was en- 10o- 
tirely as esterified lipids, of which ca. 80% 90- 
was as partial glycerides and triglycerides 
(Table 2). The time course of esterification of ~ a0- 
these small amounts of glycerol into glycerides ~ 70- 
and phospholipid is shown in Figure 2. o 

o 6e- 
Incubation of myocytes with the glyceryl _. 

monoether resulted in cellular extraction of ~ ~0- 
15.5 + 0.1% (3.45 + 0.02 nmol/mg protein) of _~ 40- 
the available glyceride analogue. Of this uptake, =~ 
none was recovered as X4CO2 during the 45-min ~- 30- 
incubation. As in the case of the perfused ~ 20- 
organ, the extracted radioactivity was com- 
pletely recovered as tissue lipid, and of this, lO- 
98% was associated with the chromatographic 0- 
area corresponding to the authentic glyceryl 
monoether. 

DISCUSSION 

Previous studies have demonstrated the l ow  
levels of heart glycerokinase, and the inefficient 
metabolism of free glycerol by myocardial 
tissue (8). This is also clearly demonstrated 
in the present studies using both the intact 
organ model and isolated cardiac myocytes. 
With cardiac myocytes, utilization of free 
glycerol was less than 0.5% of the available 
substrate (1.2 /~mol). In contrast, incubations 
with unesterified oleic acid, at a level approxi- 
mating a 3:1 ratio to glycerol, was efficiently 
extracted (24.8%) and rapidly incorporated 
into esterified lipids. Thus, the relative utiliza- 
tion of fatty acid to glycerol was 200:1, despite 
an initial concentration ratio of 3 : I. 

During the .perfusion of hearts with VLDL 
containing [2- ~'H]glyceryl trioleate~ there was 
essentially no accumulation of [~ partial 
glycerides in the perfusion medium, and by 45 
min, over 90% of the label appeared in the 
perfusate as water-soluble tritium. From these 
studies, it could not be determined whether 
total hydrolysis of triglyceride occurred by the 
action of membrane-associated LPL, or that 
partial glycerides were produced, extracted by 
the heart and subsequently hydrolyzed by 
tissue lipases. In either case, only 5.3% of 
the triglyceride glycerol released during perfu- 
sion was recovered in tissue lipids, and this was 
largely as partial glycerides and triglycerides. 

In contrast to the inefficient utilization of 
glyceride glycerol by the intact heart, the 
released tfiglyceride fatty acid was efficiently 
extracted (92%) and utilized by perfused heart. 
Thus, at best, utilization of the triglyceride 
fatty acid was almost 29-fold that of the 
glycerol moiety. These data collectively suggest 
that either partial glycerides are not a major 

~ \  Triglycerides 

' ~ ' .  ~ F a t t y a c i d s  

Partialglycerides 

0 15 30 4 
INCUBATION TIME, MIN 

FIG. 1. Esterffication and distribution of [1-14C]- 
oleic acid during incubations with adult rat cardiac 
myocytes. Ceils (5 • 10 s ceils/10 mI) were incubated 
with 4 /~mol oleic acid complexed to bovine serum 
albumin for 45 min at 37 C in air. At the times in- 
dicated, aliquots were removed for reisolation of cells, 
lipid extraction and separation, and analysis of reco- 
very and distribution of radioactivity. 

20 [ ]  Phospholipids 

18 [ ]  Mono- and dJglycerides x 
E 16 �9 T6glycerides 
"o 

== 

INITIAL 15 30 45 
INCUBATION TIME, MIN 

FIG. 2. Esterification and distribution of [2-14C]- 
glycerol during incubations with rat cardiac myocytes. 
Cells (5 • 105 cells/10 ml) were incubated with 1.2 
/~mol glycerol for 45 min at 37 C in air. At the times 
indicated, aliquots were removed for reisolation of 
ceils and lipid extraction, separation and distribution 
of radioactivity. 

end product of LPL action in situ, or that, if 
they are produced and extracted by the heart, 
the glycerides are subsequently hydrolyzed 
rather than utilized by a monoacylglycerol 
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pa thway .  
Studies  wi th  the  glyceryl  m o n o e t h e r  were 

p red ica ted  o n  the i r  phys i cochemica l  s imilar i ty  
to  monog lyce r ides  and  o n  the i r  res is tance  to  
l ipolysis in o t h e r  mode l  sys tems  (10).  Similar 
ana logues  have been  effect ively  e m p o l y e d  to 
e luc ida te  specific aspects  of  the  monog lyce r ide  
p a t h w a y  in in tes t ine  (10 ,11) .  In the  p resen t  
s tudies ,  b o t h  the  isola ted cell mode l  and  the  
per fused  hear t  were able to  ex t r ac t  t he  glyceryl  
r n o n o e t h e r  f rom the  respect ive  media.  With 
b o t h  t issue p repara t ions ,  94-98% of  the  t issue 
associa ted wi th  rad ioac t iv i ty  was recovered  as 
u n m e t a b o l i z e d  e ther ,  and  at bes t ,  on ly  6% was 
i n c o r p o r a t e d  in to  higher  glycer ide analogues.  
However ,  t he re  is no di rec t  ev idence  t h a t  the  
m o n o e t h e r  was quan t i t a t i ve ly  in te rna l i zed  by 
cardiac cells or  by  the  per fused  hear t .  

A l t h o u g h  the  quan t i t a t ive  data  f rom the  
t issue mode l s  e m p o l y e d  in these  s tudies  should  
no t  be c o m p a r e d  direct ly ,  t he  overall  resul ts  
suggest t h a t  cardiac t issue does  n o t  e f f ic ient ly  
ut i l ize e i the r  free glycerol  or  monog lyce r ides  
for  s u b s e q u e n t  f o r m a t i o n  of  h igher  glycerides.  

REFERENCES 

1. Delcher, K.K., Fried, M., and Shipp, J.C. (1965) 
Biochim. Biophys, Acta 106, 10-18. 

2. Crass, M.F., and Meng, H.C. (1966) Biochim. 
Biophys. Acta 125, 106-117. 

3. Kriesberg, R.A. (1966) Am. J. Physiol 210, 
379-384. 

4. Enser, M.B., Kunz, F., Borensztajn, J., Opie, 
L.H., and Robinson, D.S. (1967) Biochem. J. 
104, 306-317. 

5. Borensztajn, J. (1979) in Biochemistry of Athero- 
sclerosis (Scanu, A.M. ed.) pp. 213-245, Marcel 
Dekker, New York. 

6. Nilsson-Ehle, P., Garfinkel, A.S., and Schotz, 
M.C. (1980) Ann. Rev. Biochem. 49,667-693. 

7. Vander Maten, M., O'Looney, P., and Vahouny, 
G.V. (1977) Fed. Proc. 36, 1158. 

8. Robinson, J., and Newsholme, E.A. (1967) 
Biochem. J. 104, 3c-4c. 

9. Regan, T.J., Passannante, A., Oldewurtel, H.A., 
Burke, W.M., and Ettinger, P.O. (1972) J. Appi. 
Physiol. 33, 325-330. 

10. Kern, F., Jr., and B6rgstrom, B. (1965) Biochim. 
Biophys. Acta 98, 520-531. 

11. Gallo, L., Vahouny, G.V., and Treadwell, C.R. 
(1968) Proc. Soc. Exp. Biol. Med. 127, 156-159. 

12. Boilman, J.L., Cain, F.C., and Grindlay, J.H. 
(1948) J. Lab. Clin. Med. 33, 1349-1352. 

13. Imaizumi, K., Fainaru, M., and Havel, R.J. 
(1978) J. Lipid Res. 19,712-722. 

14. Gartner, S.L., and Vahouny, G.V. (1972) Am. J. 
Physiol. 222, 1121-1124. 

15. Brenneman, D.E., and Spector, A.A. (1974) 
J. Lipid Res. 15,309-316. 

16. Vahouny, G.V., Katzen, R., and Entenman, C. 
(1966) Proc. Soc. Exp. Biol. Med. 121,923-928. 

17. Rodis, S.L., D'Amato, P.H., Koch, E., and 
Vahouny, G.V. (1970) Proc. Soc. Exp. Biol. 
Med. 133,937-977. 

18. Folch, J., Lees, M., and Sloane-Stanley, G.H. 
(1957) J. Biol. Chem. 226,497-509. 

19. Vabouny0 G.V., Wei, R.W., Tamboli, A., and 
Albert, E.N. (1979) J. Mol. Cell. Cardiol. 11, 
339-359. 

20. Cuppy, D., and Crevasse, L. (1963) Anal. Bio- 
chem. 5,462-463. 

21. Tamboli, A., O'Looney, P., Vander Maten, M., 
and Vahouny, G.V. (1983) Biochim. Biophys. 
A c t a  750,404,410. 

22. O'Looney, P., and Vahouny, G.V. (1983) J. 
Biol. Chem. (in press). 

[Received  June  20,  1983]  

LIPIDS, VOL. 18, NO. 11 (1983) 



814 

1-O-AlkyI-Linked Phosphoglycerides of Human Platelets: 
Distribution of Arachidonate and Other Acyl Residues 
in the Ether-Linked and Diacyl Species 
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ABSTRACT 

In this study, the l-O-alkyl-2-acyl-sn-glycero-3-phosphocholine content of human platelets was determined. 
The distribution of arachidonate among the 1,2-diacyl, l-O-alkyl-2-acyl, and l-O-alk-l'-enyl-2-acyl classes 
of choline- and ethanolamine-containing phosphoglycerides was also assessed. The major platelet 
phospholipids were choline-containing phosphoglycerides (38%), ethanolamine-containing phosphoglycer- 
ides (25%) and sphingomyelin (18%), with smaller amounts of phosphatidylserine (11%) and phosphatidyl- 
inositol (4%). In addition to the diacyl class, the choline-linked fraction was found to contain both I-O-alkyl- 
2-acyl (10%) and l-O-alk-I '-enyl-2-acyl (9%) species. The ethanolamine-linked fraction, on the other hand, 
had an elevated level of the 1-O-alk-l'-enyl-2-acyl (60%) species and a small amount of the l-O-alkyl-2-acyl 
component (4%). The major fatty acyl residues found in all classes of the choline and ethant)lamine 
phospholipids were 16:0, 18:0, 18: ! (Ag), 18:2(n-6) and 20:4(n-6). The l-O-alkyl and 1-O-alk- l'-enyl fraction 
of the ethanolamine-linked phospholipids also contained substantial amounts of 22:4(n-6), 22:5(n-3) and 
22:6(n-3) acyl chains. Arachidonate comprised 44% of the acyl residues in the sn-2 position of I-O-alkyl-2- 
acyl-sn-glycero-3-phosphocholine. Corresponding values for the diacyl and I-O-alk-I'-enyl-2-acyl species 
were 23% and 25%, respectively, based on all 20:4 (n-6) being linked to the sn-2 position of all classes. In the 
ethanolamine-linked phosphoglyeerides, arachidonate constituted 60%, 20% and 68% of the acyl groups in 
the sn-2 position of the 1,2-diacyl, I-O-alkyl-2-acyl and l-O-alk-l'-enyl-2-acyl classes, respectively. The 
content of l-O-alkyl-2-acyl-sn-glycero-3-phosphocholine appears sufficient to support the synthesis of 
platelet activating factor by a deacylation-reacylation pathway in platelets. Our findings also demonstrate 
that human platelets contain a significant amount of l-O-alkyl-2-arachidonyl-sn-glycero-3-phosphocholine 
that could possibly serve as a precursor of both platelet activating factor and bioactive arachidonate 
metabolites. 
Lipids 18:814-819, 1983. 

INTRODUCTION 

PAF,  in addi t ion to other  biological activities, is 
a potent  s t imulator  of the aggregat ion and degran-  
ulat ion of bo th  platelets and neutrophi ls  (1,2). It 
has now been identified as 1-O-alkyl-2-acetyl-sn- 
glycero-3-phosphocholine ( l-O-alkyl-2-acetyl-G PC) 
(3,4). Originally, P A F  was found to be secreted 
from ant igen-st imulated IgE-sensitized, basophils  
and  has since been shown to be produced by other  
cells including platelets (5-7). 

Evidence for the synthesis of l-O-alkyl-2-acetyl- 
GPC by a deacylat ion-reacylat ion pathway has 
been obta ined in microsomal  prepara t ions  of rat  
spleen and  several other  tissues (8-10). This mode 
of synthesis, which involves the t ransfer  of acetate 
f rom aeetyl-CoA to 1-O-alkyl-2-1yso-GPC by an 
aeetyltransferase, is dependent  on the presence of 
intracellular 1-O-alkyl-2-acyl-GPC conta in ing a 
long-chain residue in the sn-2 position. On st imula-  
t ion of the cell, a phosphol ipase  A2 react ion (11) 

*To whom correspondence should be addressed. 
Abbreviations: PAF, platelet activating factor; GPC, sn- 

glycero-3-phosphocholine; TLC, thin layer chromatography; 
PRP, platelet-rich plasma;PC, choline-linked phosphoglycerides; 
PE, ethanolamine-linked phosphoglycerides; G PE. sn-glycero-3- 
phosphoethanolamine; GLC, gas liquid chromatography, H PLC, 
high performance liquid chromatography. 

would make available the necessary subst ra te  for 
acetylation. There is now evidence tha t  this path-  
way is operat ive in platelets (11,12), and  in other  
cells including neutrophils  (13,14) and  maerophag-  
es (9,15). 

There are also numerous  accounts  in the litera- 

ture document ing  tha t  platelets can convert  endog- 
enous araehidonate  into various cyclooxygenase 
products  including pros taglandins  and t h r o m b o x -  
anes, and to the lipoxygenase product,  12-hydroxy- 
5,8,10,14-eicosatetraenoic acid (12-HETE).  Ara-  
chidonate  esterified to the sn-2 posit ion of mem- 
brane  phosphoglycerides,  including phosphat idyl-  
choline, has been shown to be the source for these 
metabolites (16,17). 

Since platelets are involved in the synthesis of 
bo th  PAE and arachidonate  metabolites,  this study 
was carried out with a 2-fold purpose in mind. 
First, we wanted to assess the levels of 1-O-alkyl-2- 
aeyl-GPC in the cell, which would serve as a 
precursor for P A F  in the deacylat ion-reacylat ion 
scheme. Secondly, we wanted to determine the 
degree of associat ion of a rach idona te  with ether 
lipid species in the cell, since this in format ion  might 
yield a clue to the interre la t ionship of P A F  and  
arachidonate  metabolism. 
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MATERIALS AND METHODS 

Materials 

All chemicals were reagent grade or better. 
Phospholipase C (Bacillus cereus), primulin dye 
and Silica Gel H were purchased from Sigma (St. 
Louis, MO). Silica Gel G-coated TLC plates were 
obtained from Analtech, Inc. (Wilmington, DE). 
Vitride (NaA1H2[OCH2CH2OCH3]2) was purchased 
from Alfa products (Beverly, MA). Phospholipid 
standards were purchased from Supelco (Belle- 
fonte, PA), l-O-alkylglycerol standards from Ser- 
dary Research Laboratories (London, Ontario, 
Canada) and fatty alcohol acetate standards from 
Nu-Chek Prep (Elysian, MN). Fatty acid methyl 
ester standards were obtained from Supelco and 
Nu-Chek Prep. 

Preparation of Cells 

Human platelets were prepared as described 
earlier (18). Briefly, 450 ml of venous blood was 
collected into 50 ml of 110 mM sodium citrate. 
PRP was prepared by centrifugation at 190 • g and 
22 C for 20 rain. The supernatant PRP was 
removed and centrifuged twice more at 190 • g and 
22 C for 20 rain to remove contaminating leuko- 
cytes. EDTA was then added to the supernatant to 
give a final concentration of 5 mM, and the PRP 
was put on ice for 20 min. The platelets were 
pelleted by centrifugation at 3000 • g and 4 C for 20 
min; resuspended in 50 ml of 10 mM Tris buffer, 
pH 7.4, containing 150 mM NaCI, I 1 mM glucose 
and 1 mM EDTA; and put on ice for 20 min. The 
platelets were then pelleted again by centrifugation 
at 3000 • g and 4 C for 20 rain, and resuspended in 
10 ml of the Tris buffer solution. Examination by 
oil immersion microscopy demonstrated a pure 
platelet preparation. 

TLC Solvent Systems 

Several solvent systems were used in the purifica- 
tion of the cellular lipids and their derivatives: 
system I, chloroform/methanol/glacial acetic acid/ 
H20 (50:25:8:4, v/v); system II, hexane/ethyl ether 
(70:30, v/v); system III, ethyl ether/hexane/conc 
ammonium hydroxide (60:40:1, v/v); system IV, 
ethyl ether/hexane (60:40, v/v). 

Extraction and Fractionation of Lipids 

Cellular lipids were extracted by the method of 
Bligh and Dyer (19) immediately after cell isola- 
tion. The extracts from l l units of blood were 
combined and stored at -20 C, and aliquots were 
taken from this pooled extract for analysis. The 
choline-linked (PC) and ethanolamine-linked (PE) 
phosphoglycerides were purified by TLC on Silica 
Gel H using solvent system I. After visualization 

with a primulin spray reagent (20), the purified PC 
and PE fractions were eluted from the gel by Bligh 
and Dyer extraction (19). 

Quantitation of Phospholipid Species 

The quantitation of the individual phospholipid 
species was carried out in 2 ways. First, an aliquot 
(200-300 fzg) of the total lipid extract was analyzed 
by TLC on Silica Gel H using solvent system I. The 
various phospholipids were visualized and assayed 
for lipid phosphorus by the method of Rouser et al. 
(21). This TLC system did not resolve phosphatid- 
ylserine from phosphatidylinositol. In the second 
method, HPLC (22) was utilized to separate the 
individual species. An aliquot (200-400 /~g) of the 
total lipid extract was injected onto a #Porasil 
column (3.9 mm • 30 cm, Waters) with a flow rate 
of 2.2 ml/rain at 50 C. The eluant solvent system 
consisted of isopropanol/hexane (8:6, v/v) con- 
taining 1.5% H20. After 5 min, the H20 was 
increased to 9% over a period of 20 min. The 
column was then eluted isocratically for an addi- 
tional 10 min. The resolved lipid species were 
detected by absorbance at 206 rim. The peaks were 
collected and quantitated by assay for phosphorus 
(21). 

Separation and Quantitation of 1,2-Diacyl-, 1-0- 
Alkyl-2-acyl- and 1-O-AIk-l"-enyl-2-acyl- 
GPC and -GPE 

The various lipid classes were analyzed as de- 
scribed earlier (23). Briefly, the purified choline- 
and ethanolamine-linked fractions (1-3 mg) were 
treated with HC1 gas for 5 rain to hydrolyze the l- 
O-alk-l'-enyl groups. The cleaved aldehyde, the 
lysophospholipid, and the unreacted phospholipid 
were purified by preparative TLC in solvent system 
I. The amount of lysophospholipid determined by 
lipid phosphorus analysis (21) was taken as the l- 
O-alk- l'-enyl content. 

The unhydrolyzed phospholipid was treated 
with phospholipase C and the products acetylated 
(24) to yield 1,2-diacyl-3-acetylglycerol and l-O- 
alkyl-2-acyl-3-acetylglycerol. These two species were 
separated by preparative TLC on Silica Gel G 
using solvent system 11. An aliquot of the phospho- 
lipase C-treated lipid (diglycerides) was analyzed 
by TLC on Silica Gel G using solvent system 111. In 
this solvent system, 1,2-diacyl- and 1,3-diacylglyc- 
erides comigrate and are resolved from l-O-alkyl- 
2-acyl- and l-O-alkyl-3-acylglycerides, which also 
comigrate (25). Analysis of the diglycerides in 
system 11I and the acetylated derivatives in system 
11 showed similar relative intensities of the 1,2- 
diacyl and l-O-alkyl-2-acyl bands. This confirmed 
that the product identified as 1-O-alkyl-2-acyl-sn- 
glycerol was not 1,3-diacyl-sn-glycerol formed by 
acyl migration. Fatty acid methyl esters were 
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prepared (23) from the purified acetylglycerides 
and from the lysophospholipid formed by acid 
treatment of the plasmalogens; the methyl esters 
were analyzed by GLC using 15:0 methyl ester as an 
internal standard. Each mole of methyl ester was 
taken to represent 1 mole of 1-O-alkyl-2-acyl-, 1 
mole of l-O-alk-l '-enyl-2-acyl- or 0.5 mole of 1,2- 
diacyl-GPC or -GPE. 

a programmed rate of 3 C/min.  The injector, 
source, and interface temperatures were 200 C, 170 
C and 225 C, respectively. Filament current for this 
analysis was also 0.3 mA and the electron voltage 
was 30 eV. 

RESULTS A N D  D ISCUSSION 

Determination of 1-O-Alkyl Chain Distribution 

An aliquot (1-2 mg) of the unreacted phospho- 
lipid from acid treatment was reduced with Vitride 
as described earlier (26). The I-O-alkylglycerol 
product was purified by preparative TLC on Silica 
Gel G using solvent system IV, and the isopropyli- 
dene derivative was prepared as described earlier 
(23). The l-O-alkyl chain distribution, which was 
determined by GLC-mass spectroscopy (GLC- 
MS), was based on peak area percentages. 

Determination of 1-O-AIk-1 "-enyl Chain Distribution 

Aldehydes  formed by acid treatment of the 
plasmalogens were reduced with Vitride to the 
corresponding alcohols (26). The fatty alcohols 
were then acetylated in the same manner as the 
diglycerides (24) and analyzed by GLC-MS as 
described below. The l-O-alk-l ' -enyl chain distri- 
bution was based on peak area percentages. 

GLC and GLC-MS Analyses 

Analysis of fatty acid methyl esters was per- 
formed on a Varian 3700 gas chromatograph with a 
CDS-I  11 data processor. The methyl esters were 
separated on a 60-m column coated with OV-351. 
Column temperature ranged from 175 to 245 C 
with a programmed rate of 10 C / m i n  for the first 5 
min, 0 C /min  for 20 min, and 2 C/ra in  for another 
10 min. The injector and detector temperatures 
were both 250 C, and the helium flow rate was 1 
ml/min. 

The isopropylidene derivatives of alkylglycerol 
and the fatty alcohol acetates were both analyzed 
on a Ribermag RI0-10 quadrupole mass analyzer 
using a PDP-8A minicomputer for data acquisi- 
tion and reduction. Software for this system is from 
R.D.S. Nermag. The isopropylidene derivatives 
were separated on a DB-I WCOT fused-silica 
column with a helium velocity of 35 cm/sec.  
Column temperature ranged from 170 to 270 C at a 
programmed rate of 5 C/min.  The injector, source, 
and interface temperatures were 250 C, 200 C and 
280 C, respectively. Filament current was 0.3 mA 
and the electron voltage was 70 eV. The fatty 
alcohol acetates were separated on a SE-52 WCOT 
fused-silica column with a helium velocity of 40 
cm/sec. Column temperature ranged from 125 to 
225 C, beginning with a 5-min hold and followed by 

The phospholipids of human platelets were 
analyzed by TLC and HPLC as described in Meth- 
ods. As shown in Table 1, the major phospholipid 
species were PC (38%), PE (25%) and sphingomye- 
lin (18%), with smaller amounts of  phosphatidyl- 
serine (11%) and phosphatidylinositol (4%). These 
findings are in close agreement with previously 
published data on human platelet phospholipid 
distributions (27-29). As shown in Table 2, the PC 
fraction of human platelets contained 82% 1,2- 
diacyl-, 10% l-O-alkyl-2-acyl- and 9% l-O-alk- l ' -  
enyl-2-acyl-GPC. Although this l-O-alkyl content 
is not as high as in other blood cell types (23,30,31), 
it can be calculated based on the total phospho- 
lipid/10 ~ cells (38 nmol), the percentage of PC 
(38%), the 1-O-alkyl-2-acyl-GPC content (10%) 
and the amount  of P A F  synthesized by 10 ~ iono- 
phore-stimulated platelets (0.5 pmol) (7), that an 
ca. 2800-fold excess of PAF precursor exists in the 
cell. In contrast to the ether lipid content of the PC 
fraction, the PE fraction contained a larger portion 
of l-O-alk-l ' -enyl-2-acyl-GPE (60%), a small a- 
mount of the I-O-alkyl-2-acyl species (4%) and 
intermediate levels of 1,2-diacyl-GPE (36%). Earli- 
er work by several authors has been reported on the 
PE plasmalogen content of platelets, with values 
ranging from 30 to 60% of ethanolamine-linked 
phospholipids (32,33). 

The fatty chain distribution of piatelet PC and 
PE is shown in Tables 3 and 4, respectively. The 
major fatty acyl residues in both the PC and PE 
pools were 16:0, 18:0, 18:1, 18:2 and 20:4, which 
agrees with previously published data on platelet 
fatty acid content (27,29,34). Arachidonate  com- 
prised 25% and 64% of all fatty acids associated 
with PC and PE, respectively. Of  all PC-linked 
20:4, 17% was found in the l-O-alkyl-2-acyl-GPC 
pool. When compared to the l-O-alkyl content 
(10%) of the choline-linked phospholipids, a 1.7- 
fold enrichment of 20:4 in the l-O-alkyl fraction 
can be computed. A high content of 1-O-alkyl-2- 
arachidonyl-GPC has also been seen in human 
neutrophils (Mueller et al., submitted for publica- 
tion) and rabbit alveolar macrophages (31). In 
contrast, 65% of all PE-associated 20:4 was found 
in the plasmalogen fraction indicating a slight 
enrichment, since plasmalogens comprised 60% of 
the PE fraction. Another interesting characteristic 
of platelet fatty acyl composition is the high 
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I ' \BI  E I 

Phospholipid Composition ol Iluman Platclcts 

tool 91 phosphorus 
(N=4)" 

Sphingomyelin 17.7 • 2.3 
Choline-containing phnsphoglycerides 38.0 • 1.6 
Phosphatidylinositol 4.4 • 0.5 
Phosphatidylserine 10.8 • 1.3 
Ethanolamine-containing 25.3 • 1.8 

phosphoglycerides 

'The data are presented as the mean + standard deviation of 4 
separate determinations done on the combined total lipid extract 
from the platelets in I I units of blood. There were ca. 38 nmol 
of phosphorus and 176 #g of total lipid per I • 10 ~ platelets. 

TABLE 2 

Ether Class Composition of Choline- and Ethanolamine- 
Containing Phnsphoglycerides 

Choline-containing Et hanolamine- 
phosphoglycerides containing 

phosphoglycerides 
(mol r/~) (mol r)~) 
(N - 3)" (N = 3)" 

1,2-Diacyl 81.8 +_ 2.6 36.1 +_ 0.3 
I-O-Alkyl-2-acyl 9.7 +_ 0.3 3.5 + 0.1 
I-O-Alk-l'-enyl- 8.8 • 2.4 

2-acyl 

'LThe data are presented as the mean • standard deviation of 
3 separate determinations done on the purified platelet PC and 
PE lractions. 

content of 22:4, 22:5 and 22:6. These 3 fatty acids 
collectively comprised 18% and 24% of the fatty 
acids esterified in 1-O-alkyl-2-acyl-GPE and 1-O-~ 
alk-l'-enyl-2-acyl-GPE, respectively. The relative- 
ly high amounts of 20:4 and 22-carbon unsaturated 
fatty acids in the ethanolamine-containing phos- 
pholipids have been seen by others (27,29,34). 

The 1-O-alkyl chain distribution of platelet PC 
was determined by GLC-mass spectroscopy as 
described in Methods. The predominant alkyl 
chains in the sn-I position of 1-O-alkyl-2-acyl- 
G P C  w e r e  16:0 ( 4 4 % )  a n d  18:0 ( 3 7 % ) ,  w i t h  s m a l l e r  

a m o u n t s  o f  18:1 ( 1 6 % )  a n d  2 0 : 0  ( 4 % ) .  H u m a n  
n e u t r o p h i l s  ( M u e l l e r  e t  a l . ,  s u b m i t t e d  f o r  p u b l i c a -  

t i o n ) ,  g u i n e a - p i g  n e u t r o p h i l s  a n d  m a c r o p h a g e s  

(30) ,  a n d  r a b b i t  a l v e o l a r  m a c r o p h a g e s  (31)  h a v e  a 

s i m i l a r  a l l o c a t i o n  o f  a l k y l  c h a i n s ,  a l t h o u g h  n o  2 0 : 0  

w a s  s e e n  in  t h e  n o n h u m a n  cel ls .  R a b b i t  p e r i t o n e a l  

n e u t r o p h i l s ,  h o w e v e r ,  c o n t a i n  s u b s t a n t i a l  p o r t i o n s  

o f  20 :0  ( 1 6 % )  a n d  2 2 : 0  ( 9 % )  in  t h e  s n -  1 p o s i t i o n  o f  

1 - O - a l k y l - 2 - a c y l - G P C  (23) .  D u e  t o  t h e  l o w  c o n t e n t  
o f  1 - O - a l k y l - 2 - a c y l - G P E ,  t h e  a l k y l  c h a i n  d i s t r i b u -  

t i o n  w a s  n o t  d e t e r m i n e d  in  t h i s  f r a c t i o n .  

T h e  l - O - a l k -  l ' - e n y l  c h a i n  d i s t r i b u t i o n  o f  P C  a n d  

P E  w a s  a l s o  d e t e r m i n e d  b y  G L C - M S  a s  d e s c r i b e d  

in  M e t h o d s .  T h e  m a j o r  v i n y l - e t h e r  c h a i n s  in  t h e  s n -  

1 p o s i t i o n  o f  P C  a n d  P E  p l a s m a l o g e n  w e r e  16:0 ,  

18:0,  18:1 a n d  18:2.  T h e s e  r e s u l t s  a r e  c o m p a r a b l e  t o  

t h o s e  r e p o r t e d  e a r l i e r ,  a l t h o u g h  n o  18:2 w a s  s e e n  

( 2 9 , 3 4 ) .  
T h e  p r e s e n t  s t u d y  d e m o n s t r a t e s  t h a t  h u m a n  

p l a t e l e t s  c o n t a i n  s u f f i c i e n t  l - O - a l k y l - 2 - a c y l - G P C  

t o  s u p p o r t  t h e  s y n t h e s i s  o f  P A F  b y  a d e a c y l a t i o n -  

1 ABLE 3 

Fatty Chain Distribution of Choline-Containing Phosphuglycerides 

1,2-Diacyl I-O-Alkyl-2-acyl I-O-AIk-I '-enyl-2-acyl 
(tool %) (mol ~?i) (mol 91) 

Position 1+2 Position I Pnsition 2 Position 1 Position 2 
(N = 3)'* (N = I) L~k' (N = 3) '~ (N = I)"" (N = 3)" 

16:0 32.4 • 0.5 
16:1 (A ~') 1.4 +_ 0.2 
18:0 14.2 +_ 0.3 
18:1 (A") 25.1 + 0.3 
18:2 (n-6) 9.2 + 0.2 
20:0 0.7 + 0.1 
20:1 {G H) 0.8 _+ 0.0 
20:3 (n-6) 1.5 +_ 0. I 
20:4 (n-6) I 1.6 _+ 0.3 
22:4 (n-6) 0.8 +_ 0.1 
22:5 ~ 0.6 • 0.1 
22:6 (n-3) 0.5 + 0.0 
Other ~L 1.2 

43.6 34.1) 

36.6 52.0 
15.6 9.2 

4.8 
4.1 

20.0 -+ 2.3 
1.3 + 0.1 
4.7 + 2.5 

12.8 + 2.9 
6.3 + 1.1 
0.8 +- 1.0 
0.7 • 0.8 
2.4 + 1):2 

43.7 • 4.8 
1.5 + 0.2 
2.4 +_ 1.4 
1.3 +- 0.3 
2.0 

20.7 _+ 2.2 
I.I _+0.1 

10.6 _+ 1.2 
23.0 + 1.8 

9 .4+0 .1  
0.8 �9 0.1 
1.4 +_ 0.5 
2.3 + 0.1 

25.1 + 1.9 
1.1 -+ 0.1 
1.2 -+ 0.7 
(1.9 _+ 0.2 
2.5 

"The data are presented as the mean + standard deviation ot N separate determinations done on the purified 
PC fraction. 

~'Data are given as area ~)~ rather than tool ~;i. 
~Both n-3 and n-6 families were seen. 
'~Other fatty acids which were detected but constituted less than I()i each of the total were 14:0. 14:1, 17:0, 

18:3, 20:2, 20:5, 22:0, 22:1, 24:0 and 24: I. 
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F A B L E  4 

Fatty Chain Dist r ibut ion o l  Ethanolamine-Conta in ing Phosphoglycerides 

1,2-Diacyl I-O-Alkyl-2-acyl I-O-Alk- l'-cnyl-2-acyl 
(tool Ill) (tool 0~) (tool (/~) 

Position 1+2 Position 1 Position 2 Position 1 Position 2 
( N = 3 y  ( N = 3 y  ( N = I y  "~' IN--3) 

14:0 0.1• 
16:0 7.6+ 1.3 
16:1 (._V ~) 0 .6+0.4  
18:0 35.4+ 5.5 
18:1 (~"1 15.4• 
18:2 In-6) 3 .9+0.5 
20:0 0.7-+0.3 
20:1 (-X jL ) 0 .5+0.2  
20:3 In-6) 0.8 +0. I 
20:4 In-6) 30.0 + 6.3 
22:4 (n-6) 1.9+0.3 
22:5' 1.2+11.4 
22:6 In-3) 1.2• 
Other" 0.8 

N. D. 1.7.+_0.5 
14.5• 
2.0_+0.1 

14.9• 
11.1• 
2.7_~11.5 
3.4+3.5 
5.7+3.3 
3,6+ 1.4 

20,4+Y3 
8.9 • 1.2 
5.6+0.7 
2,5+ 1.3 
3.2 

0.2• 
27.6 1.11 • 0.5 

0.5 • 0. I 
40.5 1).9 • 0.4 
31).2 2.6 • 0.7 

1.7 1.5 • 0.3 

0 .1•  
0 .6•  

68.3 • 4.4 
12.2• 1.0 
7.6• 1.2 
3.5• 
1.0 

~1 he data are presented as the mean•  deviation nl N determinations, done on the purilied PE 
fract ion. 

bl)ata are given as area Q rather than 111o1 (i. 
�9 Both n-3 and n-6 lamilies were seen. 
"Other laity acids which v~ere detected but constituted less than I%: each were 14: 1. 17:0. 18:3. 211:2. 

20:5. 22:0. 22:1 and 24:0. 

reacylation mechanism, and that there is a substan- 
tial amount  of arachidonate associated with this 
f r a c t i o n .  D u r i n g  r e v i e w  o f  t h i s  m a n u s c r i p t ,  N a t a -  
r a j a n  e t  a l .  (35)  r e p o r t e d  s i m i l a r  b u t  s o m e w h a t  

l o w e r  l eve l s  ( 4 . 5 %  b a s e d  o n  L i A I H ~  r e d u c t i o n )  o f  
a l k y l - l i n k e d  s p e c i e s  in t h e  P C  f r a c t i o n  o f  h u m a n  

p l a t e l e t  l ip ids ;  a c y l  c o m p o s i t i o n s  w e r e  n o t  r e p o r t -  

ed .  T h e  p r e s e n c e  o f  1 - O - a l k y l - 2 - a r a c h i d o n y l - G P C  

is o f  i n t e r e s t  s i n c e  t h e  a c t i o n  o f  p h o s p h o l i p a s e  A2 

w o u l d  y i e l d  p r e c u r s o r s  f o r  b o t h  P A F  a n d  p r o d u c t s  

o f  t h e  a r a c h i d o n a t e  c a s c a d e .  W h e t h e r  o r  n o t  t h e i r  

f o r m a t i o n  is t i g h t l y  c o u p l e d  m e t a b o l i c a l l y  r e m a i n s  

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

l a r  s p e c i e s  m a k e s  t h e  i d e a  a n  a t t r a c t i v e  p o s s i b i l i t y .  
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Effect of Specific Dietary Fatty Acids on Lipogenesis 
in the Livers and Mammary Glands of Lactating Mice 
S. ABRAHAM*,  L.A. HILLYARD, C. Y. LIN and R.S. SCHWARTZ, Bruce Lyon Memorial Research 
Laboratory, Children's Hospital Medical Center of Northern California, 5 I st and Grove 
Streets, Oakland, CA 94609 

ABSTRACT 

The effects of linoleic, linolenic and columbinic acids fed as 4% of a high carbohydrate (50% glucose) diet 
on the activities and the amounts of several enzymes associated with fatty acid synthesis in livers and 
mammary glands of lactating mice were compared with those for stearic and oleic acids. Fatty acid synthesis, 
measured in vivo, was significantly lower in livers of mice ingesting all 3 polyunsaturated fatty acids 
(PUFA), whereas in mammary glands synthesis was lower only in mice receiving columbinic acid. The 
activities of fatty acid synthetase (FAS) and acetyl CoA carboxylase were significantly reduced in liver by all 
3 PUFA, as were activities of glucose-6-phosphate dehydrogenase, malic enzyme (ME) and citrate cleavage 
enzyme (CCE), also associated with lipogenesis. In mammary gland, on the other hand, the activities of these 
enzymes were unaffected by dietary PUFA. The tissue contents of FAS, ME and CCE, measured by rocket 
immunoelectrophoresis, were found to be significantly reduced in liver by linoleate, linolenate and 
columbinate but were not significantly altered in mammary gland. The decrease in hepatic lipogenesis 
observed was principally due to a decrease in the amounts of these enzymes induced by the dietary PU FA but 
the inhibition in mammary gland caused by columbinate could not be accounted for by a reduction in 
enzyme contents and therefore may be due to allosteric effects which occur when fatty acid synthesis is 
measured with 3H20. The fatty acid composition in liver and mammary gland of dams and in liver and 
kidney of pups completely reflected dietary fatty acids. Columbinate made up ca. 20% of the total fatty acids 
in both tissues of the columbinic acid-fed mice and ca. 15% in the pup tissues. This suggests that columbinate 
is incorporated into milk lipids of dams and is easily absorbed by pups. The elevated ratios of 16/16:1 and 
18/18:1 in liver and mammary gland of dams and liver and kidney of the pups from dams fed linoleate, 
linolenate and columbinate suggest that each of these polyunsaturated fatty acids in the diet can inhibit the 
activity of A9 desaturase. 
Lipids 18:820-829, 1983. 

Hepatic lipogenesis has long been recognized to 
be under dietary control. Indeed, such metabolic 
regulation occurs in a great variety of mammals  (1- 
6), fish (7) and birds (8,9). Thus, fat-free diets rich 
in monosaccharides promote  the de novo synthesis 
of fatty acids (10,11), whereas those that contain 
fats, particularly those rich in polyunsaturated 
fatty acids, inhibit this process (12,13). Al though 
there is general agreement that this phenomenon 
plays a major role in liver, the regulatory aspects of 
dietary fats on lipogenesis in other tissues is less 
certain. Some investigators (14) have reported that 
lipogenesis in adipose tissue also responds to 
dietary manipulation of the host animal, but such 
suggestions have not been as widely confirmed nor 
accepted as those in liver (15). The situation with 
neoplasms is somewhat different. There is overall 
agreement that hepatomas of various origins do 
not respond (16-18). Indeed, liver neoplasms that 
have either high or low lipogenic capacities failed 
to show an effect of dietary fat on fatty acid 
synthesis (18). The unique nature of adult liver in 
this aspect of metabolic control is further empha- 
sized by findings, previously reported from this 
laboratory, that lipogenesis is not influenced in 
either fetal (19) or neonatal livers (20) by the 
dietary fat intake of  pregnant or newly lactating 

*To whom correspondence should be addressed. 

mice. 
In 1969, we showed that diets which contain 15% 

corn oil when fed to either virgin or lactating mice 
for as few as 3 days elicited substantial decreases in 
(a) the ability of the liver to produce fatty acids 
from either acetate or pyruvate, and (b) the activi- 
ties of many enzymes concerned with de novo fatty 
acid synthesis (21). The extreme sensitivity of liver 
to respond was emphasized in that study, which 
demonstrated that such dietary treatment failed to 
produce changes in the metabolic parameters ex- 
amined in the mammary glands of  either virgin or 
lactating mice. Thus, we suggested at that time that 
fatty acid synthesis in neither mammary gland 
adipose cells nor mammary gland parenchymal 
cells could be influenced by the dietary fat fed to 
mice in the same way as in hepatocytes. Subse- 
quently, however, Romsos et al. (22), using the in 
vivo conversion of tritium from 3H20 into fatty 
acids (23,24) as a measure of fatty acid synthesis, 
reported that high-fat diets fed to lactating mice for 
5 days could depress lipogenesis in liver, mammary 
glands and adipose tissue. These workers reported 
that, whereas dietary fat decreased lipogenesis in 
liver 4-fold, the effect on mammary glands was 
much less and amounted to only 2-fold. The fat 
content of the diet employed was more than 3 times 
greater than that used in the studies reported (21) 
from this laboratory (48% vs 15%). 
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In another study, this time with lactating rats, 
Grigor and Warren (25) fed the animals diets 
containing 20% fat for 7 days before measuring 
lipogenesis in both liver and mammary tissue by 
the same in vivo 3H~O technique. These workers 
found, in mammary gland, that the lipogenic rate 
for rats fed a diet containing peanut oil was only 
one-fifth that for rats fed a fat-free diet. Lipogen- 
esis in the liver of the lactating rat was also 
depressed, but synthesis appeared to be less sensi- 
tive to fat in the diet than was synthesis in the 
mammary gland, as only a 2-fold inhibition was 
shown in the liver tissue. Thus, in the study with 
lactating rats which employed 20% fat-containing 
diets, the mammary glands appeared to be more 
sensitive to this dietary constituent than did the 
livers of the same animals, a finding which is the 
reverse of the situation reported by Romsos et al. 
(22) with mice. To explore further the question of 
tissue sensitivity to dietary fat and to shed light on 
the question of which types of fatty acids are most 
effective, we reinvestigated this problem. In experi- 
ments reported here, we used pure fatty acids with 
different degrees of unsaturation and investigated 
their effects on lipogenesis as well as on the 
activities and the contents of specific enzymes 
concerned with fatty acid synthesis, in mammary 
glands and livers both taken from lactating mice. 

MATERIALS AND'METHODS 

Animals 

Only BALB/c mice were used in this study. They 
were originally obtained from Simonsen Labora- 
tories, Gilroy, CA, and are now bred and main- 
tained in our vivarium. They were routinely fed a 
nutritionally complete stock diet (Berkeley Diet 
Mouse Breeder Food) purchased from Feedstuffs 
Processing Co. (San Francisco, CA), which con- 
tains 9% fat. The diet and water were allowed to the 
animals ad libitum in a temperature-controlled 
room (20-23 C) with a 12-hr light and a 12-hr dark 
cycle, the light period starting at 07:00 hr. 

Female mice that were actively lactating and 
suckling at least 5 pups for 10 days were then fed 
one of the specially prepared diets for 7 additional 
days. The number of pups was controlled, since it 
has been known for some time that suckling and 
milk removal plays a significant role in the metabo- 
lism and lipogenic capacity of the gland during 
lactation (26-29). We did not want this variable to 
complicate interpretation of the data. The dams 
continued to suckle their pups for the entire period 
before being killed. Each dam was studied during 
its 17th day postpartum. 

Diets 

All test diets were based on a fat-free dry mixture 
which contained, by weight, 50% glucose; 24% 

vitamin-free casein; 6% salt mixture, U.S. Pharma- 
copia XIV; 0.01% zinc carbonate; 2.2% vitamin 
mixture (ICN Nutritional Biochemicals Corp., 
Cleveland, OH; vitamin diet fortification mix); 
0.3% methionine; 13.5% cellulose; and 0.01% buty- 
lated hydro~ytoluene. The fat-containing diets 
were made immediately before use by adding each 
pure fatty acid to the dry mixture at a level of 4% by 
weight. The fat-free diet contained 4% additional 
cellulose. Pure oleic, linoleic and linolenic acids 
(99+%) were purchased from NuChek-Prep, Inc~, 
Elysian, MN, and pure stearic acid (96.7% stearic, 
1.9% palmitic and 1.4% shorter chain fatty acids) 
was obtained from Eastman Organic Chemicals, 
Rochester, NY. Pure columbinic acid (91.1% col- 
umbinic, 7.6% linoleic, and 1.3% shorter chain 
fatty acids) were a gift from Dr. U.M.T. Houts- 
muller, Unilever Research, Vlaardingen, Nether- 
lands. 

At the end of each experiment, the diets were 
analyzed for their constituent fatty acids as well as 
for evidence of possible peroxidation. Each dietary 
fat was isolated and yielded the same chromato- 
graphic pattern in gas chromatographic ana'tysis as 
it did before incorporation into the diets. Malondi- 
aldehyde determinations (30) performed with each 
diet showed that those containing polyunsaturated 
fatty acids did not have any more of this peroxida- 
tion product than did those diets which contained 
either saturated or monounsaturated fatty acids. 

in vivo kipogenesis 

Usually starting at 09:00 hr, 1 mCi of 3 H20 in 0.1 
ml of 0.15 M sodium chloride was injected intra- 
peritoneally and the dams killed exactly 15 rain 
later. During this period, the pups were allowed 
free access to the dams so that suckling continued 
until the dams were killed. Immediately after the 
mice were killed by cervical dislocation, the required 
tissues were removed from the mice, washed in ice- 
cold saline, blotted dry, and distributed according 
to the requirements of the experiment. For lipo- 
genesis studies, precisely weighed pieces of tissue 
(usually 500 mg) were immediately saponified in 1 
ml of 15% KOH in 50% ethanol at 85 C for 18 hr 
under reflux. After removal of the nonsaponifiable 
material by extraction with petroleum ether (31), 
the mixtures were acidified and the fatty acids 
extracted with hexane (21). 
(21). 

The hexane extract was washed twice with water 
and finally dried over anhydrous sodium sulfate. 
Aliquots of the fatty acid containing hexane solu- 
tion were then taken for measurement of tritium 
activity in a scintillation spectrometer as given 
previously (21). Lipogenesis is reported as ~tmol 
tritrated water incorporated/g tissue/15 min. 

Analysis of Tissue Fatty Acids 

In most experiments, fatty acids were isolated 
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from the tissues, converted to methyl esters, and 
quantitatively identified by gas liquid chromatog-  
raphy from correspondence of their retention times 
with those of known standards according to meth- 
ods described previously (27). In those experiments 
in which tritiated fatty acids formed from in vivo 
lipogenesis were studied, they were separated by 
urea-silicic acid column chromatography accord- 
ing to the method described by Kumar et al. (32). 
To be certain that complete separation of the 
desired fatty acids was achieved, we used [1- 
~4C]dodecanoic acid, [3H]decanoic acid and octa- 
noic acid as markers for each column run before 
separating the mixtures of fatty acids synthesized 
in vivo by the mammary gland. 

Preparation of Tissue Cytosols and Measurement of 
Enzyme Activities 

The required tissues were homogenized in exact- 
ly 3 vol of 0.25 M sucrose at 2 C and centrifugally 
separated into cytosol and microsomes after re- 
moving the cell debris and mitochondria (27). The 
individual cytosol fraction from each tissue was 
used for assay of enzyme activity as well as for the 
determination of enzyme amount  as given below. 
The assay procedures for fatty acid synthetase (33), 
acetyl CoA carboxylase (21), glucose-6-phosphate 
dehydrogenase (34), 6-phosphogluconate dehydrog- 
enase (35), malic enzyme (36) and citrate cleavage 
enzyme (37) have been reported. Units of enzyme 
activity are given as nmol substrate converted to 
product per min at 30 C under the conditions of the 
specific assay used. Protein was determined by the 
method of Lowry et al. (38). Each assay was 
performed at 2 different protein concentrations 
and the results of the 2 closely agreeing values (5%) 
were averaged. 

Preparation of Antisera Specific for (a) Fatty Acid Synthe- 
tase, (b) Malic Enzyme, and (c) Citrate Cleavage Enzyme 

Each enzyme was purified to homogeneity as 
evidenced by a single protein band on SDS-  
polyacrylamide gel electrophoresis. For this pur- 
pose, we used the cytosols from the livers of mice 
fed a 50% glucose fat-free diet (21) for a minimum 
of 7 days. The electrophoretically pure fatty acid 
synthetase had a specific activity of 1200 uni t s /mg 
protein (39); pure malic enzyme exhibited a specific 
activity of 40,000 uni ts /mg protein (40), and pure 
citrate cleavage enzyme possessed a specific activi- 
ty of 6,000 uni ts /mg protein (41). Specific antisera 
to each enzyme were prepared in rabbits and 
purified as previously described (39-41). They were 
stored at - 7 0  C until used. 

Rocket Immunoelectrophoresis 

The method employed was essentially that de- 
scribed by Weeke (42) in which we used a Pharma- 

cia flat bed, temperature-controlled electrophor- 
esis apparatus (Pharmacia Fine Chemicals, Piscat- 
away, N J). One percent agarose gels (22 • 11 X 0.1 
cm) containing either 0.78% antifatty acid synthe- 
tase antibody, 1.3% antimalic enzyme antibody or 
2.3% anticitrate cleavage enzyme antibody were 
formed in barbi ta l /glycine/Tris-HCl buffer, ionic 
strength I = 0.02~ (41). A similar buffer, but with I 
= 0.04#, was used as the electrode solution. 
Cytosols from the livers or the mammary glands 
were diluted 3:1 (v/v) with barbital /glycine/Tris-  
HCI buffer, I = 0.08#, and 8-#1 samples were 
applied to wells 3.5 mm in diameter. 

To confirm the proportionality of rocket height 
to amount  of enzyme protein, each sample was run 
at several dilutions. In each experiment with each 
enzyme studied, all cytosol samples were run on the 
same gel utilizing several concentrations of pure 
enzyme. Electrophoresis was allowed to proceed by 
applying a voltage of 4 V/cm overnight at 10 C, 
after which the plates were washed in running tap 
water, pressed dry and finally stained for protein 
with Coomassie brilliant blue R-250 (42). Rocket 
heights were measured from the center of each well 
to the top of each peak. Using this technique, we 
could show a linear relationship between rocket 
height and enzyme content for concentrations of 
fatty acid synthetase between 0.4 and 2.0 mg/ml,  of 
malic enzyme between 50 and 500 ~g/ml ,  and of 
citrate cleavage enzyme between 0.9 and 2.3 mg/ml. 

RESULTS AND DISCUSSION 

The history of the mice used in these experiments 
is given in Table 1. Although there were no 
statistically significant differences in the amounts 
of diet eaten or in either the body or liver weights of 
the lactating mice in most of the various diet 
groups, those which consumed the 4% linolenic 
acid-containing diet appeared to be somewhat 
lower in both body and liver weight and to have 
eaten less of the diet than did the mice fed the other 
fat-containing diets. These small weight differences 
observed in the dams were not detected in the 
suckling pups. 

When in vivo fatty acid synthesis was studied in 
the livers of these lactating mice, it was clear that in 
those mice ingesting the diets containing the poly- 
unsaturated fatty acids, i.e.,'linoleic, linolenic and 
columbinic, lipogenesis was significantly depressed 
when compared to those eating the stearic or oleic 
acid diets (Table 2). Indeed, a close correlation was 
observed between the levels of lipogenesis and the 
activities of fatty acid synthetase and acetyl CoA 
carboxylase. Thus, in all cases of decreased hepatic 
lipogenesis, the activities of these 2 enzymes were 
also depressed below the levels observed in the 
livers of those lactating mice fed the stearic and 
oleic acid-containing diets. Furthermore,  when the 
activities of glucose-6-phosphate dehydrogenase, 
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TABLE I 

Body and Organ Weights of Lactating BALB/c Mice and Pups 
Fed Diets Containing Various t8-Carbon Fatty Acids ~ 

823 

Dietary fatty acid ~ No? 

Dams 

Food eaten Body weight Liver 
(g/day) (g) % body weight 

Pups 

No. Body weight Liver 
per dam (g) % body weight 

18:0 4 1 4 . 6 - + 5 . 7  31.3• 7.80_+0.41 
9-18:1 4 1 3 . 5 _ + 3 . 2  30.4• 8.06_+0.46 
9,12-18:2 12 14.5• 31.5• 7.61_+0.77 
9,12,15-18:3 5 11.5• 2 6 . 9 _ + 3 . 0  6.44_+0.61 
5t,9,12-18:3 4 1 4 . 9 _ + 3 . 3  27.5+4.4 7.30• 

5.8• 7.9• 3.50-+0.56 
5.1_+0.4 8 . 6 _ + 1 . 8  4.62_+0.21 
5.7• 8 . 6 _ + 2 . 0  4.21• 
5.0• 7.8-+0.5 4.85• 
5.2-+1.6 7.9• 3.61+0.50 

~Results are presented as means_+SD. 
hFed as 4% of the diet. 
'Number of lactating dams used per group. 
alp<0.01, compared to 9-18:1 diet. 

TABLE 2 

Effect of Dietary Fatty Acids on in vivo Lipogenesis and 
Enzyme Activities in Livers of Lactating BALB/c Mice ~' 

Enzyme activity (nmol/min/mg) ~ 
Dietary No. of Fatty acid - -  

latty acid ~' mice synthesis ' FAS ACC G6PDH 6PGDH ME CCE 

18:0 4 43.0_+10.4 90.8_+10.4 17.5_+2.6 182.8+36.6 14.4+1.9 362.7_+61.6 71.7_+14.1 
9-18:1 7 43.3+10.8 89.0_+16.5 20.9+_6.1 198.1-+36.7 11.2_+2.7 302.8• 73.1-+14.0 
9,12-18:2 12 20.4_+11.T 67.1+10.0 ~ 15.3• ~ 109.7_+31.9 ~ 8.9_+1.0 214.7+31.2 ̀ 45.3_+ 4.7" 
9,12,15-18:3 8 19.3-+ 8.T 29.8• 4.8 ~ 7.1_+2.T 63.3_+28.5 ~ 8.2+_1.1 t 158.0_+31.3 ~ 17.8_+ 3.2" 
5t,9,12-18:3 8 9.8_+ 7.T 42.4_+21.5 ~ 8.8_+3.9 ~ 31.8_+10.9 ~ 9.6_+2.5 b 126.4+_15.2 ~ 18.9_+ 8.2 ~ 

~'Results are presented as means + SD. 
~Fed as 4% of the diet. 
"Given as gmol water incorporated/g tissue/15 rain. 
~Given per mg cytosol protein; abbreviations used are FAS for fatty acid synthetase, ACC for acetyl CoA 

carboxylase, G6PDH for glucose-6-phosphate dehydrogenase, 6PGDH for 6-phosphogluconate dehydro- 
genase, ME for malic enzyme, and CCE for citrate cleavage enzyme. 

'p<O.Ol, compared to 9-18:1 diet. 
~p<0.02, compared to 9-18:1 diet. 

mal ic  e n z y m e  and  c i t ra te  c leavage  e n z y m e  in t he  
livers o f  the  l ac t a t ing  mice  fed l inoleic,  l inolenic  
a n d  c o l u m b i n i c  a c i d - c o n t a i n i n g  diets  were  c o m -  
pared  to t h o s e  s a m e  e n z y m e  act ivi t ies  in the  l ivers 
o f  the  d a m s  fed the  s tear ic  a n d  oleic ac id  diets ,  a 
cons ide r ab l e  d e p r e s s i o n  was  a lso  ev iden t  (Tab le  2). 
O n  the  ot hex' h a n d ,  in the  m a m m a r y  g l and ,  the  on ly  
s ign i f i can t  dec rease  f r o m  the  levels o b s e r v e d  wi th  
e i ther  the  s tear ic  or  the  oleic acid diet- fed d a m s  was  
seen wi th  in v ivo  l ipogenes i s  in the  c o l u m b i n i c  acid 
diet- fed l ac t a t ing  mice (Tab le  3). Hence ,  a l t h o u g h  
m a m m a r y  g l and  l ipogenes i s  in the  c o l u m b i n i c  
ac id- fed  g r o u p  was- lower  t h a n  t ha t  in any  o f  the  
o t h e r  g r o u p s ,  the  act ivi t ies  o f  the  m a m m a r y  g l and  
l ipogenic  e n z y m e s ,  i.e., fa t ty  acid s y n t h e t a s e  a n d  
acetyl  C o A  c a r b o x y l a s e ,  as well  as t h o s e  o f  o t h e r  
e n z y m e s  u sua l l y  a s soc ia t ed  wi th  l ipogenes is ,  i.e,, 
g l u c o s e - 6 - p h o s p h a t e  d e h y d r o g e n a s e ,  6 - p h o s p h o -  
g l u c o n a t e  d e h y d r o g e n a s e ,  mal ic  e n z y m e  a n d  cit- 
ra te  c leavage  e n z y m e ,  were no t  s ign i f i can t ly  af fec t -  
ed by this  p o l y u n s a t u r a t e d  fa t ty  acid in the  diet  

w h e n  c o m p a r e d  to  e i t he r  t he  s a t u r a t e d -  or  m o n o -  
u n s a t u r a t e d - 1 8 - c a r b o n  f a t ty  ac ids .  

It s h o u l d  be no t ed  t ha t  even t h o u g h  the  level o f  
t r i t i um labeled  fa t ty  ac ids  f o u n d  in the  m a m m a r y  
g land  (Tab le  3) was  g rea t e r  t h a n  t ha t  f o u n d  in the  
liver (Tab le  2) a n d  the  t ime  af ter  3 H 2 0  in jec t ion  was  
shor t ,  so as to m i n i m i z e  r ed i s t r i bu t i on  o f  labe led  
fa t ty  ac ids  poss ib ly  syn thes i zed  in o t h e r  t i s sues ,  we 
cou ld  no t  be ce r ta in  t ha t  all o f  the  fa t ty  ac ids  
i so la ted  f r o m  the  g l and  were indeed  s y n t h e s i z e d  by 
the  g land .  Howeve r ,  d u r i n g  l ac ta t ion ,  the  g l and  
p r o d u c e s  an  u n i q u e  p a t t e r n  o f  fa t ty  ac ids  w h i c h  is 
cha r ac t e r i z ed  by the  p resence  o f  m e d i u m  c h a i n  
l eng th  fa t ty  acids.  Indeed ,  it is p r o b a b l y  the  on ly  
t i s sue  in the  b o d y  wh ich  p r o d u c e s  t he se  fa t ty  ac ids  
in s u b s t a n t i a l  quan t i t i e s .  Hence ,  o u r  o b s e r v a t i o n s  
t ha t  the  pa t t e rn s  o f  fa t ty  ac ids  s y n t h e s i z e d  f r o m  
3H20 in all d i e t a ry  g r o u p s  were no t  d i f fe ren t  (Tab le  
4) a d d s  to o u r  con f idence  in the  d a t a  a n d  is 
cons i s t en t  wi th  the  view tha t  syn the s i s  o f  fa t ty  ac ids  
by the  g l and  was  una f f ec t ed  by the  d ie t a ry  m a n i p u -  
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TABLE 3 

Effect of Dietary Fatty Acids on in vivo Lipogenesis and 
Enzyme Activities in Mammary Glands of Lactating BALB/c Mice ~ 

Enzyme activity (nmol/min/mg) J 
Dietary No. of Fatty acid 
fatty acid h mice synthesis ~ FAS ACC G6PDH 6PGDH ME CCE 

18:0 4 58.3+_13.3 214+-41 50.5+_ 5.2 605_+ 79 64.6+_5.4 881_+ 85 242+_67 
9-18:1 7 67.0_+20.0 175• 40.5+_ 7.1 478_+161 56.9_+5.1 635+_ 99 196+_56 
9,12-18:2 12 62.6_+20.5 190+_38 53.8_+12.0 ~ 587+-112 63.5+-5.7' 683-+130 169+40 
9,12,15-18:3 8 61.9+_18.8 169+_37 34.1-+ 5.8 519_+ 68 55.4_+5.7 604+- 66 164+_44 
5t,9,12-18:3 5 27.8+-12.2" 150_+28 43.5+_ 3.2 553+_ 80 60.9+_7.8 643 + - 42 148_+16 

"Results are presented as means_+SD. 
bFed as 4% of the diet. 
~Given as #tool water incorporated/g tissue/15 rain. 
dGiven per mg cytosol protein; abbreviations used are FAS for fatty acid synthetase, ACC for acetyl CoA 

carboxylase, G6PDH for glucose-6-phosphate dehydrogenase, 6PGDH for 6-phosphogluconate dehydro- 
genase, ME for malic enzyme, and CCE for citrate cleavage enzyme. 

~p<'0.01, compared to 9-18:1 diet. 
'p<0.05, compared to 9-18:1 diet. 

TABLE 4 

Effect of Dietary Fatty Acids on the Distribution of [~H]Fatty Acids Synthesized by 
Lactating BALB/c Mouse Mammary Glands in vivo from [~ltlWater 

Dietary fatty acid ''h 

Tissue 18:0 9-18: I 9,12-18:2 9,12,15-18:3 5t,9,12-18:3 
t5.t ty acid (4)" (3) (5) (3) (4) 

8:0 2.5+_1.4 2.0_ + 0.7 1.3_ + 0.2 1.3+_0.4 2.7_+0.7 
10:0 10.2+_4.0 12.6_+ 5.4 II.0+_ 3.7 10.8-+1.4 14.6_+2.7 
12:0 19.3_+4.5 24.0_ + 8.3 17.6+_ 2.7 23.1_+2.1 18.7_+0.9 
14:0 and longer 62.1 _+8.8 60.5 + _ 14.3 60.4+- 11.7 63.5_+4.5 61.5_+2.7 
Between peaks 5.9+2.6 0.9+- 0.7 4.2_+ 3.1 1.3+0.6 2.5_+ 1.2 

;'Fed as 4% o1 the diet. 
hResults are presented as the means of the total recovery o [ H]latty acids synthesized_+ S D. 
'Number oi" mice used per group given in parentheses. 

la t ions .  T h u s ,  b o t h  m e t a b o l i c  ( l ipogenes i s )  a n d  
e n z y m i c  d a t a  ind ica te  t h a t  all o f  t he  d i e t a ry  
p o l y u n s a t u r a t e d  fa t ty  ac ids  s tud ied  here  dep re s sed  
l ipogenes i s  in t he  l iver a n d  t he  m e c h a n i s m  a p p e a r s  
to involve  a dec rease  in the  act iv i ty  of  specif ic  
l ipogenic  e n z y m e s .  In  the  m a m m a r y  g l and ,  the  
s i t ua t i on  is qu i t e  d i f ferent .  In  the  g l and ,  i nh i b i t i on  
o f  l ipogenes i s  was  no t  c aused  by l inolea te  o r  
l ino lena te  bu t  on ly  by c o l u m b i n a t e .  F u r t h e r m o r e ,  
in th is  t i ssue ,  c o l u m b i n a t e  did no t  s ign i f i can t ly  
dec rease  t he  act iv i ty  levels o f  fa t ty  acid s y n t h e t a s e  
or acetyl  C o A  ca rboxy l a se .  

To  exp lo re  f u r t h e r  the  r e a s o n s  for  the  in f luence  
o f  t hese  d ie t a ry  fa t ty  ac ids  on  hepa t i c  a n d  m a m -  
m a r y  g l and  l ipogenes is ,  we inves t iga t ed  the i r  ef- 
fects  o n  the  a m o u n t s  o f  specif ic  e n z y m e s  p r e s e n t  in 
these  t i ssues  t a k e n  f r o m  lac ta t ing  mice.  T h e  en-  
z y m e s  c h o s e n  for  s u c h  s tud ie s  were f a t ty  acid 
syn the t a se ,  mal ic  e n z y m e  a n d  c i t ra te  c leavage  
enzyme .  

It is clear  f r o m  the  d a t a  p r e sen t ed  in T a b l e  5 tha t ,  

a l t h o u g h  the  a m o u n t s  o f  each  o f  t hese  e n z y m e s  m 
the  livers o f  the  a n i m a l s  fed the  p o l y u n s a t u r a t e d  
fa t ty  acid c o n t a i n i n g  diets  ( l inoleic,  l inolenic  a n d  
c o l u m b i n i c  acids)  were  lower  t h a n  in t h o s e  fed t he  
s a t u r a t e d  or  m o n o u n s a t u r a t e d  fa t ty  acids,  the  
quan t i t i e s  o f  these  e n z y m e s  in the  m a m m a r y  g l a n d s  
did  no t  change .  We have ,  the re fore ,  c o n c l u d e d  t ha t  
the  dec rease  in l ipogenes i s  o b s e r v e d  in the  liver 
(Tab le  2) was  p r o b a b l y  due  to a l ower ing  in the  
a m o u n t  o f  these  e n z y m e s  induced  by the  p o l y u n -  
s a t u r a t e d  fa t s  in t he  diet .  O n  the  o t h e r  h a n d ,  the  
absence  o f  c h a n g e  in e i ther  the  level o f  ac t iv i ty  or  
the  a m o u n t  o f  e n z y m e  in t he  m a m m a r y  g land  does  
no t  exp la in  w h y  c o l u m b i n i c  acid bu t  no t  l inoleic or  
l inolenic  ac ids  depressed  in v ivo  fa t ty  acid syn the s i s  
(Tab le  3). It is, o f  cou r se ;  poss ib le  t h a t  c o l u m b i n i c  
acid e i ther  (a) acts  as an  a l los ter ic  i nh ib i t o r  o f  an  
e n z y m e  c o n c e r n e d  wi th  l ipogenes i s  as  m e a s u r e d  by 
the  3H20 t e c h n i q u e  whi le  no t  a f fec t ing  the  a m o u n t  
o f  the  e n z y m e  or  its ac t iv i ty  w h e n  m e a s u r e d  u n d e r  
the  o p t i m u m  c o n d i t i o n s  o f  o u r  in v i t ro  a s s a y s  

LIPIDS, VOL. 18, NO. 11 (1983) 



DIET FATTY ACIDS AND LIPOGENESIS 

TABLE 5 

Effect of Dietary Fatty Acids on Enzyme Contents of Mammary Glands 
and Livers of Lactating BALB/c Mice" 

825 

Tissue 

Liver Mammary gland 
Dietary fatty 
acid ~ FAS ~ M E CCE FAS M E CCE 

18:0 26.5-+3.2 3 3 . 8 + 4 . 1  19.0-+1.5 75.6 + - 3.9 62.0_+20.9 74.7_+ 4.1 
9-18:1 21.9• 26 .7-+4.5  16.4_+3.6 87.2_+ 6.2 62.0_+ 4.4 66.5+_15.4 
9,12-18:2 17.2-+1.4 ~ 10.8-+4. F ~ 11.6_+2.3 80.9_+14.3 67.8_+ 4.9 75.9_+15.7 
9,12,15-I8:3 13.2+1.8 '~ 10.0+_5.3 ~ 4.1_+2.1 '~ 75.4-+ 7.6 54.0-+ 9.5 66.0-+ 5.4 
5t,9,12-18:3 15.9_+2.5 d 7.3+3. t '~ 6.2_+2.3 '* 83.8• 3.5 58.3-+ 7.4 71.9• 5.7 

:'Results presented as means-+SD; #g enzyme protein/mg cytosol protein. 
~'Fed as 4% of diet. 
~See Tables 2 and 3 for abbreviations. 
'~p~0.05, compared to 9-18: I diet. 

TABLE 6 

Effect of Dietary Fatty Acids on Fatty Acid Composition 
of the Livers of Lactating BALB/c Mice" 

Dietary fatty acid ~ 

18:0 9-18:1 9,12-18:2 9,12,15-18:3 5t,9,12-18:3 
Fatty acid (4) ~ (5) (8) (5) (4) 

14:0 0.49-+0.08 0 .75-+0.09 0.46+0.18 0.31• 0.53• 
16:0 21.03-+ 1.21 21.41 -+ 1.46 22.55• 23.44• 1.00 22,17_ + 1.98 
9-16:1 4.73• 6.30_+ 1.11 2.49 • 0 .65  2 .44-+0.65  1.69+-0.45 
18:0 10.18-+1.30 4 . 7 6 + 0 . 2 1  12.78-+2.45 15 .15•  16.77-+2.78 
9-18:1 41.80-+ 1.59 55.60_+5.75 24.40-+5.05 17.01 • 1.41 13.85• 
9,12-18:2 2.87• 1 . 2 7 + 0 . 2 1  13.54• 1.84 2.39• 2.86_+0.75 
5t,9,12-18:3 0 0 0 0 21.79• 1.87 
9,12,15-18:3 0.90• 1.49_+0.38 0.49• 6.84• 0.27_+0.08 
8, I 1-20:2 0 0 0.29 • 0.04 0 0.08 _+ 0.02 
5,8,11-20:3 6.40_+2.18 3.92_+0.62 0.35+0.02 0.06_+0.01 0.69• 
8,11,14-20:3 0.70 _+ 0.17 0 1.59 -+ 0.38 0.88 • 0.08 1.44_+ 0.54 
5,8,11,14-20:4 5.35_+0.90 1.89_+0.17 13.77_+3.46 6.02• 7.53• 
5,8,11,14,17-20:5 0.40• 0 0.24_+0.21 12.26_+2.67 3.60• 
7,10,13,16-22:4 0.56_+0.17 0 0 0.50_+0.20 0 
unid d 1.01 -+ 0.16 0.59 + 0.06 3.40 -+ 0.26 0 3.00 _+ 0.86 
7,10,13,16,19-22:5 0.34_+0.35 0 0.34-+0.41 3.33_+0.16 0 
4,7,10,13,16,19-22:6 3.26_+0.69 2.09_+0.18 2 .33-+0.53  9 .33-+0.84  4.12-+0.96 

;'Results presented as the mean percent of total fatty acids • 
"Fed as 4% of the diet. 
~Number of animals used per group given in parentheses. 
dUnidentified fatty acid. 

procedures ,  or  (b) acts on  o ther  enzymes  which  
cont r ibu te  to the pool  of  l ipogenic p recu r so r s  
ra ther  t han  on the specific enzymes  chosen  for  
investigation. 

As a result  of  c h r o m a t o g r a p h i c  studies on the 
fatty acid compos i t i on  of  liver (Table  6) and 
m a m m a r y  gland (Table 7) excised f r o m  the lactat- 
ing dams  fed the var ious  18-carbon fatty acids as 
the sole source  of  lipid, it is clear that  the pa t t e rns  
obta ined  complete ly  reflect the dietary fatty acids 
adminis tered.  F o r  example ,  in the case of  liver 
(Table 6), when  the dietary lipid was oleic acid the 
p r o p o r t i o n  of  this m o n o u n s a t u r a t e d  acid in the 
total  lipids was  higher  t han  when  the diet conta ined  

linoleic, linolenic or  co lumbin ic  acids. It is wor thy  
of  note  tha t  the levels of  5,8, i t-20:3 were higher  
when  stearic and oleic acids were fed t han  when  any 
of  the po lyunsa tu ra t ed  18-carbon fatty acids were 
given in the diet, a f inding in accord  with a great  
m a n y  o ther  studies, indicat ing the convers ion  of  9- 
18:1 to 5,8,1 1-20:3 unde r  condi t ions  where  linole- 
ate is omit ted f r o m  the diet. In addi t ion,  when  
linoleate was  absent  f rom the diet, this fat ty acid as 
well as its metabol ic  p roduc t ,  a rach idona te ,  were 
found  to be at depressed levels. The po lyunsa tu r -  
ated fatty acid con ten t  of  the livers f r o m  those  
dams  fed sa tura ted-  and m o n o u n s a t u r a t e d - 1 8 -  
c a r bon  fatty acids were low (11-22%), whereas  
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these  ac ids  were h igh  (35-45%) in the  l ivers o f  the  
d a m s  fed diets  c o n t a i n i n g  l inoleic,  l inolenic  or  
c o l u m b i n i c  acids.  

We  cou ld  f ind  no  ev idence  for  fa t ty  ac ids  de r ived  
f r o m  c o l u m b i n a t e  o the r  t h a n  c o l u m b i n a t e  i tself  in 
the  liver l ipids o f  t he  mice  fed th is  fa t ty  ac id  (Tab le  
6). It w o u l d  appea r ,  the re fore ,  t ha t  w h e r e a s  the  
e n z y m e  s y s t e m s  p r e se n t  in the  liver can  e l o n g a t e  
a n d  d e s a t u r a t e  fa t ty  ac ids  wi th  cis-9,12,  d o u b l e  
bonds ,  the  p resence  o f  the  t r a n s  d o u b l e  b o n d  in 
c o l u m b i n a t e  (5t ,9,12-18:3) p r e v e n t s  its e l o n g a t i o n  
a n d  d e s a t u r a t i o n  even t h o u g h  it does  no t  p r even t  
es te r i f ica t ion  a n d  i n c o r p o r a t i o n  in to  c o m p l e x  lip- 
ids (43). 

T h e  in f luence  o f  the  v a r i o u s  d ie t a ry  fa t ty  ac ids  
on  the  fa t ty  acid c o m p o s i t i o n  o f  the  m a m m a r y  
g l ands  o f  l ac t a t ing  d a m s  is g iven  in T a b l e  7. In 
genera l ,  the  p r o p o r t i o n  o f  each  fa t ty  ac id  in the  
to ta l  fa t ty  ac ids  f o u n d  in t he  g l a n d  was  s imi l a r  to 
t ha t  f o u n d  in the  l iver for  each  fa t ty  acid fed. 

P rev ious ly ,  we s h o w e d  t ha t  the  p a t t e r n  o f  the  
mi lk  fa t ty  ac ids  reflects  the  d ie t a ry  lipid c o m p o s i -  
t ion  and  t h u s  we were no t  s u r p r i s e d  to  f ind  t ha t  the  
fa t ty  acid c o m p o s i t i o n  o f  the  l ivers of  the  s u c k l i n g  
pups  (Table  8) was f o u n d  to be in c o m p l e t e  a cco rd  
wi th  ou r  o b s e r v a t i o n s  m a d e  wi th  the  d a m s '  l ivers 
(Tab le  6). T h e s e  d a t a  e m p h a s i z e  tha t  c o l u m b i n i c  
acid as well as the  o the r  ac ids  a re  secre ted  in to  the  
mi lk  and  are  freely a b s o r b e d  by the  s u c k l i n g  pups .  
Indeed ,  ana lys i s  o f  the  fa t ty  acid c o m p o s i t i o n  o f  

C.Y. LIN AND R.S. SCHWARTZ 

the  p u p  k idneys  (Tab le  9) ful ly  c o n f i r m s  s u c h  
conc lus ions .  

T h e  in f luence  o f  d ie t a ry  fa t ty  ac ids  fed to the  
l ac t a t ing  d a m s  on the  va lues  for  the  ra t ios  o f  
16/16:1,  18/18:1 a n d  18:2/20:4 for l iver a n d  m a m -  
m a r y  g l and  of  the  d a m s  a n d  liver a n d  k idney  of  the  
pups  are  g iven in Tab l e  10. It is c lear  t ha t  d ie t a ry  
s tear ic  a n d  oleic ac ids  p r o d u c e d  d i f fe ren t  effects  
t h a n  did  d ie ta ry  linoleic,  l inolenic  a n d  c o l u m b i n i c  
ac ids  (Tab le  10). Since  the  sou rce  o f  16:1 in these  
a n i m a l s  was  c o m p l e t e l y  e n d o g e n o u s  ( there  was  
n o n e  in the  diet),  these  ra t ios  sugges t  t ha t  each  o f  
the  p o l y u n s a t u r a t e d  fa t ty  ac ids  used  was  capab le  o f  
i nh ib i t i ng  the  act iv i ty  o f  A9 d e s a t u r a s e ,  the  e n z y m e  
re spons ib l e  for  c o n v e r s i o n  o f  p a l m i t a t e  to p a l m i t o -  
leate. A l t h o u g h  we c a n n o t  be ce r ta in  o f  th is  
c o n c l u s i o n  unt i l  the  ac t iv i ty  o f  the  hepa t i c  e n z y m e  
invo lved  is m e a s u r e d ,  we are  c o n f i d e n t  o f  this  
i n t e rp r e t a t i on  s ince the  va lue  for  the  ra t io  18/18:1 
in the  livers o f  the  mice  fed the  18:0 diet was  also 
f o u n d  to  be h ighe r  t h a n  t h o s e  for  the  l ivers 
excised f r o m  mice  in the  p o l y u n s a t u r a t e d  fa t ty  
ac id- fed  g roups .  T h e  s i t ua t i on  is less c lear  in the  
k idneys  o f  the  pups .  Wi th  respec t  to  the  liver, f r o m  
e i ther  the  d a m s  or  the  p u p s  a n d  to m a m m a r y  
g l a n d s  f r o m  the d a m s ,  the  c o n v e r s i o n  o f  18:2 to 
20:4 does  not  s eem to  be af fec ted  by d ie ta ry  s tear ic ,  
oleic, l inolenic  or  c o l u m b i n i c  ac ids  to a n y  apprec i -  
able  ex ten t ,  a l t h o u g h  each  o f  the  fa t ty  ac ids  
p r o d u c e d  a dec rease  in this  c o n v e r s i o n  w h e n  

YABLE 7 

Effect of Dietary Fatty Acids on Fatty Acid Composition 
of the Mammary Glands of Lactating BALB/c Mice ~ 

Dietary fatty acid h 

18:0 9-18:1 9,12-18:2 9,12,15-18:3 5t,9,12-18:3 
Fatty acid (3) ~ (5) (8) (5) (4) 

8:0 0.45_+0.14 0 .18_+0 .04  0.28+-0.17 0.18+-0.17 0.36+_0.10 
10:0 7.02+ 1.06 4.28+- 0.60 3.85 _+0.28 6.35 + 1.23 7.66 + 1.17 
12:0 11.86_+1.14 6.91+-2.53 9.82+-2.86 10.16+1.67 10.51+1.02 
14:0 14.20_ + 1 .20  9.95+3.04 12.71 +3.00 14.43 + 1.63 12.73 + 1.19 
16:0 22.41+2.26 20.18+2.10 20.37+2.79 23.85+-4.76 18.82+1.54 
9-16:1 4.16_+0.59 5.05 +-0.65 2.88-+0.78 3.21 +0.31 2.18-+0.68 
18:0 4.17 + _ 1 .05  3.60+0.73 4.21 +0.83 4.09+0.92 5.32 + 1.37 
9-18:1 28.92+1.71 46.04_+5.65 18.27+-3.06 12.13+-2.31 12.10+-2.90 
9,12-18:2 1.09• 0.48-+0.17 18.01-+3.83 0.71+0.28 2.42+0.52 
5t,9,12-18:3 0 0 0 0 20.78_ + 1.20 
9,12,15-18:3 2.11 +0.65 2.07+-0.49 0.83+0.36 15.46+-2.13 0.99+0.40 
8,11-20:2 0 0 1.36+0.16 0.02+-0.00 0.59_+0.51 
5,8,11-20:3 0.83_+0.36 0.76+-0.24 0 0 0 
8,11,14-20:3 0.11 + 0. I I 0-14 -+ 0.02 1.26 + 0.32 0.09 + 0.02 1.86 + 0.30 
5,8,11,14-20:4 0.98+0.23 0.82+0.35 2.56+-0.39 1.82• 1.24_+0.47 
unid ~ 0 0 0 1.28 +0.25 0 
5,8,11,14,17-20:5 0.71 +-0.06 0 0.19_+0.07 3.27-+ 1 . 0 6  1.63_+0.80 
7,10,13, t6-22:4 0.97+-0.33 0 1.32_+0.41 0 1.12_+0.07 
7,10,13,16A9-22:5 0 0 0 2.12+0.76 0 
4,7,10,13,16,19-22:6 0 0 0 0.84_+0.35 0 

"Results presented as the mean percent of total fatty acids +SD. 
bFed as 4% of the diet. 
~Number of animals used per group given in parentheses. 
aUnidentified fatty acid. 
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I ABlE  8 

Effect of Dietary Fatty Acids Fed to I.actating BAIB e Dams 
on the I-arty Acid Composition of the Livers of the Suckling Pups' 

Dietarylatty acid ' 

18:0 9-18:1 9,12-18:2 9,12.15-18:3 51.9,12-18:3 
Fatty acid (3) ~ (7) ( l l}  15) 14) 

12:0 0.45 +- 0. 16 1,).48 • 000 I).49 -+ 0.07 0 0.51 • 0.17 
14:0 1.88+-0.60 1.96!0.51 1.77+0.39 1.46• 1.17+-0.16 
16:0 23.76_+2.02 22.70,+l.28 22.4422.03 22.31,+1.25 26.29_+3.02 
9-16:1 2.98_+0.59 2.62+_0.49 1.37+0.16 1.62• 1.41 _+0.29 
18:0 10.03_+1.09 7.47• 9.10~ 1 . 5 4  11.19_+ 1 . 9 9  14.46~2 63 
9-18:1 31.06+_2.76 36.80'-5.46 11.6741.67 12.08_+1.45 9.67_+1.59 
9,12-18:2 5.89_ + 1.45 7.14! 1 . 4 3  24.33_+2.59 6.65_+ 1.65 6.1)6+_ 1.56 
5t,9,12-18:3 0 0 0 0 15.42_+4.15 
9,12,15-18:3 0.83_+0.12 1.22+_0.16 0.28 zO.09 1095• 0.21_+0.11 
8,11-20:2 0.14_+0.05 0.21 +1).06 1.02_'0. 15 0.21 -t 0.05 1,)27_+0.04 
5,8. I 1-20:3 1.96 Z 0.36 I. 15 _+ 0.45 11.02 • 0.02 0 0 
8,11,14-2.0:3 0.~;5 Z 0 . 3 1  0.86+0.21 2.03_* 0.21 0.85 -~ 0.19 0.75 +- 0.02 
5,8,11,14-20:4 10.32_ ~ 189 9.(FO _+ 1.26 14.52• 8.96_+2.01 840+3.59 
5,8. I I, 14.17-20:5 0.52 _* 0.06 O. 35 • 0.14 0. I0 ~ 0.01 I. 28 • 0.48 0.89 _+ 0.23 
7,10, 13,16.-22:4 1,).89_+0.16 0.52• 2.22_+0.33 0.57• 1.25 "L-_ 0.16 
unid 'J 1.06_+ 0. 18 0.40 • 0.30 1.79 _+ 0.21 0 0.88 -+ 0.05 
7,10.13,16.19-22:5 0.52 _* 0. I I 0.53 _+ 0.42 0.30 • 0.22 4.14 + 0.76 0.77 _+ 1,).27 
4,7,10,13,16,19-22:6 6.84_+076 6.96*_ 1 . 4 5  6.62_+1).74 931 1_ I.I)3 8.00+-3.97 

~Results presented as the mean percent o1 total fatty acids •  
"Fed as 49; ol the diet. 
'Number of animals used per group given m parentheses. 
"1,Jnidentilied fatty acid. 

IABEE 9 

Effect of Dietary Fatty Acids Fed to l.actating BAI.B c Dams 
on the fat ty Acid Composition of the Kidneys 

of the Suckling Pups" 

Dietary fatty acid ~ 

9-18:1 9,12-18:2 5t,9.12-18:3 
Fatty acid (3)' (4) (3) 

8:0 1.54+1.28 3.14+_2.71 3.05 ~ 0.80 
10:0 0.62• 0.51 +0.54 1.58• 1.16 
12:0 2.26+_0.60 1.97_+ 1.24 2.57+0.40 
unid U 0 0 2.00 • 0.17 
14:0 5.83+_1.30 5.16-+2.28 6.33 L0.25 
16:0 21.85-+0.67 19.28-+3.45 19.84+_4.28 
9-16:1 2.69• 2.57+0.94 3.14• 
18:0 9.32• 9.10-+3.53 8.31_+3.35 
9-18:1 24.49+-2.32 17.62_+ 2.90 17.17• 
9,12-18:2 8.86_+1.97 13.70 + 269 7.00• 
5t,9,12-115:3 0 0 6.2~ Z0 98 
9,12,15-18:3 1.26+-0.13 0.85_+0.38 0.72 • 1,).32 
8,11-20:2 0.56+0.17 1.07+-022 1,).44• 
5,8,11-20:3 0.36 +-0.19 0 0 
8,11,14-20:3 0.9740.17 1.49_+0.10 1.34_~0.18 
5,8,11,14-20:4 12.06_+1.89 15.53+2.35 12.29+_0.96 
5,8,11,14,17-20:5 1,1.55-+0.05 0.56-+OI2 0.88+_0.21 
7,10,13,16-22:4 100+-0.14 1.53_+_0.25 1.18• 
unid d 0.26• 0.49+-0.05 0.45+_0.11 
7,10,13,16,19-22:5 0.59-+0.1')6 0.67+0.11 0.62+_0.03 
4,7.10,13,16,19-22:6 5.20_ + 1.50 4.59+-055 4.36+_0.50 

"Results presented as the mean percent of total fatty acids 
+_SD. 

hFed as 4% of the diet. 
'Number of animals used per group given in parentheses. 
aUnidentified fatty acid. 

c o m p a r e d  to  l i n o l e i c  ac id .  
In  c o n f i r m a t i o n  of  t he  o b s e r v a t i o n s  m a d e  in 

l iver ,  t he  v a l u e s  fo r  t he  r a t i o s  of  s a t u r a t e d  to  
m o n o u n s a t u r a t c d  f a t t y  a c i d s  ( 1 6 / 1 6 : 1  a n d  1 8 / 1 8 : 1 )  
in  m a m m a r y  g l a n d s  w e r c  a l s o  l o u n d  to  bc l o w e r  
w h e n  s t c a r i c  a n d  o l e i c  a c i d s  w e r e  fed  t h a n  w h e n  

l i n o l e i c ,  l i n o l c n i c  o r  c o l u m b i n i c  a c i d s  w e r e  i n c l u d -  
ed in  t he  d i c t s  ( f a b l e s  7 a n d  10). W h c t h c r  t h i s  
r e p r e s e n t s  d e p r e s s e d  A9 d c s a t u r a s e  in the  g l a n d  
(44) o r  is t he  r e su l t  o f  the  l o w e r e d  h e p a t i c  ,.X9 
d c s a t u r a s e  is n o t  p r o v e n  by  t h e s e  d a t a  b u t  m u s t  
a w a i t  m e a s u r e m e n t  o f  t he  s p e c i f i c  e i~zymcs  in e a c h  
t i s s u e  u n d e r  t h e s e  d i c t a r y  c o n d i t i o n s .  

D u r i n g  t he  p r e p a r a t i o n  o f  t h i s  w o r k  fo r  p u b l i c a -  

t i o n ,  G r i g o r  et  al .  (45)  r e p o r t e d  t h e  r e s u l t s  o f  a n  

a d d i t i o n a l  s t u d y  on  t he  r e g u l a t i o n  of  l i p o g e n i c  
c a p a c i t y  in l a c t a t i n g  r a t s  l cd  [)at-frce a n d  201,~ - 
p e a n u t  o i l - c o n t a i n i n g  d i e t s ,  in w h i c h  t h e y  r i g o r o u s -  
ly c o n t r o l l e d  t h e  n u m b e r  of  s u c k l i n g  p u p s .  T h c y  
n o w  c o n c l u d e  t h a t  " t h e  a c t i v i t i e s  o f  t h e  m a m m a r y  
g l a n d  a n d  l i ve r  c n z y m e s  a r e  r c g u l a t e d  i n d e p e n d e n t -  
ly, w i t h  t he  m a m m a r y  g l a n d  e n z y m e s  b e i n g  spec i -  
f i c a l l y  a f f e c t e d  by  c h a n g e s  in  m i l k  d e m a n d  w h e r e a s  
the  l i v e r  e n z y m e s  a r e  a f f e c t e d  s p e c i f i c a l l y  by  d i e -  
t a r y  c h a n g e s . "  T h e s e  w o r k e r s  (45)  f u r t h e r  s t a t e  
t h a t ,  in c o n t r a s t  to  t he  l i v e r  e n z y m e s ,  t he  a c t i v i t i e s  
o f  t he  m a m m a r y  g l a n d  f a t t y  a c i d  s y n t h e t a s c  a n d  
g l u c o s e - 6 - p h o s p h a t c  d e h y d r o g e n a s e  a r e  n o t  s i g n i f  
i c a n t l y  a l t e r e d  by fa t  f eed ing .  l - b u s ,  t h e i r  n c w  w o r k  

w h i c h  s h o w s  t h e  r e l a t i v e  i n s e n s i t i v i t y  o f  t he  m a m -  
m a r y  g l a n d  e n z y m e s  to  d i e t a r y  l a t  m a n i p u l a t i o n  o f  
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TABLE 10 

Specific Fatty Acid Ratios in Tissues of Lactating Mice and Suckling Pups 
as a Result of Different Dietary Fatty Acids Fed to the Dams" 

Tissue Ratio 
Dietary fatty 

Organ Source acid b 16/16:1 18/18:1 18:2/20:4 

Liver Dam 18:0 4.46 -+ 0.32 ~ 0.25 -+ 0.04 ~ 
9-18:1 3.46-+0.52 0.09_+0.05 

9,12-18:2 9.56+2.30 ~ 0.57-+0.23 ~ 
9,12,15-18:3 10.19+2.66 r 0.99-+0.50 ~ 
5t,9,12-18:3 13.83_+3.42 ~ 1.31 _+0.48 ~ 

Liver Pup 18:0 8.10-+ 0.93 0.33 +0.06 ~ 
9-18:1 8.65_ + 1 . 5 7  0.20_+0.07 

9,12-18:2 16.62-+2.82 ~ 0.81 _+0.23 ~ 
9,12,15-18:3 14.00-+ 2.14 0.95 -+0.24 
5t,9,12-18:3 19.32_+4.64 c 1.51 -+0.24 ~ 

Mammary Dam 18:0 5.40 -+ 0.24 ~ 0.15 -+ 0.03 c 
gland 9-18:1 4.05 -+ 0.72 0.08 + 0.04 

9,12-18:2 7.67+2.67 ~ 0.25+0.09 c 
9,12,15-18:3 7.49-+ 1.69 ~ 0.34+0.07 ~ 
5t,9,12-18:3 9.18 _+ 2.35 0.48 _+0.23 

Kidney Pup 18:0 NO '~ ND 
9-18:1 8.20_+ 1.00 0.38 _+0.08 

9,12-18:2 8.32_+3.00 0.56_+0.29 
9,12,15-18:3 ND ND 
51,9,12-18:3 6.70+_2.64 0.53+_0.28 

0.55_+0.14 
0.66_+0.14 
1.00_+0.08 
0.40_+0.12 ~ 
0.38_+0.10 ~ 

0.57-+0.06 
0.85-+0.30 
1.71 -+ 0_36 ~ 
0.74+0.06 
0.57_+0.15 

1.15+0.30 ~ 
0.62-+0.13 
7.37_+2.71 ~ 
0.43 -+ 0.28 
2.10+0.61 ~ 

ND 
0.74 _+ 0.14 
0.91 _+0.29 

ND 
0.58-+0.123 

~Results presented as means_+ SD; data from Tables 6-9. 
bFed as 4% of the diet. 
~p<0.05 compared to 9-18:1 diet. 
~ND signifies not done. 

t he  h o s t  c o n f i r m s  o u r  o b s e r v a t i o n s  m a d e  in  m i c e  

(21).  L 
T h e  f a i l u r e  o f  d i e t a r y  fa t  t o  a f f ec t  m a m m a r y  

g l a n d  f a t t y  a c i d  s y n t h e t a s e  w h i l e  so  s t r o n g l y  a f f e c t -  2. 
i n g  t h e  l i v e r  s y n t h e t a s e  c a n n o t  be  c a u s e d  by  

3. p o s s i b l e  d i f f e r e n c e s  in  t h e  e n z y m e ' s  s t r u c t u r e  o r  
f u n c t i o n .  S i n c e  t h e  s y n t h e t a s e s  f r o m  b o t h  t i s s u e s  4. 
a r e  i m m u n o l o g i c a l l y  s i m i l a r ,  h a v e  t h e  s a m e  m o l e c -  5. 

u l a r  w e i g h t  a n d  a l s o  p o s s e s s  c o m m o n  c a t a l y t i c  
p r o p e r t i e s  (46),  t h e y  t h e r e f o r e  a p p e a r  t o  be  i d e n t i -  6. 

c a l  p r o t e i n s .  H e n c e ,  t he  m e c h a n i s m  fo r  t h i s  e f f ec t  7. 
m u s t  l ie  in  t h e  p a t h w a y s  o r  p r o c e s s e s  w h e r e b y  t h e  
e n z y m e s  a r e  s y n t h e s i z e d  in  e a c h  t i s s u e ,  fo r ,  a s  8. 

s h o w n  he re ,  t h e  a m o u n t  o f  e n z y m e  in  t h e  l i ve r ,  as  9. 
o p p o s e d  to  t h a t  in t he  m a m m a r y  g l a n d ,  is e x q u i s -  

i t e ly  s e n s i t i v e  t o  t h e  t y p e  o f  d i e t a r y  fa t .  D i e t a r y  18- lo. 
c a r b o n  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  w i t h  d o u b l e  
b o n d s  in  t he  9- a n d  1 2 - p o s i t i o n s  ( o r  f a t t y  a c i d s  I I. 

d e r i v e d  f r o m  t h e m  s u c h  as  a r a c h i d o n a t e )  a r e  e i t h e r  12. 
n o t  c o n v e r t e d  t o  c o m p o u n d s  w h i c h  d e p r e s s  t h e  
s y n t h e s i s  o f  l i p o g e n i c  e n z y m e s  (39)  o r  t h e  p r o c e s s  13. 

i t s e l f  is m i s s i n g  in  t h e  m a m m a r y  g l a n d s  o f  l a c t a t i n g  14. 

m i c e .  15. 
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Phospholipid Studies of Marine Organisms: V. 1 
New G-Methoxy Acids from Higginsia tothyoides 
ESER A Y A N O G L U  a, S I M E O N  P O P O V  b, J. M. K O R N P R O B S T  c, A M I R A A B O U D - B I C H A R A  c and CARL 
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a Department of Chemistry, Stanford University. Stanford, CA 94305; blnstitute of Organic Chemistry, 
Bulgarian Academy of Sciences, Sofia, Bulgaria, and CDepartment of Chemistry, University 
of Dakar, Dakar, Senegal 

ABSTRACT 

The phospholipids of the demosponge H~gginsia tethyoides are shown to have at least 16 long-chain ~- 
methoxy acids, which represent a new class of fatty acids. Among them are the saturated c~-methoxy acids 
containing 19-24 carbon atoms. The monounsaturated compounds are 2-OMe-AJV-24:l, 2-O Me-A~-25:1,2- 
OMe-A~%26:l and 2-OMe-A 2 t-28:1. The major diunsaturated ones were shown to be 2-OMe-A ~" %26:2 and 
2-OMe-A;.-~-28:2. Small amounts of 2-OMe-23:1, 2-OMe-26:3; 2-OMe-27:1 and 2-OMe-28:3 were also 
encoumered. Structures of the minor monounsaturated compounds were tentatively assigned as 2-met boxy- 
16-tricosenoic acid and 2-methoxy-20-heptacosenoic acids. The double bonds of the fatty acids show all-cis 
configuration.Circular dichroism measurements indicate an R-configuration for the ~-methoxy acids. The 
major component of the total phosphotipid acid mixture is 5,9,23-triacontatrienoic acid. Possible 
biosynthetic routes to these unusual phospholipid acids are discussed. The major phospholipids were 
phosphatidylethanolamine, phosphatidylglycerol and phosphatidylserine. The distribution of fatty acids 
among the phospholipids was also investigated. 
Lipids 18:830-836, 1983. 

INTRODUCTION 

The reports of a large number  of novel sterols 
with unusual  side-chain elongat ion and b ranch ing  
in marine invertebrates and  algae (2,3) raise inter- 
esting questions concerning membrane  structures 
of these organisms. Recent research carried out  in 
various laboratories has shown that  some other  
l~pophilic compounds  such as carotenoids  and 
tetracyclic sesterpenoids are present  in primitive 
marine organisms (4-6). In addit ion,  Litchfield and 
coworkers (7-11) have encountered new fatty acids 
in different species of sponges. These"demospong-  
ic" acids contain 24-30 carbons  and usually feature 
A ~9 diunsaturat ion,  sometimes together  with one 
more double  bond  near the chain terminus.  Our  
investigation of marine organisms has already 
revealed a large number  of straight chain and 
methyl branched C24_30 phosphol ip id  acids featur- 
ing typical A ~ d iunsa tura t ion  or A 5 monounsa tu -  
at lon m the sponges Aplvsinafistularis ( t 2), Petro- 
sia,fic![ormis (13) and Strongylophora durissima 
(Dasgupta ,  A., Ayanoglu,  E., and  Djerassi, C., 
manuscr ipt  in preparat ion) ,  all of which also 
contain  high levels of sterols with "unusual"  side 
chains (12,14-17). Ano the r  unusual  feature is tha t  
5,9-hexacosadien~oic acid (A5'9-26:2) was found to 
be virtually the sole acid i n t h e  PS and PE fract ions 
of the Medi ter ranean sponge Axinella verrucosa 

~For preceding paper, see relerence I. 
*To whom correspondence should be addressed. 
Abbreviations: BHT, hutylated hydroxytoluene; PE, phospha- 

tidylethanolamine; PG, phosphatidylglycerol; DPG, diphospha- 
tidylglycerol; PC, phosphatidylcholine; PI, phosphatidylinositol; 
PS, phosphatidylserine: SM, sphingomyelin 

(Ayanoglu, E., and Djerassi, C., unpublished data), 
in contras t  to convent ional  phosphol ip ids  in which 
the two acyl f ragments  are different. 

In a recent communica t ion ,  we have also report-  
ed (1) the occurrence of a new compound,  (2R,21Z)- 
2-methoxy-21-octacosenoic acid, as the second 
major  nonpola r  componen t  in the phosphol ip ids  of 
the sponge Higginsia tethyoides, fol lowing 5,9,23- 
t r iaconta t r ienoic  acid (A~'~21-30:3), a previously 
reported (8) demospongic  acid. Consequent ly ,  we 
under took a more  extensive search for such a -  
methoxy acids, which do not appear  to have been 
encountered previously in nature,  and report  here- 
with the isolation and identification of an entire 
series of such acids in the phosphol ip ids  of the 
African sponge H~gginsia tethyoides. 

EXPERIMENTAL 

H. tethyoides sponge colonies were collected 
near Joal  (ca. 100 km from Dakar ,  Senegal). The  
lyophilized samples were extracted with cold CHC13/ 
MeOH (1:1, v/v).  Separa t ion  of the total  phospho-  
lipids from other lipids using silicic acid co lumn 
chromatography  has already been described (12). 
The samples were kept under  a rgon at - 1 0 C  in 
solutions conta ining 0.002% BHT. Silica Gel H 
was used as thin  layer ch romatography  (TLC) 
adsorbent  for separat ions of fatty acid derivatives 
as well as phospholipids.  Assignments  based on the 
comparisons  with codeveloped s tandards  were 
verified by the use of n inhydr in  (PE, PS), Dragen- 
dorff  (PC, SM) and per iodate-Schiff  (DPG,  PG, 
PI) reagents. Molybdenum Blue and  ceric sulfate 
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were the general reagents for the phospholipids and 
fatty-acid derivatives, respectively, and preparative 
TLC plates were sprayed with Rhodamine 6G as 
the nondestructive color reagent (18,19). Quantita- 
tive estimation of phospholipids was carried out 
using a spectrometric phosphorus assay (20). Phos- 
pholipids were chromatographed in chloroform/ 
methanol/28% NH4OH (65:35:8, v/v/v).  General 
developing solvent systems for the fatty acid deriv- 
atives were hexane/ether (8:2, v/v) and (3:7, v/v). 
For argentic TLC, 750 /~ layers of silica gel were 
impregnated with 15% (by weight) silver nitrate, 
and the plates were developed in hexane/dichloro- 
methane (8:2). 

The following instruments and conditions were 
used for other chromatographic separations and 
for obtaining physical data. 

Capillary gas chromatograph.v (GC). Carlo Erba 
series 4160 Fractovap chromatograph equipped 
with a fused silica column (30 m • 0.32 nm) coated 
with SE-54 (J & W scientific, Inc.), a Model 400 LT 
programmer, a cooled on-column injection system 
and a flame ionization detector were used. The 
initial oven temperature was 70C or 140C for fatty 
acid methyl esters and 200C for pyrrolidides. Final 
temperature was 290C. The program temperature 
was either set to 3.0 or 10.0C/min. 

High performance liquid chromatography (HPLC). 
A 50 cm • 9 mm Whatman ODS-2 reversed-phase 
column or a 25 cm • 10 mm Altex Ultrasphere 
column, a Waters M-6000A pump, a Valco loop 
injector and a Waters R401 refractometer detector 
were used. 

Gas chromatography-mass spectrometry (GC-MS). 
Either a Finnigan MAT-44 GC-MS system using a 
spiral glass column (1.80 m • 2.0 ram), coated with 
3% OV-17 on GCQ, or a Ribermag GC-MS-DS 
system, combining a Ribermag R 10-10 quadru- 
pole mass spectrometer with a Carlo Erba series 
4160 Fractovap chromatograph containing a fused 
silica column (28 m • 0.32 mm) with SE-54 (J & W 
Scientific, Inc.) was used. 

Nuclear magnetic resonance (NMR) spectra. A 
Varian Associates HA- 100 N M R instrument was 
used. Deuterated chloroform was used as solvent 
and shift values are given in ppm (6). 

h!frared OR) spectra. A Beckman Acculab spec- 
trophotometer was used. The samples were mea- 
sured in chloroform. 

Circular dichroism (CD) sT)ectra. A Jasco Model J- 
40 instrument was used, with all measurements 
being conducted in hexane or in cyclohexane. 

Transesterification of the phospholipid acids to 
obtain methyl esters was carried out by sodium 
hydroxide in methanol and hydrochloric acid in 
methanol (21). Boron trifluoride in methanol was 
used for the same purpose (22). The individual 

phospholipid classes were analyzed for the fatty 
acid content by preparative TLC. Each phospho- 
lipid band was scraped into a test tube, digested 
with methanolic boron trifluoride for transesterifi- 
cation (23) and the resulting methyl esters then 
analyzed by GC. Aliquots of fatty acid methyl 
esters were hydrogenated in methanol with platin- 
um (IV) oxide (8 hr, normal pressure, room 
temperature). The methyl esters were converted to 
N-acylpyrrolidide derivatives in pyrrolidine/acetic 
acid (10:1, v/v, l hr, 100C) for the location of 
double bonds as well as branching. LiAIH4 reduc- 
tion was carried out in dry tetrahydrofuran (2 hr, 
reflux temperature). NalO4/KMnO4 oxidative de- 
gradation was achieved in tcrt-butanol (24) (5-7 hr, 
room temperature). Ozonization in BF3/MeOH 
was also performed (25) for the conversion of 
double bonds to methyl esters and gave almost 
quantitative yields. For this purpose, the sample 
was subjected to ozonization using 14% BF3 in 
methanol as reactive solvent for 1 rain at room 
temperature and the reaction mixture was heated 
at 100C in a capped vial for 1 hr. The standard fatty 
acid methyl ester samples were obtained from 
Supelco (Supelco Park, Bellefonte, PA) or from 
Applied Science (Milton Ray Co. Laboratory 
Group, State College, PA) for comparison pur- 
poses. 

RESULTS A N D  DISCUSSION 

Quantitative analysis of the phospholipids using 
solvent elution and spectrophotometric analysis of 
each TLC spot indicated that the 4 classes listed in 
Table t comprise ca. 86% of the mixture and that 
PC were essentially absent. The remaining 14% was 
distributed among several minor spots on the 
chromat ogram. 

The capillary GC analysis of the total phospho- 
lipid fatty acid mixture allowed equivalent chain 
length (ECL) values to be assigned to each major 
peak, on the basis of their retention times, relative 
to methyl esters (26). This analysis indicated the 
presence of ca. 61 detectable peaks, of which 21 
comprised 87% of the total (Table 2). Many of the 
peaks, especially the nnsubstituted "conventional" 
ones, were simply identified by comparing their 

TABLE 1 

The Major Phospholipids of H. t e thyo ides  ~ 

Phospholipid class M ol %:' 

Ph osphatidylet hanolamine 31 
Phosphat idylglycerol 24 
Phosphatidylserine 26 
PhosphatidyF, nositol 5 

~Average of 3 replicates; percentages are based on relative 
phosphate content. 
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TABLE 2 

Identified Major Fatty Acids from the Phospholipids of H. tethyoides ~ 

Compound 

"Distribution 
in phospholipid classes ''~ 

Percent (by wt) 
ECL ~' Fatty acid in phospholipids PI/PS PG PE 

I 
2 
3 
4 
5 
6 
7 
8 
9 

!0 
!1 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 

14.00 Tetradecanoic (n-14:0, myristic) 0.7 0.8 0.8 0.5 
14.99 4,8,12-Trimethyltridecanoic (4-Me,8-Me, 12-Me-13:0) 8.1 5.5 10.8 8.3 
15.73 9-Hexadecenoic (&9-16: I, palmitolcic) 2.2 1.7 5.6 0.5 
16.00 Hexadecanoic (n-16:0, palmitic) 2.6 t.3 7.1 
16.78 10-Heptadecenoic (~~ I) 0.5 0.9 
17.46 5,9-Octadecadienoic ("~5a-18:2) 0.6 0.6 1.2 
17.75 I I-Octadecenoic (&~-18: 1, vaccenic) 2.8 1.5 4.9 2.4 
18.00 Octadecanoic (n-18:0) 2.3 1.9 3.7 1.6 
19.19 5,8,11,14-Eicosatetraenoic (2xs'~'H'~-20:4) t0.1 2.7 34.5 2.3 
19.39 5,8,11-Eicosatrienoic (~5"s'~ L20:3) 1.2 3.5 
21.16 2-Methoxycosanoic (2-O Me-20:0) 0.5 0.7 0.5 
23.17 2-Met hoxydocosanoic (2-OMe-22:0) 2.2 2.5 3.1 
24.17 2-Methoxytricosanoic (2-OMe-23:0) 0.6 1.0 0.5 
24.91 2-Methoxy-17-tetracosenoic (2-OMe-_kw-24: I) 1.9 2.8 0.5 2.0 
25.17 2-Met hoxytetracosanoic (2-OMe-24: 0) 3.2 3.4 0.6 4.7 
25.92 2-Methoxy-18-pentacosenoic (2-OMe-_~a~-25: I) 0.5 0.5 0.9 
26.77 2-Methoxy-5,19-hexacosadienoic (2-OMe-~S a9-26: 2) 2.7 3.1 3.8 
26.92 2-Methoxy-19-hexacosenoic (2-OMe-A~9-26: I) 1.3 2.0 1.4 
28.78 2-Methoxy-7,21-octacosadienoic (2-OMe-AT'-'L28: 2) 2.7 3.4 0.6 3.8 
28.93 2-Met hoxy-21-octacosenoic (2-OMe-A2L28: I) 13.7 16.3 3.8 17.3 
29.43 5,9,23-t ricontat rienoic (AS a'-'L30: 3) 34.2 40.8 15.9 42.0 

qdentified minor (<0.5%) fatty acids: (22) n-16:3 (ECL 15.33); (23) n-17:2 (ECL 16.46); (24) n-17:0 (ECL 17.00); (25) 18:1 (ECL 17.75); 
(26) 2-OMe-t9:0 (ECL 20.16); (27) 2-OMe-21:0 (ECL 22.16); (28) 2-OMe-D~6-23:I (ECL 23.92); (29) 2-OMe-26:3 (ECL 26.62); (30) 
2-OMe-D2~ (ECL 27.92); (31) 2-OMe-28:3 (ECL 28.63); (32) 30:2 (ECL 29.58). 

bEquivalent chain length values were calculated from the methyl esters of the corresponding acids. 
~Averages from three determinations; - implies that the acid is less than 0.5%. 
dFull names of phospholipids are given in the text. 

ECL values with those of known esters and coinjec- 
t ion with s tandard samples. A capillary GC analysis 
of a hydrogenated al iquot  of the methyl esters 
provided more informat ion  for identification. Pyr- 
rolidides of the original and  hydrogenated  fatty 
acids were also investigated by capillary G C - M S ,  
especially for the location of double  bonds  and 
branching. The spacings between major  peaks 
(associated with the carbonyl -bear ing  fragments)  
were considered for the location of double  bonds.  
In general, the presence of 12 instead of 14 amu 
between the most  intense peaks of f ragments  
conta ining n-I and n carbon a toms in the acid 
moiety indicates the presence of  a double  bond  
between carbon n and n + l  in the fatty acid 
derivative (27). Thus, for example  (Fig. 1), the mass 
spectrum of the pyrrolidide of the major  (34.2%) 
compound,  5,9,23-triacontatrienoic acid, exhibi ted 
spacings of 12 amu between the Ca (m/z  140) and  
C5 (m/z  152); between the C8 ( m / z  194) and C9 
(m/z  206); and between the C= ( m / z  388) and C23 
(m/z  400) fragments,  and also exhibi ted peaks of 
higher intensities cor responding  to the C3 ( m / z  
126), C7 ( m / z  180), CII ( m / z  234), C2~ ( m / z  374) 
and C25 ( m / z  428) f ragments  formed by allylic 
cleavages a round  each double  bond.  Coinject ion 

with an authent ic  sample (12) gave only one peak 
on capillary GC. 

Only one branched chain fat ty acid, 4,8,12- 
t r imethyl t r idecanoic acid (2) (8.1%), was encoun- 
tered in the phosphol ipids  of H.  t e t h y o i d e s .  This 
compound  is probably  o fzoop lank ton ic  origin and 
has been found in marine mammals  (28). All of the 
major  fatty acids were straight chain sa turated or 
unsatura ted  compounds.  

The methoxy fatty acid methyl esters were easily 
separated (1) f rom the convent ional  fatty acid 
methyl esters by open silica gel co lumn chroma-  
tography.  The column was first eluted with hexane 
and then with hexane /e the r  (95:5, v /v)  to collect 
"convent ional"  fatty acid methyl  ester fractions. 
Fur ther  elution of the column with hexane / e the r  
(92:8, v /v)  yielded the methoxy fatty acid deriva- 
tives. The mixture  which gave only one spot on 
TLC with a lower Rf value (0.75 in hexane / e the r  [ 
8:2, v /v])  than  that  of unsubst i tu ted  fatty acid 
derivatives (Rf  0.85) conta ined the previously 
reported (I) c~-methoxy fatty acid 20 as the major  
componen t  according to capillary GC analysis and 
coinjection. A capillary G C - M S  analysis of this 
mixture showed tha t  all compounds  had a char-  
acteristic ion at m / z  104 (1) cor responding  to a 
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mlz 
428 

C2g 

m/z 
400 m/z m/z 

m/z 206 m/z 152 388 mlz r--.- .---- m/z 
F-'- m/z 234 ~t,~94mlz~t40 m/z 
I t t 

- ~  CON, v ~ 

C23 22 9 C5 

FIG. 1. The major diagnostic mass spectral fragmentations of N-(5,9,23-triacontatrienoyl)pyrrolidone (compound 
21, Table 2). 

OH 
I 

/ /C\  
H=C OCHz 

m l z  74  

O H  
I 

H c / / C X o c H 3  
I 

OCH 3 

m l z  104  

OH 
I HC 'N  

OCH3 

m l =  143  

FIG. 2. McLafferty rearrangement ions arising from 
a-unsubstituted (m/z 74) and c~-methoxy (m/z 104) 
methyl esters and a-methoxy pyrrolidides (m/z 143). 

McLafferty rearrangement (Fig. 2) (29), due to the 
presence of a methoxy or hydroxymethyl group. A 
TLC comparison indicated that standard hydroxy 
fatty acids give a much shorter Rf value (0.4) than 
the a-methoxy acid 21, because of the free hydroxyl 
substituent. 

An attempt to obtain the corresponding a- 
hydroxy acids directly from the mixture with 
hydroiodic acid for identification purposes gave 
high yields of side products. A reaction procedure 
(Fig. 3) was then pursued which was monitored by 
TLC (hexane/ether [8:2, v/v]) and NMR in order 
to convert the ~-methoxy acids to the ~-unsubsti- 
tuted compounds with one less carbon atom. 
Hydrogenation of the mixture did not cause a 
detectable change in the Rf value, but the olefinic 
proton signals previously observed at 5.350 ppm 
had disappeared. The LiA1H4 reduction products 
gave a shorter Rf value (0.45) and the N M R methyl 
ester signal at 3.755 ppm had also disappeared. The 
cleavage of the methyl ether bond was observed by 
the formation of a polar TLC spot (Rf: 0.15) and by 
the absence of the formerly present methyl ether 
signal at 3.380 ppm. NaIO4/KMnO4 oxidative 

C O O C H  3 C O O C H  3 C H 2 O H  
I H 2 / P t O 2  I L A H  I 

H C - - O C H  3 H C - -  OCH 3 " H C - -  O C H  3 
I I I 

UNSAT, A N D  SAT. SAT. C H A I N  SAT. C H A I N  
C H A I N  (C  ) 

1 7 - 2 6  

C H z O H  0 
HI  I K M n 0 4  + K I 0 4  II 

�9 HC--OH �9 C - -  OCH3 
I BF3/ MeOH I 

SAT. CHAIN SAT. C H A I N  

FIG. 3. Conversion of unsaturated and saturated a-methoxy acids to the corresponding a- 
unsubstituted analogs with one less carbon atom. 
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degradation of the 1,2-diols followed by methyl 
esterification yielded the straight chain CI 8-C27 acid 
derivatives which were identical with standard 
samples in all respects. This result confirms the 
occurrence of C19-C28 c~-methoxy acids in our 
original mixture. 

A direct application of the methoxy acids to 
HPLC columns did not provide satisfactory sep- 
aration. For this reason, the components of the 
mixture were first fractionated according to their 
degrees of unsaturation using silver nitrate im- 
pregnated preparative plates. The least polar TLC 
fraction comprised methyl esters of compounds 
26, 11, 27, 12, 13 and 15 in the order of increasing 
ECL values. These derivatives did not change on 
hydrogenation and exhibited molecular ion peaks 
at m/z 342, 356, 370, 384, 398 and 412, respectively, 
requiring no degrees of unsaturation. Purification 
of the major a-methoxy saturated acid 15 was 
achieved by HPLC (Whatman column, MeOH/ 
H20 [98:2, v/v], 33 min). The molecular ion (M + 
412) and other expected (1) prominent peaks (m/z 
380 [M + - MeOH], m/z 353 [M + - COOCH3], m/z 
321 [M + - (COOCH3 + MeOH)] and m/z 104 [ 
McLafferty rearrangement, Fig. 2]) of the mass 
spectrum of this compound indicated it to be 2- 
methoxytetracosanoic acid. The typical absorp- 
tions at 0.883 (3H, t, terminal CH3), 1.259 (s, CH2 
chain), 3.381 (3H, s, a-methoxy CH3) and 3.756 
(3H, s, methoxycarbonyl CH3) ppm in the NMR 
spectrum, together with heretofore mentioned 
chemical as well as chromatographic data also 
confirmed its structure. A CD spectrum of the 
purified methyl ester in cyclohexane exhibited a 
strong negative Cotton effect at 205-210 nm (0 
18,000) and a weaker positive one at ca. 240 nm (0 
2,000) similar to the reported (1) CD spectrum of 
(2R,21Z)-2-methoxy-21-octacosenoic acid, thus 
supporting the assignment of an R configuration. 
The low quantities of the other c~-methoxy com- 
pounds in pure form prevented CD measurement 
of each ester, but since the major saturated (15) 
and unsaturated (20) acid esters and various en- 
riched fractions (including 95% pure diunsaturated 
19) showed almost identical CD spectra, we feel 
safe in assuming that all c~-methoxy acids in our 
mixture have the R configuration. 

The other saturated c~-methoxy acid (26, 11, 27, 
12 and 13) esters recovered from the same argentic 
TLC band again gave typical M § - MeOH, M* - 
COOCH3 and M + - (COOCH3 + MeOH) mass 
spectral fragment ions together with the m/z 104 
McLafferty rearrangement peak. Their pyrrolidides 
exhibited the molecular ions of a homologous 
series at m/z 381, 395, 409, 423, 437 and 451, 
always with a McLafferty peak (Fig. 2) at m/z 143, 
ensuring their c~-methoxy saturated structures. 
These results clearly showed the presence of 2R- 
methoxy nonadecanoic (26), eicosanoic ( l l ) ,  hen- 
eicosanoic (27), docosanoic (12) and tricosanoic 

(13) acids in our mixture. Compounds 11, 12, and 
15 which contain even numbers of carbon atoms in 
their chains were found to be more abundant 
(Table 2). 

The second band from the argentic TLC con- 
tained monoenic compounds as expected and 
yielded the previously reported (1) 2-methoxy-21- 
octacosenoic acid (20) as the major one according 
to capillary GC coinjection and GC-MS analysis. 
Three more compounds (14, 16 and 18) were 
recovered from the same band in relatively smaller 
amounts, in addition to some minor (~0.5%) 
peaks. The pyrrolidide derivatives of 14, 16 and 18 
exhibited molecular ion peaks at m/z 449, 463 and 
477, respectively, together with the expected m/z 
143 peak for each acid. The presence of a methoxy 
group at C 2 led to additional peaks in the mass 
spectra of the pyrrolidide derivatives and prevented 
unambiguous location of the double bonds. For 
this reason, the 3 acids were subjected to HPLC 
using an Altex column (MeOH/H20 [97:3, v/v], 
2.5 ml/min) for the separation and double bond 
degradation of each individual compound. 

The molecular ion peak at m/z 438 of the acid 18 
(HPLC retention time: 39 rain) shifted to m/z 440 
in accordance with a monoolefinic c~-methoxy C26 
structure, after hydrogenation. The distinctive M + 
- CH3OH (m/z 406), M + - COOCH3 (m/z 379) 
and M+ - (COOCH3 + CH~OH) (m/z 347) peaks 
were also shifted 2 amu but the m/z 104 rearrange- 
ment peak (Fig. 2) remained unchanged. The 
dicarboxylic acid methyl ester obtained from the 
oxidative double bond cleavage of compound 18 
displayed its molecular ion at m/z 386 with an 
intense M + - COOCH3 peak at m/z 327. The mass 
spectrum also furnished the diagnostic McLafferty 
rearrangement ions at m/z 74 and m/z 104 (Fig. 2) 
corresponding to c~-unsubstituted and c~-methoxy 
methyl esters. The other prominent peaks were m/z 
354 (M § - 32), m/z 295 (M+ - 91) and m/z 263 (M + 
- [32+91]) showing the structure of the degradation 
product to be 2-methoxynonadecanedioic acid. 
This result determines the location of the double 
bond at Ci9 of the parent acid 18. IR spectra 
of this compound and other isolated mono- and 
diolefinic acids gave no prominent absorption 
(7,11) at 980-968 cm 1, indicating a cis rather than 
trans orientation in each case. The monoolefinic 
acid 18 is, therefore, established as (2R, 19Z)-2- 
methoxy- 19-hexacosenoic acid. 

The other 2 monoenic methoxy acids 14 and 16 
(HPLC retention times 31 and 35.5 min, respec- 
tively) had molecular ion peaks at m/z 410 and at 
m/z 424. These peaks were shifted 2 amu to m/z 
412 and 426, along with the characteristic M § - 32, 
M + - 59, and M + - 91 peaks on hydrogenation as 
expected, but the m/z 104 peaks did not change. 
Their structures were illustrated to be 2-methoxy- 
17-tetracosenoic acid (14) and 2-methoxy-18- 
pentacosenoic acid (16) since the double bond 
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cleavage products were analogs of the above- 
mentioned dicarboxylic acid with two and one less 
carbon atoms, namely, 2-methoxybeptanedioic and 
2-methoxyoctanedioic acids. The R and cis con- 
figurations were assigned in each acid for the a- 
substitution and the double bonds, respectively, 
based on the CD and IR spectral evidence. 

Finally, the structures of the 2 new diunsaturated 
phospholipid components  17 and 19 (Table 2) 
were established as (2R,5Z,19Z)-2-methoxy-5,19- 
hexacosadienoic (17, M § 436) and (2R,7Z,21Z)-2- 
methoxy-7,21-octacosadienoic (19, M" 464)acids. 
In addit ion to the genera~ mass, N M R ,  1R and CD 
characteristics mentioned earlier, the following 
observations confirmed the structural assignments. 
(a) The chemical reactions outlined in Figure 3 
yielded straight chain pentacosanoic and heptaco- 
sanoic acids. (b) The pyrrolidides of the parent 
compounds  showed molecular ion peaks at m/z  
475 and m / z  503 together with the diagnostic m / z  
143 ion (Fig. 2) for each compound.  (c) The 
hydrogenation products of the methyl esters gave 
M + 440 and M § 468, respectively, ensuring the 
presence of diunsaturation, rather than cyclization. 
(d) When subjected to oxidative degradation,  both 
compounds  yielded the same mono-  and a-unsub-  
stituted dicarboxylic acids, showing A ~'L9 and A 7"2' 
double bond patterns for 17 and 19, respectively. 

The widespread occurrence of A ~'9 demospongic  
acids and their biosynthesis in the sponges are well 
known (13,30). Double bonds (e.g., A tg, A ~-~, etc.) 
near the chain terminus of various demospongic  
acids are also reported (8,12). Recently we have 
encountered A ~ fatty acids of this class in some 
marine organisms such as Strongvlophora duris- 
sima. Incorporat ion studies usingf~C-acetate in the 
sponge Microciona prol(fera revealed that the 
sponge synthesizes its demospongic acids by the 
chain elongation of conventional short chain length 
precursors followed by As,9 desaturation (30). 
Therefore, it was proposed (8) that 5,9,23-triacon- 
tatrienoic acid (also the major acid 21 in H. 
tethyoides) arises from 9-hexadecenoic acid (com- 
pound 3 in our organism): 

A9-16: I -- A~'-18:1 A-'s- 30:1 
Ag"2J-30: 2--  As'"':L30:3 

To our knowledge, a biosynthetic route to ~- 
methoxy substituted phospholipid acids is not 
known. One possible pathway would be by hy- 
droxylation of C2 of each acid followed by bio- 
methylation. On the other hand, since the un- 
saturated C24, C26 and C2~ acids 14, 18and 20 have 
their double bonds at C,7, C,9 and C2,, respectively, 
a-unsubsti tuted precursors of 14 and 18 may also 
be biosynthetic precursors of the major a -methoxy  
acid 20. A similar biosynthetic pattern can also be 
drawn for compounds  17 (A ~'19) and 19 (A 7"2 L). The 
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same analogy leads us to propose the structure of 
the minor monounsaturated C.,3 (28) and C.~7 (30) 
acids (M" 396 and 452, hydrogenation: M" 398 and 
454) as 2-methoxy-16-triconsenoic acid and 2- 
methoxy-20-heptacosenoic acid, respectively. They 
probably arise from the odd numbered 10-heptade- 
cenoic acid (5). 2-Methnxy- 18-pentacosenoic acid 
(16) also fits into such a chain ehmgation process 
between 28 and 30. Whether the methoxyl intro- 
duction is performed by the sponge or son-/e 
bacterial or symbiont  component  associatcd with 
the animal remains to be established. 

The presence of unusually long-chain saturated 
and unsaturated 2-methoxy fatty acids in the 
phospholipids of a primitive marine organism is 
unprecedented and raises interesting questions 
about their biological function in the membranes  in 
addition to the above discussed biosynthetic path- 
ways. Various experiments have shown that chain 
length, unsaturation and the presence of other 
functional groups cause significant differences in 
membrane properties of phospholipids such as 
fluidity, compressibility and permeability (31,321. 
Theoretical studies and calculations are in general 
agreement with these results and it seems possible 
to draw some general rules (32,33). 
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METHODS 

Use of Antioxidants in the Analysis of Vitamins A and E 
in Mammalian Plasma by High Performance Liquid 
Chromatography 
FAYE I. CHOW* and STANLEY T. OMAYE,  Nutrients Research Unit, US Department of Agriculture, 
Agricultural Research Service, Western Regional Research Center, Berkeley, CA 94710 

ABSTRACT 

A simple, sensitive, quantitative method for the simultaneous assay of retinol, o~-tocopherol and -,/- 
tocopherol in rat, guinea pig, monkey and human plasma was developed by using high perlormance liquid 
chromatography. It was found that antioxidant was required to stabilize the fat-soluble vitamins in the 
plasma of rats. The effect of several antioxidants on the recovery of fat-soluble vitamins was evaluated. 
Results showed that 0.125f;~ butylated hydroxytoluene (BHI') in ethanol and 0.025'~; BH-I" in heptane 
yielded recoveries >95~;~ in 0. I ml plasma. 
Lipids 18:837-841, 1983. 

The application of high performance liquid 
chromatography (HPI,C) to the quantitation of 
fat-soluble vitamins in blood is rapidly gaining 
acceptance as a sensitive and rapid analytical tool 
(1-5). The methods to date have been developed 
principally for application to blood samples from 
humans, rabbits and horses. l h e  isomers of vita- 
min E in human and horse serum (6) and in human 
and rabbit plasma (7) have bccn separated by 
HPLC. Bieri ct al. (8). de Leenheer et al. (9) and 
Driskell et al. (10) have repOrted HPLC methods 
for analyzing ~-tocopherol and retinol simulta- 
neously in human plasma ,;amples. Since rats, 
guinea pigs and monkeys are used extensively as 
animal models in biological research, we developed 
and report here a method for the simultaneous 
measurement of retinol, ~-tncopherol, and -/-to- 
copherol in the plasma of these species as well as 
humans. 

Our investigation showed that an antioxidant 
was required to stabilize these vitamins in rat 
plasma during the extraction process. We com- 
pared the efficacy of several antioxidants in the 
present study and report an extraction procedure 
which permits excellent recoveries of these vita- 
mins from plasma samples of rats, guinea pigs, 
monkeys and humans. 

MATERIAL AND METHODS 

Reagents 

All-trans-retinol (R), all-trans-retinyl aceta te(R-  
A), cholccalciferol (D0.d-a-tocopherol (c~--I) and d- 
",/-tocopherol ('y-T) were purchased from Eastman 
Kodak Co. (Rochester, NY). l,iquid chromatog-  
raphy-grade hcptane and methanol were purchased 
from Burdick and Jackson I.aboratories, Inc. 

�9 1o v. hom correspondence should bc addrcs,,cd 

(M uskegon, M I). All other reagents and chemicals 
were of analytical-reagent grade or the highest 
purity obtainable. 

Standard solutions of the vitamins wcrc pre- 
pared in 100% ethanol and stored at -17  C in the 
following concentrations (#g/ml):  (A) internal 
s tandard(R-A)  2;(B) spike mix: R 2; D, 8 ;  a-  
T -I.4: ",/-T -2. 

High Performance Liquid Chromatography (HPLC) 

The HPLC equipment consisted of a Model 
6000A solvent delivery system, U6K universal 
liquid chromatograph injector, a 3 mm • 22 mm 
guard column packed with Bondapak C~-Corasil  
(37-50/~), and a 3.9 mm x 30 cm analytical column 
of ~Bondapak C~ (10#) packing material, all from 
Waters Associates (Milford, MA). Ultraviolet ab- 
sorption was monitored in a Spcctr.omonitor III 
variable wavelength U V detector from Laboratory 
Data Control (Riviera Beach, FL). Automatic  
integration of peak area was performed by a Model 
730 Data Module microprocessor-controlled inte- 
grator-recorder (Waters Associates). 

The chromatographic conditions comprised a 
mobile phase of methanol- water (93:7, v: v), flow 
rate of 1.0 ml, rain, UV detector set at 292 nm, 0.01 
absorption units full scale (AUFS)  and recorder 
chart speed at 1.0 cm/min.  

Plasma Extraction 

Blood samples were obtained by cardiac punc- 
ture from small animal species and by venipuncture 
in monkeys and adult human subjects (3 men and 3 
women) into heparinized tubes. All animals and 
human subjects were consuming normal diets. 
Plasma was separated by centrifugation at 4 C for 
l0 rain at 2500 rpm (1060 • g). 

LIP|DS, VOL. 18, NO. 11 (1983) 
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Vitamins were extracted from duplicates of each ,.o 
plasma sample under subdued light according to 
the method of Bieri et al. (8), with several modifica- 
tions. 100-#1 aliquot of plasma was transferred into 
a 6 X 50 mm glass test tube by micropipet with glass ~, 
tip. After adding 50 #l of internal s tandard (A) and ,~ 
50/~1 of  0. 125% butylated hydroxytoluene (BHT) 
in ethanol, the mixture was stirred on a vortex 
mixer for 20 sec. The fat-soluble vitamins were then 
extracted with 200/al of heptane containing 0.025% 
BHT by agitating on a vortex mixer for 1 min. The 
tubes were centrifuged at 2500 rpm (1060 • g), 4 C, 
for 15 min. A 100-~tl aliquot of the heptane layer 
was transferred to a 12 X 75 mm tube, and 
evaporated in a sample-concentrator  vacuum cen- 
trifuge (Savant Instruments,  Inc., Hicksville, NY) 
for 5 min. The residue was dissolved in 100 ~1 of 
methanol, of which 50 /A were injected into the 
HPLC system. 

Effect of Antioxidants 

The effect of 3 different antioxidants on the 
recovery of tat-soluble vitamins was studied in rat 
and human plasma. All studies were performed on 
triplicates of each sample. In the initial study, to 
100 #1 of pooled rat plasma and 50 #1 of internal 
standard (A) or spike mix (B) were added 50 ~1 of 
70% ethanol containing one of the following: no 
antioxidant; 10% ascorbic acid (AA); or 13% 
(saturated) AA. These samples were extracted with 
200 #1 of heptane containing no antioxidant.  A 
fourth group was extracted with 10% AA in 70% 
ethanol and 0.005% BHT in the heptane phase. 

In a second study using rat plasma samples, the 
effect of increased concentrat ion of BHT in the 
extraction medium was evaluated in combinat ion 
with pyrogallol (PG) or BHT in the ethanolic 
phase. To 100 ~zl of pooled rat plasma and 50 #1 of 
internal s tandard (A) or spike mix (B) were added 
50 #1 of ethanol containing either no antioxidant ,  
3% PG, or 0. 125% BHT. Tubes were agitated on a 
vortex mixer for 20 sec and extracted with 200 ~zl of 
heptane containing 0.025% BHT. 

A final comparison was made with pooled 
human plasma in the following manner: to 100 #1 
of plasma were added 50 ~tl of either 10% AA in 
70% ethanol or 0. 125% BHT in absolute ethanol. 
These groups were extracted with 200 ~tl of heptane 
containing 0.025% BHT and treated as above. 

RESULTS 

High Performance Liquid Chromatography 

A chromatogram of a mixture of  standards 
demonstrat ing the separation of R, R-A, D3, o~-T 
and 3,-T is presented in Figure 1. Retention times of 
analyses performed on the same day or after a 21- 
day interval were reproducible within + 2.0%. 
(Table 1). The detector response for peak areas was 

I10 115 

SAMPLE: STANDARD 
PEAK IDENTIFICATION: 

I .  RETINOL 
2. RETINYL ACETATE 
3. CHOLECALCIFEROI. 
4. ~(- TOCOPHEROL 
5. o~- TOCOPHEROL 

,o ,~ - 
RETENTION TIME (rain) 

FIG. I. HPLC chromatogram of a mixture of standard 
fat-soluble vitamins. Conditions: methanol/water (93:7, 
v/v), flow rate, 1.0 ml/rain.; ~tBondapak C]~ column (3.9 
m m •  30 era, 10 /~ particle size) with Bondapak C]s 
Corasil guard column (3 m m •  22 ram, 37-50 # particle 
size). Amounts injected: retinol = 0.025 ~tg, retinyl acetate 
= 0.025 ~g, cholecalciferol = 0.200 #g, -,/-tocopherol = 
0.3125 #g, and c~-tocopherol = 0.250 /.tg. 

TABLE I 

Retention Time Reproducibility 

Day 1 Day 2" 

Compound Mean h • SD CVr Mean ~ _+ SD CV~(%) 

Retinol 6.62 _+ 0.04 0.60 6.62 _+ 0.02 0.30 
Retinyl acetate 9.00 _+ 0.08 0.84 9.01 _+ 0.04 0.44 
3~-Tocopherol 19.63 _+ 0.39 1.99 19.68 _+ 0.24 1.22 
c~-Tocopherol 23.03 + 0.47 2.04 23.10 _+ 0.28 1.21 

Chromatographic conditions: #Bondapak C~ column (3.9 mm 
x 30 cm) and precolumn of Bondapak Ct~ Corasil (3 mmx 22 
mm), 1 ml/rain of methanol/H_,O (93:7, v/v), UV detector at 292 
nm, 0.01 AUFS and chart speed of I cm/min. 

~The analyses on day 2 were performed 3 weeks after day I. 
"Within-day average of 6 injections of either standard vitamin 

mix or vitamin-spiked plasma, retention time, rain. Capacity 
factors (k') for the respective peaks were retinol = 1.1, retinyl 
acetate = 1.9, 7-tocopherol = 5.2, and u-tocopherol = 6.3. 

~Coefficient of variation. 

linear (r 2 ~> 0.99) for all the vitamins in the 
following range of concentrations: R := 0.005-0.500 
/~g; a-T -- 0. 125-1.00 ~g; and 3,-T --0.060-0.500 u g. 
Peak area is plotted against vitamin concentrat ion 
for R and the tocopherols in Figure 2. 

Analysis of the 5-compound vitamin mixture 
was complete in less than 30 min under isocratic 
conditions, avoiding reequilibration delay between 
runs. Vitamin D~ can also be determined in this 
system as demonstrated by its satisfactory resolu- 
tion from y-T. However, since its maximum UV 
absorption is at 265 nm, the sensitivity at 292 nm 
(the A max for c~-T and "y-T) is not adequate to de- 
tect the minute amounts  of D3 which may be 
present in plasma samples. 
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F igu re  3 r ep r e sen t s  an  ana l y s i s  o f  rat  p l a s m a  
ex t r ac t ed  wi th  B H T  in the  e t h a n o l  a n d  h e p t a n e  
phases .  T h e  r e t en t ion  t i me  a n d  capac i ty  fac to r  (k') 
for  the  B H T  peak  are  5.65 rain  a n d  0.59, respec t ive-  
ly, p r o v i d i n g  a d e q u a t e  s e p a r a t i o n  f r o m  re t ino l  w i t h  
a r e t en t ion  t ime  o f  7.60 mi n  a n d  k '  o f  1.1. 

Effects of Antioxidants 

T h e  effects  o f  the  a n t i o x i d a n t s  on  r ecovery  o f  
s t a n d a r d s  a d d e d  to  rat  a n d  h u m a n  p l a s m a  s a m p l e s  
a re  s u m m a r i z e d  in Tab l e  2. In  ra t  p l a s m a ,  t he re  was  
in te r fe rence  at  the  r e t e n t i on  t i me  of  re t inol  w h e n  no  
a n t i o x i d a n t  was  added ,  a n d  on ly  34% of  the  a d d e d  
t o c o p h e r o l  s t a n d a r d  was  recovered .  T h e  a d d i t i o n  
o f  A A  to the  e t h a n o l  p h a s e  s l ight ly  i m p r o v e d  the  e~- 
T recovery  to 65%. T h e  c o m b i n a t i o n  o f  A A  in the  
e t h a n o l  a n d  B H T  in the  h e p t a n e  p h a s e  did  no t  
i m p r o v e  recoveries .  

O m i s s i o n  o f  A A  f r o m  t he  e t h a n o l i c  p h a s e  a n d  
the  s i m u l t a n e o u s  inc rease  o f  B H T  f r o m  0 .005% to 
0 .025% in t he h e p t a n e  p h a s e  p r o v i d e d  be t te r  r ecov-  
eries t h a n  w h e n  A A  was  added .  T h e  p r e sence  o f  
0 .025% B H T  in h e p t a n e  a p p e a r e d  to be a d e q u a t e  to 
p r o d u c e  accep tab l e  recover ies  ( f r om 92% to 96%),  
e i ther  wi th  or  w i t h o u t  the  s i m u l t a n e o u s  use  o f  P G  
or  B H T  in the  e thano l i c  phase .  

E x t r a c t i o n  o f  h u m a n  p l a s m a  w i t h o u t  the  use  o f  
an  a n t i o x i d a n t  resul ted  in recover ies  f r o m  84 to  
98%. S a m p l e s  t rea ted  wi th  A A  had  recover ies  o f  
g rea te r  t h a n  100% in all cases ,  w h e r e a s  t he  u se  o f  
B H T  in b o t h  p h a s e s  resu l t ed  in va l ue s  c loser  to 
1oo%. 
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0.1 0.2 0,3 0.4  0 .5  0.6 0.7 0.$ 0.9 1.0 

A M O U N T  INJECTED, /~g 

FIG. 2. Standard curves for retinol (o), ~-tocopheroi 
(~), and ,y-tocopherol (.), peak area vs weight (#g). 
Conditions as in Figure 1. 

___L 

SAMPLE: RAT PLASMA 

PEAK IDENTIFICATION: 
I. R~nNOL 
2RETINY~ ACETATE 
3 c(.TOCC~HEROL 

2 

RETENTION TIME (Min) 

FIG. 3. HPLC chromatogram of heptane extract of  
rat plasma, using0.125% BHT as antioxidant. Chromat-  
ographic conditions as in Figure 1. Injection amount:  50 
.ul. 

TABLE 2 

Effect of Antioxidants on Recovery of Fat-Soluble Vitamins 
in Rat and Human Plasma 

Antioxidant Percent recovery of added standard 

Species Ethanol phase 

Tocopherols 

Heptane phase Retinol (CV") a (CV) 3' (CV) 

Rat 0 
Rat 10% AA ~' 
Rat 13% AA 
Rat 10% AA 
Rat 0 
Rat 3% PG d 
Rat 0.125% BHT 
Human 0 
Human 10% AA 
Human 0.125% BHT 

0 216 (6) 34 ( 5) 35 ( 6) 
0 99 (3) 65 (24) 84 (15) 
0 89 (5) 66 ( 2) 96 ( 0.3) 
0.005% BH-[" I 1 f (6) 37 (30) 59 (13) 
0.025% BHT 95 (0.3) 96 ( 3) 94 ( 2) 
0.025% BHT 109 (I) 92 ( 5) 94 ( 3) 
0.025% BHT 98 (2) 109 ( I) 100 ( t) 
0 86 (7) g4 ~17) 98 ( 5) 
0.025% BHT 106 (3) I11 ( 9) 123 ( 6) 
0.025% BHT 99 (3) 101 ( 3) 114 ( 3) 

"Coefficient of variation, %. 
"Ascorbic acid. 
'Buty|ated hydroxytoluene. 
~tPyrogallol. 
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Plasma Vitamin A and E Levels 

The amounts of R, a -T and 7-T  found in human 
and various animal species' plasma are summar- 
ized in Table 3. No 7-T was detected in rat or 
guinea pig plasma, but significant amounts were 
found in monkey (rhesus Macaca mulatta) and 
human plasma. 

DISCUSSION 

This procedure was developed to permit the 
simultaneous determination of R, c~-T and 7-T in 
the plasma of humans and various animal species 
without requiring modifications of extraction pro- 
cedures or chromatographic conditions from spe- 
cies to species. The separation presented here was 
also designed for future application to the analysis 
of these vitamins plus D2 a n d / o r  D3 in animal 
tissue extracts and food samples in our laboratory. 
Preliminary results showed that these types of  
samples contain a number of nonsaponifiable 
compounds and require an extended run time 
beyond that which would be adequate to separate 
the vitamins alone (unpublished results). We chose 
to use a single internal standard (R-A) in order to 
avoid an even longer analysis time if a second 
internal standard were included, such as c~-tocoph- 
eryl acetate used by Bieri et al. (8). Driskell et al. 
(10) also found that the use of R-A as the only 
internal standard in theirsystem provided the same 
degree of precision and accuracy as when both R-A 
and tocopheryl acetate were used. 

Heptane was used instead of  the customary 
hexane for the extraction medium on the basis of 
Bieri's observation (8) that it contained less inter- 
fering material. Our study showed no differences 
between recoveries with heptane or hexane. We 
also omitted the use of ethyl ether employed by 
Bieri et al. (8) to redissolve the extracted vitamins 
for injection into the H P L C  system, since our 
method produced acceptable recoveries without it. 

Other investigators (1,5,8,10) have reported the 
interference of fl-tocopherol (B-T) with 7-T in 
H P L C  separations. Pure standards of/3-T were not 
available at the time this investigation was carried 
out; therefore, we cannot say if it coelutes with 7-T 
in our system. However, in view of the low natural 
occurrence of/3-T in foods, and the fact that many 
of the values reported for/3-T in foods are compro-  
mised by the mutual interference of  7-T and /3-T 
(14), it is unlikely that fl-T is present in detectable 
amounts in the samples we analyzed. 

The use of antioxidants during the extraction of 
plasma samples is usually limited to saponification 
procedures. Tangney et al. (7) used 3% PG in the 
ethanol phase and 0.025% BHT in hexane when 
extracting tocopherols from rabbit and human 
plasma and obtained recoveries ranging from 86 to 
99%. In the current investigation, when human 

plasma was extracted without antioxidants (un- 
saponified), recoveries ranged from 84 to 98%. 
However, extraction of tocopherols from rat plas- 
ma without antioxidant reduced the recovery to 
only 34% of added or-T, and the recovery of R was 
inflated by unidentified interference. 

The addition of ascorbic acid at 10% or 13% in 
ethanol, when used as the only antioxidant or in 
combination with BHT in the heptane phase, 
improved, but did not provide acceptable recov- 
eries (a-T< 66%). The use of BHT in heptane alone 
or in combination with PG or BHT in ethanol gave 
maximum recoveries. The method selected for use 
in this laboratory was the addition of BHT to both 
ethanol and heptane phases, providing for opti- 
mum recoveries (>95%) in both rat and human 
plasma. 

The applicability of this method was demon- 
strated in plasma samples obtained from rats, 
guinea pigs, monkeys and humans (Table 3). 
Human plasma values agreed with others reported 
in the literature as shown in Table 4. The only 
exception was the higher amount  of 7-T found in 
this study, which may be a reflection of increased 
consumption by the participants of vegetable oils 
and nuts which contain significant amounts  of 7-T. 
Since/3-T and T-T coelute, there also may be some 
contribution of fl-T to the 7-T values, particularly 
if the consumption of whole wheat products, which 
contain /3-T, is very high; however, in systems 
where fl-T is completely separated from 7-T (6,11), 
levels of only 0-0.02 mg/dl  were found in plasma. 

The method described in this report provides a 
simple, sensitive quantitative system for R, a-T and 
-,/-T analysis which is applicable to different animal 
species' and human plasma without modification. 
Recoveries of >90% are obtained from as little as 
0. 1 ml plasma. Although the total run time for Our 
analysis is somewhat longer than previous reports 
for the simultaneous determination of retinol and 
tocopherol, our procedure has the advantage of 
also determining vitamin D2 or D3 in the same run. 
Improved recoveries of added tocopherols were 
obtained by varying the amount  and kind of 
antioxidant used. 
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COMMUN ICATIONS 

Lipolysis of Corn, Peanut and Randomized Peanut Oils 

HONG K. KIM ~ and DAVID KRITCHEVSKY*, The Wister Institute o f  Anatomy and 
Biology, 36th Street at Spruce, Philadelphia, PA 19104 

ABSTRACT 

Corn oil, peanut oil and randomized peanut oil exhibit different atherogenic potentials; peanut oil 
being more atherogenic than the other oils. This study was conducted to ascertain if the atherogenicity 
of these oils was related to their rates of lipolysis. Using both pancreatic lipase and milk lipoprotein 
lipase (LPL), it was shown that the rated of lipolysis were corn oil > peanut oil > randomized peanut 
oil. The rates of lipolysis are not related to atherogenicity and may be affected by the distribution of 
long-chain saturated fatty acids in the component triglycerides. 
Lipids 18:842-844, 1983. 

INTRODUCTION 

Peanut oil is unexpectedly atherogenic for 
rats (1), rabbits (2,3) and monkeys (4,5). 
Peanut oil differs from most other vegetable 
oils in that it can contain up to 6% of long- 
chain saturated fatty acids: arachidic, behenic 
and, in some cases, lignoceric. These fatty acids 
are always present in the sn-3 position of pea- 
nut  oil triglycerides (6). Randomization of 
peanut oil provides a fat whose fatty acid 
composition is identical to the original oil 
but whose triglyceride structure is different. 
Randomized peanut oil, which has all of its 
component fatty acids distributed evenly 
throughout the triglyeeride, is markedly less 
atherogenic than peanut oil in rabbits (7) and 
monkeys (5). On the possibility that the 
differences in atherogenicity may be reflected 
in rates of lipolysis, we have examined rates of 
lipolysis of peanut, randomized peanut and 
corn oils by pancreatic and milk lipase. 

EXPERIMENTAL PROCEDURES 

Peanut oil and randomized peanut oil were 
generously provided by Standard Brands, Inc., 
Wilton, CT. The corn oil was a gift of Best 
Foods, CPC International, Union, NJ. A base- 
catalyzed randomization of the peanut oil was 
carried out. The oil was mixed with 0.3% (w/w) 
sodium methoxide and heated to 60-80 C under 
nitrogen for 30 min. The catalyst was neutra- 
lized with HOAc. The oil was washed with 
water until neutral and dried by heating to 120 
C under vacuum. Randomization was per- 
formed by the Procter and Gamble Co., Cin- 

1Present address: Schering Corporation, Bloom- 
field, NJ 07003. 

*To whom correspondence should be addressed. 

cinnati, OH. The fatty acid composition (%) of 
the peanut and randomized peanut oils was: 
16:0 �9 7.0 and 7.3; 18:0 : 1.1 and 1.1;18:1 : 
62.3 and 63.3; 18:2 : 24.8 and 23.6; 18:3 : 
0.9 and 0.9; 20:0 ". 1.2 and 1.2; and 22:0 : 
3.0 and 3.0, respectively. All the fatty acids of 
randomized peanut oil were present in the 2- 
position to 31-34% of their total concentration. 
The corn oil contained 8.5% of 16:0; 0.8% of 
18:0; 22.2% of 18:1; 68.5% of 18:2 and a 
trace of 18:3. In nature, the principal fatty 
acids found in the 2 position of either peanut 
or corn oil are 16:0, 18:1 and 18:2. 

The oils were hydrolyzed by pancreatic 
lipase from pancreatin (ICN Nutritional Bio- 
chemicals) using the methods of Mattson 
(8,9). The digestion mixture of 50 mg oil in 
2.5 ml Tris buffer (pH 8.0), 0.2 ml of 22% 
CaC12 and 0.3 ml of 0.1% sodium cholate was 
incubated at 37 C for 30 min before adding 
12 mg of pancreatin suspended in 1 ml of buf- 
fer. Incubation was carried out at 37 C in a 
Dubnoff shaker. Lipolysis was stopped by 
acidification with 6 N HC1. The reaction 
mixture was extracted with diethyl ether and 
the extract washed with water, dried over 
anhydrous Na2 SO4 and taken to dryness under 
N2. The lipid extract was separated by thin 
layer chromatography (TLC) using hexane/ 
ether/acetic acid (70:30:1) and the free fatty 
acids quantitated by charring (10). 

Milk lipoprotein lipase (LPL) was prepared 
according to the method of Bier and Havel (11) 
from fresh milk generously donated by Abbott  
Dairies, Philadelphia, PA. Lipolytic activity was 
determined using a modification of the method 
of Boberg and Carlson (12). An emulsion of 
a specific oil was prepared by mixing 100 mg 
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oil, 50 mg Trition X-100, 20 mg a albumin and 
10 ml ammonia buffer (pH 8.6). The mixture 
was placed in an ice bath and sonicated at 
miximum setting (Bronson Sonicator) for 5 min. 
One ml of the oil emulsion (10 mg of oil), 
7 ml of ammonia buffer (pH 8.6) and 1 ml of 
rabbit serum were incubated for 30 min at 37 C 
before adding 1 ml of enzyme solution. The 
reaction was allowed to proceed at 37 C in a 
Dubnoff shaker and was terminated by addition 
of 2.5 ml of isopropyl alcohol/4 N H2SO4 
(40:1). Then 2 ml of water was added and 
the lipids extracted with hexane. Fatty acids 
were isolated and quantitated as described 
above. 

In both studies, samples were taken for 
analysis at 1, 3, 5, 15, 30 and 60 min. The 1-hr 
samples were subjected to TLC on Silica Gel G 
using hexane/ether/acetic acid (50:50:2) to 
separate 2-monoglycerides. Fats were subjected 
to transesterification (13) and their fatty acid 
spectra determined by gas liquid chromato- 
graphy using a column containing 15% ethylene 
glycol succinate on 100-120 mesh Gas Chrom P. 

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

The course of hydrolysis by pancreatic lipase 
and milk LPL is plotted in Figures 1 and 2, 
respectively. With pancreatic lipase, hydrolysis 
of corn and peanut oils proceeded in a parallel 
fashion, but randomized peanut oil was hy- 
drolyzed more slowly. At 60 min, corn oil was 
59.2% hydrolyzed; peanut oil, 51.3%; and 
randomized peanut oil, 43.3%. The gum arabic 

method emulsification used by Jensen et al. 
(14) was used in a parallel study andat  30 min, 
percentage of hydrolysis of corn, peanut and 
randomized peanut oils was 62.7, 57.9 and 
40.3, respectively. 

The fatty acid composition of the mono- 
glycerides isolated from the three oils after 
60 min is given in Table 1. Milk LPL hydrolysis 
of corn oil was more complete than that of 
either of the peanut oils, with randomized 
peanut oil being h ydrolyzed least. After 60 
min, percentage of hydrolysis was: corn oil, 
71.1 ; peanut oil, 58.7; and randomized peanut 
oil, 50.1%. Table 2 shows the fatty acid com- 

I00- 
PANCREATIC LIPASE 
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1 3 5 15 3 0  60 

TIME: (rain) 

FIG. 1. Rate of hydrolysis of corn oil (e), peanut 
oil (A) and randomized oil (=) by pancreatic lipase. 
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FIG. 2. Rate of hydrolysis of corn oil (e), peanut oil (A) and randomized peanut oil 
(=) by milk LPL. 
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TABLE 1 

Fatty Acid Composition (%) of Monoglyceride Obtained 
after 60-rain Exposure of Fat to Pancreatic Lipase 

Randomized 
Fatty acid Peanut oil peanut oil Corn oil 

16:0 1.3 11.6 1.4 
18:0 -- 1.6 trace 
18:1 61.8 60.1 18.2 
18:2 36.3 19.4 80.2 
18:3 -- 0.8 -- 
20:0 -- 1.4 -- 
22:0 -- 3.6 -- 

TABLE 2 

Fatty Acid Composition (%) of Monoglyceride 
Obtained after 60 rain of Hydrolysis by Milk LPL 

chain fa t ty  acids in all 3 pos i t ions  of  the  
tr iglyceride.  The rate of  hydrolys is  does no t  
ref lect  the a therogenic  po ten t i a l  o f  the  3 
fats tes ted.  When we co mp ared  the  a thero-  
genici ty of  Amer ican ,  Afr ican and South  
Amer ican  peanu t  oils (15),  their  relative a thero-  
genic effects  were: Amer ican ,  1.00; African,  
1.10; and South  Amer ican ,  1.18. The rat ios 
of  oleic acid to  l inoleic acid in the  3 fats were:  
Amer ican ,  1.65; African,  2.70;  and Sou th  
Amer ican ,  0.89.  The  rat ios  o f  oleic to  l inoleic 
acid in the  monoglycer ides  ob ta ined  by pan- 
creatic and milk lipase, respect ively,  were:  
peanu t  oil, 1.70 and 1.70; r a n d o m i z e d  peanu t  
oil, 3.10 and 3.48;  and corn oil, 0.23 and 
0.34. Whether  the  oleic to l inoleic acid ratio 
of  peanut  oil affects  its a therogenic i ty  is 
under  invest igat ion.  

Randomized 
Fatty acid Peanut oil peanut oil Corn oil 

16:0 7.9 27.9 6.4 
18:0 0.6 3.7 0.5 
18:1 56.3 47.3 23.1 
18:2 33.2 13.6 68.2 
18:3 -- 0.4 -- 
20:0 -- 1.7 -- 
22:0 -- 3.3 -- 

pos i t ion of  the  tr iglycerides isolated af ter  60 
min.  

The monoglycer ides  ob ta ined  f rom peanu t  
oil af ter  hydrolys is  by pancrea t i  lipase conta in  
only  palmitic,  oleic and linoleic acids. Their  
weight  percentages  (9) are 6.2, 33.1 and 48.8,  
respectively.  The same 3 fa t ty  acids are p resen t  
in the  monog lyce r ides  ob ta ined  f rom corn  oil 
and their  weight  percentages  are: palmit ic ,  
5.5; oleic, 27.3;  and linoleic, 39.0. The m o n o -  
glycerides ob ta ined  f rom randomized  peanu t  
oil ref lect  the  r andomized  nature  of  the  fat. 
Weight percentages  of  specific fa t ty  acids are: 
palmitic,  53.0;  oleic, 31.6;  linoleic, 27.4;  

arachidic,  38.9;  and behenic ,  40.0 Pa t t e rns  o f  
monoglycer ide  compos i t i on  after  milk lipase 
hydro lys is  for  all 3 oils differ  f rom those  seen 
wi th  pancreat ic  lipase. Palmit ic  acid c o n t e n t  o f  
all 3 sets of  monoglycefides is increased. Weight 
percentage o f  palmit ic  acid is 37.6 for  peanu t  
oil, 12.7 for  r andomized  peanu t  oil and 25.1 
for  corn  oil. The subs t ra te  specif ici ty of  the  
2 types  o f  lipase appears to  be d i f fe ren t  bu t  the  
relative rates of  hydrolys is  o f  the three  fats 
are similar. 

The results ob ta ined  wi th  r andomized  pea- 
nu t  oil may  be due to steric in te r fe rence  wi th  
enzym e  ac t ion  caused by the  presence  o f  long- 
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A Comparison of the Positional Distribution of Fatty Acids 
in Milk Triglycerides of the Extant Monotremes Ratypus 
(Ornithorhynchus anatinus) and Echidna (Tachyglossus aculeatus) 
PETER W. PARODI*,  Fats Research Laboratory, The Butter Marketing Board, Hamilton 
Central, 4007, Queensland, Australia, and M E R V Y  N G R I F F I TH S, C.S.I.R. 0., Division 
of  Wildlife and Rangelands Research, Canberra, A.C. T. Australia 

ABSTRACT 

Milk triglycerides from the platypus were subjected to fatty acid and stereospecific analysis to 
determine the positional distribution of fatty acids in the triglycerides. Of the major fatty acids, 
12:0 was preferentially esterified at the sn-3 position, 14:0 and 16:0 were selectively associated with 
the sn-2 position, and 18:0 was located predominantly at the sn-1 position. The unsaturated fatty 
acids, 14:1, 16:1, 18:1, 18:2 and 18:3, were preferentially esterified at the sn-3 position. The fatty 
acid distribution pattern of the platypus, a monotreme, is similar to that of marsupials and eutherians 
but is in contrast to the only other extant monotreme, the echidna. 
Lipids 18:845-847, 1983. 

The positional distribution of fatty acids in 
milk triglycerides from several species of 
mammals have been reported (1-6). Although 
fatty acid content at the 3 stereospecific posi- 
tions may vary from species to species, the 
distribution patterns are generally similar. 
Short-chain fatty acids are almost exclusively 
esterified at the sn-3 position; 8:0, 10:0 and 
12:0 acids are preferentially esterified at either 
the sn-2 or sn-3 position; 14:0 is always located 
predominantly at the sn-2 position and 1 8:0 is 
always located predominantly at the sn-1 
position. The 16:0 acid is selectively associated 
with either the sn-I or sn-2 position and 1 8:1 
is selectively esterified at either the sn-1 or sn-3 
position. Unsaturated acids 18:2 and 18:3 are 
usually preferentially esterified at the sn-3 
position. In many cases, there is little difference 
in fatty acid content at the 2 positions com- 
peting for preferential esterification. 

An exception to this distribution pattern 
was noted for the echidna (6), where the trigly- 
cerides were found to be symmetrical with the 
unsaturated fatty acids, 18:1, 18:2 and 18:3, 
being preferentially esterified at the sn-2 
position. The echidna and the platypus are the 
last surviving monotremes and the most primi- 
tive of mammals. This paper examines the 
positional distribution of fatty acids in platypus 
milk triglycerides to determine if it is the same 
as that for the echidna. 

MATERIALS AND METHODS 
Sample 

Peak lactation milk was obtained from a 
platypus taken in the wild from the upper 

*To whom correspondence should be addressed. 

Shoalhaven River in New South Wales. The 
diet of platypuses in this area consists mainly 
of insect larvae, notably Trichoptera, Diptera, 
Coleoptera, Ephemeroptera and Odonata. Sub- 
sidary food items include freshwater shrimp 
(Paratya australiensis) and bivalve molluscs 
(Sphaerium sp.) (7). 

Lipid was extracted from the milk using 
chloroform and methanol and stored under 
nitrogen at -20 C until required for analysis. 
Triglycerides were obtained from milk lipid by 
column chromatography using 7% hydrated 
Florisil (8). 

Stereospecific Analysis 

The sn-l,2(2,3)-diglyceride method of Broc- 
kerhoff (9), adapted for mg quantities by 
Christie and Moore (10), was used with modi- 
fication. This method, together with the pan- 
creatic lipase deacylation procedure used to 
obtain monoglycerides, was reported by Parodi 
(11). In the current study, diglycerides for 
stereospecific analysis were generated by the 
Grignard reagent, ethyl magnesium bromide. 
Results for the sn-1 position were obtained by 
analysis of the lysophosphatide, those for the 
sn-2 position were obtained from monogly- 
cerides by pancreatic lipase deacylation and 
those for the sn-3 position were calculated by 
difference from the known triglyceride com- 
position. The composition of the sn-2,3- 
diacyl-l-phosphatidylphenols provided a check 
for the sn-3 position. 

Fatty Acid Analysis 

Triglycerides and partial glycerides were 
transesterified to methyl esters (12). Phospho- 
lipids generated during stereospecific analysis 
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were transesterified by the addition of 5 /~L 
of 2.0 N methanolic sodium methoxide and 50 
pL of hexane. Methyl esters were analyzed by 
gas liquid chromatography (I 1). 

RESULTS AND DISCUSSION 

The positional distribution of fatty acids in 
the triglycerides of platypus milk is given in 
Table 1. Of the major fatty acids, 12:0 was 
preferentially esterified at the sn-3 position, 
14:0 and 16:0 were selectively associated with 
the sn-2 position, and 18:0 was located pre- 
dominantly at the sn-1 position. The unsa- 
turated fatty acids 14:1, 16:1, 18:1, 18:2 and 
18:3 were preferentially esterified at the sn-3 
position. 

Also included in Table 1 is the positional 
distribution of fatty acids in the triglycerides 
of  echidna milk reported by Parodi (6). For  this 
species, it is seen that the triglycerides are 
largely symmetrical with the major saturated 
acids, 16:0 and 18:0, almost equally distributed 
between the sn-1 and sn-3 position, whereas 
the unsaturated acids, 18:1, 18:2 and 18:3, 
are preferentially esterified at the sn-2 position. 
Grigor (13) has also shown, using pancreatic 
lipase deacylation, that echidna milk trigly- 
cerides contain C18 unsaturated fatty acids 
preferentially esterified at the sn-2 position, 
which was not the case for 5 species of  marsu- 
pials. 

The fat ty acid distribution pattern in platy- 
pus milk triglycerides follows the general 
pattern for marsupials and eutherians outlined 
in the introduction.  This is in contrast to the 
echidna where the C18 unsaturated fat ty acids 
are preferentially esterified at the sn-2 position. 
This type of distribution has not  been encoun- 
tered for any other species of mammal. It is 
more akin to the fatty acid distribution pattern 
of common vegetable oils (14). Prior to the 
stereospecific analysis of  platypus milk trigly- 
cerides reported herein, it was considered that 
this type of fatty acid distribution pattern may 
have been characteristic of the milk of mono- 
tremes which are the most primitive of mam- 
mals. 

With the exception of the cow, reported 
fatty acid distribution patterns for milk trigly- 
cerides have been for single samples. It is 
known that factors such as diet and stage of  
lactation influence milk fatty acid composi- 
tion. For the platypus, changes in fatty acid 
composit ion may be small (15). Parodi (16,17) 
studied the fatty acid positional distribution 
pattern of  milk from a cow at different stages 
of  lactation and from a number of  cows of 
different breed from various herds. This pro- 
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vided milk samples with a wide range o f  fa t ty  
acid compos i t ions .  Over the  range examined ,  
highly significant l inear re la t ionships  were 
found  be tw een  c o n t e n t  o f  a fa t ty  acid at all 
3 s tereospecif ic  posi t ions  and the  con t en t  o f  
the  same acid in the  in tact  tr iglycerides.  Thus, 
the  general  fa t ty  acid d is t r ibut ion  pa t t e rn  did 
no t  change wi th  changing t r iglyceride fa t ty  acid 
compos i t ion .  

Biochemical  factors  which may inf luence  the  
posi t ional  d is t r ibut ion  of  fa t ty  acids in milk 
t r iglycerides have been discussed (6,16,17).  
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Biphasic Action of Platelet-Activating Factor 
on Isolated Guinea-Pig Ileum 
A. TOKUMURA*,  K. HARADA, K. FUKUZAWA and H. TSUKATANI,  Faculty of 
Pharmaceutical Sciences, University of Tokushima, Shomachi, Tokushima, 770 Japan 

ABSTRACT 

l-0-Hexadecyl-2-0-acetyl-sn-glycero-3-phosphocholine (platelet-activating factor)at 10-1~ -9 M 
induced slow contraction of isolated guinea-pig ileal muscles and the contraction persisted for a long 
time. At a higher concentration of 10  -7 M, this phospholipid induced more rapid, but not greater, 
contraction. At higher concentrations (10-6-10 -s M), this phospholipid induced a biphasic response: 
rapid contraction followed by relaxation. At high concentrations, this compound inhibited acetyl- 
choline-induced contractions. The stirnulatory effect of this phospholipid was ca. 300 times that of 
1-palmitoyl-2-0-acetyl-sn-glycero-3-phosphocholine, while its inhibitory potency on induced con- 
traction was similar to those of 1-palmitoyl-2-0~acetyl-sn-glycero-3-phosphocholine and its lyso deriva- 
tive. It was suggested that the differences in effects on contraction of different concentrations of 
1-0-hexadecyl- and 1-paimitoyl-2-0-acetyl-sn-glycero-3-phosphocholine were due to the dual effects of 
these compounds on the ileum: a strong stimuatory effect and a moderate inhibitory effect on con- 
traction. 
Lipids 18:848-850, 1983. 

Platelet-activating factor (PAF) has recently 
been identified as l-0-alkyl-2-0-acetyl-sn-glycero- 
3-phosphocholine (1,2). Subsequent studies 
showed that PAF caused contraction of iso- 
lated muscle from guinea-pig ileum (3,4). On 
the other hand, lysophosphatidylcholines, which 
are structurally related to PAF, are known to 
inhibit the contractions produced by acetyl- 
choline (5-7), histamine (5-7), 5-hydroxy- 
tryptamine (6), bradykinin (6) and slow- 
reacting substance A (6). These opposite 
effects may be explained by considering that 
choline phospholipids have both stimulatory 
and inhibitory effects and that the structural 
requirements for producing the stimulatory 
effect are somewhat different from those for 
the  inhibitory one. To investigate this phen- 
omenon, we examined the effects on guinea- 
pig ileum of a wide range of concentrations of 
3 choline phospholipids. 

Materials and Methods 

Chemicals 

l -Palmit o y l- 2-1y so-sn-gly cero-3-p hosp hoch o- 
line (16:0-1yso-PC) was obtained from Sigma 
Chemical Co. (St. Louis, MO). 1-0-Hexadecyl- 
2- 0-acetyl-sn -glycero-3-phosphocholine (16:0- 
PAF) was purchased from Bachem Feinchemi- 
kalien AG (Bubendorf, Switzerland). 1-Palmi- 
toyl- 2- O- acetyl- sn - glycero - 3 - p hosp hocholine 
(16:0-2:0-PC) was prepared as described 
previously (8). The phospholipids were dissolved 
in chloroform/methanol mixture (2:1, v /v)and 

*To whom correspondence should be addressed. 

stored at -20 C until use. The following drugs 
from the indicated sources were also used: 
acetylcholine chloride (Daiichi Seiyaku Co.), 
histamine dihydrochloride (Wako Pure Chem- 
ical Industries), and bovine serum albumin 
(essentially fatty acid-free prepared from 
fraction V albumin, Sigma). 

Measurement of the Response of Ileum Strips 

Male guinea-pigs, weighing 300-400 g, were 
killed by a blow on the head and muscle 
segments were removed from the ileum 20-30 
cm distal to the duodenum. The muscle strips 
(ca. 2 cm long) were mounted in a 5-ml organ 
bath containing Tyrode solution maintained at 
37 C and bubbled with air. The Tyrode solution 
had the following composition (in raM): NaC1, 
136.8; KCI, 2.7; NaHCO3, 11.9; NaH2PO4, 
0.4:MgC12, 1.0; CaCI2, 2.5 and glucose, 5.5 
(pH 7.8). Contractions were measured with 
an isotonic lever with 10-fold magnification 
and a 1.0 g load. The muscle was incubated for 
1-2 hr with repeated washings, until it showed 
a constant response to acetylcholine, histamine 
or 40 mM KCI. Choline phospholipids were 
dissolved with 0.1 ml of Tyrode solution 
containing 0.1% bovine serum albumin. The 
final concentration of bovine serum albumin 
was 0.002%. 

RESULTS AND DISCUSSION 

Contractile Effect of 16:0-PAF and Its Acyl Analog 

The sensitivity of guinea-pig ileum to 16:0- 
PAF or its acyl analog varied from muscle to 
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muscle, but the threshold concentration of 
16:0-PAF for an effect was in the range of 
10-1~ -9 M. 

Figure 1 shows typical responses of the 
muscle to various doses of 16:0-PAF. With a 
concentration of 10 -9 M, the muscles contracted 
very slowly after a lag time, and the contraction 
did not reach a plateau within 10 rain. On 
increasing the dose to 10 -s M, both the rates 
and levels of contraction increased progres- 
sively. With up to 10 -7 M 16:0-PAF, the rate 
of contraction induced by 16:0-PAF continued 
to increase, but the level of contraction remained 
similar. At higher concentrations (10 -6-10 -s M), 
16:0-PAF evoked a sharp contraction, but this 
contraction then decreased with time, depend- 
ing on the doses. The maximal contraction 
elicited by 16:0-PAF was 30 + 4% of that 
produced by acetylcholine. The contractile 
activity of 16:0-2:0-PC, an acyl analog of 
16:0-PAF, was ca. 300 times less than that of 
16:0-PAF: its threshold concentration was 
10 -7 - 3 x 10 -7 M. At 10 -s M, 16:0-2:0-PC 
induced a rapid contraction which was followed 
by relaxation. The corresponding lyso deriva- 
tive, 16:0-1yso-PC, had no contractile action at 
any concentration up to 10 -s M. Earlier reports 
(3,4) have noted that lyso derivatives of PAF 
do not cause the contraction of guinea-pig 
ileum. These structure-activity relationships of  
these choline phospholipids on guinea-pig 
ileum are consistent with those of their platelet 
activating potencies (1,9). 

Once the ileum had been exposed to 16:0- 
PAF, it showed no significant response to 
subsequent addition of the same concentration 
PAF or a concentration 10 times higher. Even 
after repeated washing of the ileum, subsequent 
addition of PAF did not induce contraction, 
whereas histamine or acetylcholine evoked 
a normal contraction. These observations are 
consistent with earlier reports (3,4). Similar 
desensitization was observed with 10-7-10 -s M 
16:0-2:0-PC. However, muscle that had been 
exposed to 7 x 10 -7 M 16:0-PAF and then 
washed did not resl~ond to subsequent treat- 
ment with 7 x 10- '  M 16:0-2:0-PC, whereas 
the reverse was not the case, as shown in 
Figure 2. These results suggest that PAF and 
16:0-2:0-PC induce contraction by the same 
mechanism, but that PAF causes stronger 
stimulation than 16:0-2:0-PC. In recent studies, 
specific binding sites for PAF have been found 
on platelets (10) and neutrophils (11). Active 
choline phospholipids may all induce contrac- 
tion of  the ileum by activation of  the same 
binding sites, and the observed desensitization 
may occur at these binding sites. If so, 16:0- 

, G r a i n  

T T 
10-9M lO-8M 

T T ? 
10"7M 10"6M 10"~ 

FIG. 1. Typical responses of isolated guinea-pig 
ileal muscle to various concentrations of 16:0-PAF. 
Arrows indicate times of addition of 16:0-PAF. 
The scale on the left represents 10% of the maximal 
contraction produced by acetylchoUne (10 -4 M). 

5 rain 

w 
L 

_ 

T T 
7xl0"?M lfi:0-2:0-PC 7xlO-?M 16:0-PAF 

10"/.1 w 
i 

I t 
7xl0?M 16:O-PAF 7x~-?M 16:0-2:0-~ 

FIG. 2. Desensitization with 16:0-PAF and its 
acyl analog. Arrows indicate times of additions of 
16:0-PAF and its acyl analog or times of washing 
p/g). The scale on the left represents 10% of the 
maximal contraction produced by acetylcholine 
(10  -4 M). 

PAF and its acyl analog may alter the state of 
these binding sites, resulting in desensitization 
of the muscle to PAF and its acyl analog. 
Addition of  a high concentration of the potent  
stimulator, 16:0-PAF, would overcome the 
desensitization caused by pretreatment with the 
same concentration of 16:0-2:0-PC. 

Inhibi tory Act ions of 16 :0 -PAF,  
16:0-2:0-PC and 16:0-Lyso-PC 

The ileum was first stimulated with 2 x 10 -6 
M acetylcholine, which induces ca. 80% of the 
maximal contraction. When the contractions 
reached a steady state, various concentrations 
of 16:0-PAF, 16:0-2:0-PC or 16:0-1yso-PC were 
added. This resulted in relaxation to different 
extents depending on the concentrations of 
these phospholipids added. Because the inhibi- 
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tory  ac t ions  o f  these cho l ine  phospho l ip ids  
were no t  t a chyphy l ac t i c ,  t he  dose-response  
curve for  each  p h o s p h o l i p i d  could be con-  
s t ruc ted  wi th  a single s t r ip  of  i leum. Figure 3 
shows the  log dose-response  re la t ionsh ips  for  
these  3 phosphol ip ids .  There  are n o  s ignif icant  
d i f ferences  in the i r  ICs0 values,  unl ike  the  
con t rac t i l e  activi t ies o f  these  c o m p o u n d s .  

1 
10-7 1#--6 10-5 10-4 

~oncentration (~) 

FIG. 3. Log dose-inhibition curves for 16:0-PAF 
(A), 16:0-2:0-PC(o) and 16:0-1yso-PC (.). Points and 
bars indicate means and standard errors (n=7). 

Thus ,  the  sn-2-ace ty l  g roup  and  1-0-alkyl 
b o n d  are no t  s t ruc tu ra l  r e q u i r e m e n t s  for  ex- 
press ion of  the  i n h i b i t o r y  ac t ion .  E x p e r i m e n t s  
wi th  10 -6 M h i s t amine  as a s t imu lan t  gave 
similar  resul ts  to  those  wi th  ace ty l cho l ine  
(da ta  no t  shown) ,  suggest ing t h a t  the  i n h i b i t o r y  
ac t ions  of  these chol ine  phospho l ip id s  were 
r a t h e r  nonspec i f ic  for  the  k ind  of  s t imu lan t .  
Much h igher  c o n c e n t r a t i o n s  o f  PA F  were 
needed  for  el ici t ing the  i n h i b i t o r y  e f fec t  t h a n  
for  the  con t rac t i l e  effect .  

Very  p r o b a b l y  the  i n h i b i t o r y  ef fec ts  of  
l y sophospho l ip id s  are re la ted  to  the i r  surface- 
act ive proper t i es ,  judg ing  f rom the  similar  
wedge-shaped s t ruc tu res  of  16:0-PAF,  16:0- 
2:0-PC and  16:0-1yso-PC. When  h igher  con-  

c en t r a t i ons  o f  16:0-PAF,  16:0-2:0-PC and  
16:0-1yso-PC were added  to muscles  c o n t r a c t e d  
by p re -add i t ion  of  a low c o n c e n t r a t i o n  of  16:0-  
PAF  or  16:0-2:0-PC,  t he  c o n t r a c t i o n  decreased 
to the  basal tone ,  and  w h e n  even h igher  con-  
c e n t r a t i o n s  of  these  3 phospho l ip id s  were 
i n t r o d u c e d  in to  the  ba th ,  t he  i leum relaxed 
f rom the  basal tone .  There fo re ,  the  biphasic  
response  of  the  i leum to 10-6-10 -5 M P A F  
is due  to i n h i b i t i o n  o f  PAF- induced  c o n t r a c t i o n  
by  its own  relaxing ef fec t  a t  h igher  concen-  
t r a t ion .  16:0-2:0-PC had  similar  effects  to  PAF  
in a s imilar  c o n c e n t r a t i o n  range,  b u t  16:0~ 
PC showed  only  an i n h i b i t o r y  ac t ion  at  con-  
c e n t r a t i o n s  o f  up to  I 0 -s  M. 
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Double-Bond Location in Long-Chain Polyunsaturated Fatty Acids 
by Chemical Ionization-Mass Spectrometry 1 
JAN LANKELMA 2, ESER AYANOGLU and CARL DJERASSI*, Department of  
Chemistry, Stanford University, Stanford. CA 94305 

ABSTRACT 

For determination of the double-bond position in polyunsaturated C24_30 fatty acids from marine 
organisms, methoxy derivatives were prepared. Diagnostic mass spectral fragment as well as molecular 
ion intensities were obtained by adjusting the ion source optics in the presence of ammonia at a lower 
source pressure than used conventionally. A lower detection limit was observed compared to conven- 
tional methane chemical ionization, which is a more favorable condition for capillary gas chromato- 
graphy. Analysis of fatty acids from the sponge Calyx niceaensis showed the double-bond position of 
8 unsaturated fatty acids, including two new ones. In addition, structural proof is provided for the 
presence of a new cyclopropane-eontaining fatty acid: 19,20-methylene-hexacosanoic acid. 
Lipids 18:853-858, 1983. 

In recent years we have reported_the occur- 
rence of unusual phospholipid acids (1-4) which 
extend the original observations of of Litch- 
field et al. (5), about a new class of compounds, 
the "demospongic" acids, from marine or- 
ganisms. This has encouraged us to screen a 
large number of organisms, which in turn led 
us to focus on certain methodological advances 
applicable to unsaturated fatty acids. 

Capillary gas chromatography combined 
with mass spectrometry has proven to be very 
useful for the analysis of complex mixtures of 
fatty acids, especially in the form of their 
methyl ester and pyrrolidide derivatives (6,7). 
Fatty acid methyl esters are especially con- 
venient in terms of their chromatographic 
properties. However, for structure elucidation 
they are of limited use Since only a few diagnos- 
tic MS fragment ions can be observed, primarily 
due to double-bond migration (8). A "post- 
column" reaction using vinylmethyl ether as 
a chemical ionization reagent gas has been 
reported (9), but in our hands (vide infra) this 
procedure yields diagnostic fragments only for 
monounsaturated compounds. For the deter- 
mination of the double-bond position, pyrroli- 
dide derivatives are suitable because of their 

1"Mass Spectrometry in Structural and Stereo- 
chemical Problems 262." For preceding paper in this 
series, see Patterson, D.G., Haley, M.J., Midgley, J., 
and Dierassi, C., Org. Mass. Spectrom., submitted for 
publication. 

~Recipient of a travel grant from the Queen 
Wflhelmina Fund, The Netherlands Cancer Founda- 
tion; present address: Free University Hospital, 
Dept. of Ontology, V 1066 B. De Boelelaan 1117, 
1007 MB Amsterdam, The Netherlands. 

*To whom correspondence should be addressed. 
Abbreviations: GC-MS, gas chromatography-mass 

spectrometry; CI-MS, chemical ionization-mass spec- 
trometry; VME, vinylmethyl ether; HPLC, high 
performance liquid chromatography. 

ease of preparation and the formation of 
diagnostic fragment ions (7). However, their 
mass spectra do not  show the double-bond 
position in all cases, and chromatographic 
peaks often overlap with adjacent peaks of 
compounds with the same carbon chain length. 
Therefore, at times, various derivatization 
methods have also been utilized (10). Among 
these, permethoxy derivatives of polyun- 
saturated fatty acid methyl esters, up to C22, 
were shown to give diagnostic ions for the 
double-bond position as well as molecular 
ions using methane and isobutane CI (11). 
However, no practical data were given con- 
cerning possible decreases in sensitivity and the 
application of this technique to the analysis of 
natural samples. 

After examining various approaches of 
double-bond location methods, we focused on 
the polymethoxy derivatization (1 1). To 
synthesize such polymethoxy derivatives of 
C~-30 fatty acids, w e  found it necessary to 
modify the reported reaction procedure. Fur- 
thermore, under our experimental conditions, 
we found ammonia a "clean" and preferable 
reagent gas. in this study, we wish to report a 
combined chemical derivatization and GC-MS 
approach which is particularly suitable for the 
analysis of various fatty acids encountered in 
marine organisms. 

EXPERIMENTAL PROCEDURES 

Reagents 

Oleic (9-octadecenoic acid; Cls : I ) ,  linoleic 
(9,12-octadecadienoic; Cls :2), 1 1,14-eicosadi- 
enoic, nervonic (1 5-tetracosadienoic; C24 : 1) 
acids and osmium tetroxide were obtained 
from Sigma Chemical Co., St. Louis, MO. 
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Dimethylsulfoxide and methyl  iodide were 
purchased from Aldrich Chemical Co., Mil- 
waukee, WI, and potassium hydride from Alfa 
Products Corp., Danvers, MA. 

C24_30 Fatty Acid Standards 

5,9-Hexacosadienoic acid (AS'9-26:2) was 
isolated from Petrosia ficiformis (2)) 2-methoxy- 
21-octacosenoic acid (2-OMe-AZl-28:l)  and 
5,9,23-tricontatrienoic acid (A5'9'23-30:3) were 
isolated from Higginsia tethyoides (3). Purifica- 
t ion was accomplished by preparative HPLC, 
using a methanol/water  mixture (97:3,  v /v ) a s  
the eluent and an ODS reversed-phase column 
(Waters Assoc., Milford, MA). 

Synthetic Procedures 

Fat ty  acids were first converted to the 
hydroxy derivatives using osmium tetroxide 
(12). Synthesis of po lymethoxy derivatives 
was accomplished according to Suzuki et al. 
(11) with the difference that solutions were 
heated to 60 C due to insolubili ty of the poly- 
hydroxy derivatives of long-chain fat ty acids 
at ambient temperature.  After transfer of  the 
solutions containing the hydroxy fat ty  acids, 
vials were rinsed with warm methanol. In this 
way, fat ty  acid mixtures of ca. 0.5 mg could 
be handled easily. 

Sample Pretreatment 

Marine organisms were collected, lyophilized 
and extracted with cold chloroform/methanol  
(1:1, v/v). Total phospholipids were separated 
using silica column chromatography, as des- 
cribed earlier (1-4). The fatty acid methyl  
esters were prepared using 1.25 N HC1 in dry 
methanol  at 60 C. N-Acyl-pyrrolidides were 
prepared from the methyl esters on t reatment  
with pyrrolidine/acetic acid (10:1,  v / v ) a t  100 
C f o r l  hr (1) .  

Instrumentation 

A Ribermag GC-MS system was used com- 
bining a Ribermag R10-10 quadrupole mass 
spectrometer with a Carlo Erba on Column 
injector series 4160 Fractovap gas chromato- 
graph, containing a fused silica column (30 m 
X 0.32 mm)conta in ing SE 54 (J & W Scientific, 
Inc.,). The MS ion source was suitable both for 
electron impact and for chemical ionization 
MS. For  the experiments VME, a bot t le  of 
6.3% VME in nitrogen (Matheson) was con- 
nected with a T piece to a vial containing car- 
bon disulfide. With a needle valve, the amount  
of CS2 was adjusted so that  a base peak at m/z 
58 was obtained (VME+). The source pressure 
for maximum m/z 58 peak height was 0.3 

torr. For  conventional ammonia CI the source 
pressure was 0.5 torr  and for "low pressure" 
conditions as described in this paper 0.2 torr. 
Pressures were measured on line with an ion 
gauge (outer diameter 1/8 in.) connecting the 
standardization compound vial ( -15  cm from 
the source). All spectra were obtained at 70 eV 
ionizing electron energy and a source tempera- 
ture of 195 C, unless otherwise specified. 

RESULTS AND DISCUSSION 

Chemical ionization using VME as the 
reagent gas, for oleic acid and nervonic acid 
yielded diagnostic mass spectral fragments ( 9 ) .  
However, we abandoned the method because 
in polyunsaturated acids no specific fragments 
for double-bond location could be obtained and 
the addition of  CS2 to a N~/VME mixture (9) 
produced decomposit ion products in the source 
and gas transfer lines, thus contaminating the 
instrument. Moreover, many background peaks 
were observed up to m/z 150, suppressing the 
lower diagnostic fragments in this mass range. 
Alkylthio derivatization also showed abundant 
diagnostic fragments for oleic acid methyl  
ester (13), but  polyunsaturated derivatives 
gave too long retention times for practical 
GC analysis. 

Trifluoroacetates, obtained from polyhy- 
droxy fat ty acid methyl  esters are reported to 
be very convenient for GC analysis (14). How- 
ever, the mass spectrum of a typical  example of 
9,10,12,13-tetra-( t r i f luoroacetyl)-octadecanoic 
acid methyl  ester showed mainly fragments 
due to loss of tr if luoracetyl groups and no 
specific cleavage of  the carbon chain from 
which the position of the substituents could 
be deduced (both under IE and CI [NHa ] con- 
ditions). We did not  prefer TMS derivatives 
because of  the contamination of  the mass 
spectrometer  source. Moreover, these com- 
pounds are not  stable enough for further 
derivatization. For  example,  pyrrolidides of the 
TMS derivatives for the identification of 
saturated branched or  cyclic fat ty acids present 
in a mixture cannot be prepared. 

Polymethoxy Derivatives 

Standard C~-a0 fatty acid methyl esters. EI 
spectra were found to produce abundant 
diagnostic ions for the determinat ion of the 
double-bond posit ion in polyunsaturated fat ty  
acid methoxy derivatives, but  lacking molecular 
ions (Fig. l a). Isobutane and methane CI 
spectra were reported (11) to show all these 
fragments, whereas ammonia supposedly dis- 
played mainly molecular ions. However, after 
working with methane and isobutane CI we 
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well as molecular ion masses could be obtained 
under these conditions (conditions A) rather 
than under normally used pressure. For the 
polymethoxy derivative of 5,9-hexacosadienoic 
acid, the absolute intensities of the ions, most 
indicative for the double-bond position, were 
twice as high as for methane (11) under "nor- 
mal pressure" (conditions B). The GC back- 
ground signal as the most important contribu- 
tion was 4 times as high for conditions B 
when compared to A under similar GC-MS 
conditions (mass range m/z 100-800). This 
makes conditions A almost an order of magni- 
tude more favorable than conditions B, which 
is most welcome for low concentration capil- 
lary column chromatography. For these con- 
ditions, the mass spectra of the polymethoxy 
derivatives of two other novel long-chain 
fatty acid methyl esters (2-methoxy-21-octa- 
cosenoic and 5,9,23,triacontatrienoic) are pre- 
sented in Figure 2. A characteristic loss of 
methanol from the molecular ion and from the 
fragments formed by the cleavage between the 
methoxy groups is also noted. Our previous 

a (A)  (8) 
o 

12 | (A )  �9 X 
l cH .O  - c -  c - (CH~) , . -C  - t -  C - (CH , )  - -OH.  
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FIG. 1. Mass spectral plots for polymethoxy 
derivative of 5,9-hexacosadienoic acid methyl ester: 
(a) electron impact; (b) "normal pressure" NH 3 CI 
(0.5 ton); (c) "low pressure" NH 3 CI with adjusted 
ion source optics (see text). 

found that the MS sensitivity for EI decreased, 
but this was never observed with ammonia. 
Therefore we concluded that ammonia was a 
cleaner gas for the system. We inserted 5,9- 
hexacosadienoic acid as its polymethoxy 
derivative with the probe and adjusted the main 
diagnostic fragments to their maximum intensi- 
fies with the ion source optics at a lower pres- 
sure of ammonia than conventionally used 
(0.2 vs 0.5 tort). A comparison of Fig. lb and lc 
shows that both important diagnostic ions as 
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FIG. 2. "Low pressure" NH~ CI spectral plots of 
polymethoxy derivatives of (a) 2-methoxy-21-oc- 
tacosenoic acid methyl ester, and (b) 5,9,23-tricon- 
tatrienoic acid methyl ester. 
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e x p e r i m e n t s  showed  (3)  t h a t  the  pyr ro l id ide  
derivat ive of  2 -me t hoxy - 21 - oc t acos eno i c  acid 
(Fig. 2a)  p rovided  a molecu la r  ion,  bu t  did 
n o t  give a clear-cut  spec t rum sui table  for  doub le -  
b o n d  loca t ion .  In the  case of  5 ,9 ,23- t r iacon-  
t a t r i eno ic  acid (Fig. 2b),  ions  A,C,E and  F were 
observed  at m /z  1 4 5 , 2 6 1 , 5 1 7  and  129, respec- 
tively. In tense  ions  due  to  B and  D were n o t  
observed ,  bu t  B-MeOH and  D-MeOH were 
p resen t  at m/z  469  and  353,  respect ively.  
S u b s e q u e n t  loss of  m e t h a n o l  f rom these  ions 
were exh ib i t ed  at  m / z  437  and  321.  

Polymethoxy fatty acid methyl esters from a 
natural mixture. Using f a t t y  acid m e t h y l  es ters  
and  pyr ro l id ides  t oge the r  wi th  e lec t ron  i m p a c t  
MS-capillary GC, the  f a t ty  acid c o m p o s i t i o n  
of  Calyx niceaensis, as represen ted  in Table  1, 
as o b t a i n e d ,  inc lud ing  5 u n s a t u r a t e d  f a t t y  acids. 

The  organism con ta ins  a cons iderab le  
a m o u n t  of  iso and ante iso  acids. The  presence  
o f  this  class o f  phos pho l i p i d  acids and  the i r  
possible b io syn the t i c  re la t ions  were discussed 
in an  earlier c o m m u n i c a t i o n  (2). The  iso 
series was d is t inguished  f rom the  an te i so  series 
based on  equiva len t  cha in  length  (ECL)  values 
of  the  m e t h y l  esters as well as mass spect ra l  
p roper t i e s  of  pyr ro l id ide  derivat ives (2,7).  
Fo r  syn thes i s  of  the  p o l y m e t h o x y  derivat ives,  
1 mg of  the  fa t ty  acid m i x t u r e  was t r ea t ed  
overn igh t  wi th  15 mg of  o s m i u m  t e t r o x i d e  
at 60  C fo l lowed by the  add i t i on  of  sod ium 
sulf i te  and  m e t h a n o l .  The  m e t h a n o l  was eva- 

pora ted ,  the  res idue  was t a k e n  up  in warm 
m e t h a n o l ,  salt crystals  were spun  of f  rapidly  
and  t he  s u p e r n a t a n t  was evapora t ed  to dryness  
in a screw-capped vial. Dur ing  decan t ing ,  all 
vials were r insed careful ly  wi th  warm m e t h a n o l .  
U n d e r  a s t ream of  dry n i t rogen ,  me thy l su l f i ny l  
c a r b a n i o n  was added  for  the  p e r m e t h o x y l a t i o n .  
The  solvents  used t h r o u g h o u t  the  p r o c e d u r e  
were used in the  same relative a m o u n t s  as 
r epo r t ed  by  Suzuki  et  al. (11) .  

GC-MS of  the  mix tu r e  revealed the  presence  
of  6 m o n o u n s a t u r a t e d  and 3 d iunsa tu ra t ed  
fa t ty  acids (Tables  2 and  3), several of  which  
were no t  de tec ted  u n d e r  the  c o n d i t i o n s  out-  
l ined in Table  1. The  advan tage  of  t he  p resen t  
m e t h o d  is t h a t  these p o l y m e t h o x y  derivat ives 
showed  a b e t t e r  c h r o m a t o g r a p h i c  sepa ra t ion  
f rom ad jacen t  peaks  or  c o m p o u n d s  wi th  the  
same ca rbon  chain  length  c o m p a r e d  to the i r  
under iva t i zed  m e t h y l  esters  or  p y r r o l i d i d e s - a n  
advantage  t ha t  is of  great  i m p o r t a n c e  in de tec t -  
ing these cons t i tuen t s .  A m o n g  the  m o n o u n -  
sa tu ra ted  c o m p o u n d s  (Table  2), 4 -docoseno ic  
acid ( A 4 - 2 2 : 1 )  was recent ly  e n c o u n t e r e d  as 
a m i n o r  c o n s t i t u e n t  o f  Mycobacterium tuber- 
culosis (15) ,  whereas  4 -hene icoseno ic  (A4-21:1  ) 
and  4- t r icosenoic  ( A 4 - 2 3 : 1 )  are new com-  
pounds .  They  may  also be of  bacter ia l  origin or  
result  f rom h o m o l o g a t i o n  by  the  sponge o f  
a bacter ia l  p recursor  acid wi th  a A4-double  
bond .  

The  presen t ly  descr ibed t e c h n i q u e  also 
a l lowed us to  iden t i fy  a new nono le f in i c  acid 

TABLE 1 

Total Fatty Acid Composition of the Sponge Calyx niceaensisa, b 

Abundance 
Compound ECL c Fatty acid (%) 

1 14.62 
2 14.70 
3 15.61 
4 15.70 
5 16.00 
6 16.69 
7 16.77 
8 17.00 
9 17.69 

10 17.75 
I I  18.00 
12 18.62 
13 25.43 
14 26.16 
15 26 .37  
16 26.71 

13-Methyltetradecanoic (iso- 15:0) 7.2 
12-Moth yltetradecanoic (anteiso- 15: 0) 6.9 
14-Methylpentadecanoic (iso - 16:0) 3.3 
13-Methylpentadecanoic (anteiso-I 6:0) 1.8 
Hexadecanoic (n-I 6:0) 4.0 
15-Methylhexadecanoic (anteiso-I 7:0) 4.0 
9-Heptadecenoic (A 9-17:1 ) 10.9 
Heptadecanoic (n- 17:0) 4.3 
16-Methylheptadecanoic (anteiso- 18:0) 2.2 
1 l-Octadecenoic (A ~ -18:1) 3.2 
Octadecanoic (n- t 8:0) l. 1 
18-Methyloctadecanoic (iso- ! 9: 0) I 0.4 
5,9-Hexaeosadienoic (Asp 9-26:2) ~ 9 6.1 
25-Methyl-5,9-hexacosadienoic (A , -iso-27:2) 9.9 
24-Methyl-5,9-hexacosadienoic (A s,9 -anteiso-27:0) 20. l 
19,20-Methy lene-hexacosanoic 0.6 

aThe minor (<0.5%) monounsaturated fatty acids (17-20) which were identified by 
poi~methoxylation are shown in Table 2. 

~ chromatography column: fused silica (30 cm X 0.32 ram) containing SE-S4 (J & W 
Scientific, Inc.), program temperature: 130-290 C, 5.0 C/min. 

c[-:quivalent chain length values are those of methyl esters of these acids. 
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TABLE 2 

Polymethoxy Derivatives of Monunsaturated Fatty Acid Methyl Esters in Calyx niceaenMs 

857 

CA) Ca) 
o n 

CH a -O-C-(CH 2 )x C ~ C-(CH 2 )y-CHa 
OCH a (~CH a 

m/z  (% base peak)  

Compound x y M-31 M+I M+18 A A-32 B B-32 

6 A9-17:1 7 6 313(100) 345(58) 362(32) 201(46) 168(8) 143(16) 111(16) 
7 A~a-18:l 9 5 327(11) 359(100) 376(3) 229(11) 197(5) 129(21) ...... a 

17 A'-19:1 4 l l  341(100) 373(93) 390(8) 159(46) 127(63) 213(6) 18164 ) 
18 A4-21:1 2 15 369(100) 401(47) .... 418:_~8) 1 31(42) .. . . .  . . . . . . .  a 269(5) 
19 A4-22:1 2 16 383(46) 415(100) 131(63) ...... a 283(3) ..... :b 
20 A4-23:1 2 17 397(48) 429(100) ...... b 131(85) ...... a 297(19) ...... b 

aNot in measured mass range. 
bToo small (less than 2%). 

p resen t  in small  amoun t s .  Comple t e ly  inter-  
p re tab le  mass spect ra  of  the  m e t h y l  es ter  or  
the  pyr ro l id ide  of  this  c o m p o u n d  were n o t  
ob ta ined ,  since it was ove r shadowed  by  the  
presence  of  the  ma jo r  demospong ic  acids 
(14 ,15)  p resen t  in the  mix ture .  However ,  
p o l y m e t h o x y l a t i o n  of  the  u n s a t u r a t e d  demos-  
pongic  acids y ie lded m u c h  longer  r e t e n t i o n  
t imes  and  uncove red  the  presence  of  a m e t h y l  
es ter  wi th  a molecu la r  ion  at  m / z  422 ,  suggest- 
ing a c y c l o p r o p a n e  or  o t h e r  cyclic s t ruc ture .  
The  possibi l i ty  t ha t  it was due  to a small  
a m o u n t  of  an  u n r e a c t e d  m o n o u n s a t u r a t e d  acid 
is exc luded ,  since a co r r e spond ing  p o l y m e t h o x y  
derivat ive is absen t  in the  c h r o m a t o g r a m .  
This  m ix tu r e  was subjec ted  to de r iva t i za t ion  
wi th  pyrro l id ine .  The  pyr ro l id ide  der ivat ive  
of  the  u n c h a n g e d  c o m p o u n d  (M § 4 6 1 )  showed  
spacings of  12 a m u  b e t w e e n  t he  Ct8 (m/z  336 )  
and  C19 ( m / z  348 )  f ragments ,  ind ica t ing  the  

s t ruc tu re  as 1 9 , 2 0 - m e t h y l e n e h e x a c o s a n o i c  acid 
(Fig. 3). C y c l o p r o p a n e - c o n t a i n i n g  C16-18 acids 
such as lac tobaci l l ic  (1 1 ,12 -methy lene -oc tade -  
canoic)  (16) ,  d ihydromalva l i c  (8 ,9 -me thy lene -  
h e p t a d e c a n o i c )  or d ihydros te rcu l i c  ( 9 , 1 0 -  
m e t h y l e n e - o c t a d e e a n o i c )  (17 ,18)  acids are 
k n o w n ,  bu t  a C26 acid w i th  a c y c l o p r o p a n e  
group  has n o t  been  e n c o u n t e r e d  un t i l  now.  
Cyc lop ropy l  groups  of  f a t t y  acids are k n o w n  
(19)  to  be b iosyn thes i zed  f rom m o n o e n i c  
acid and  S -adenosy lme th ion ine .  We assume t h a t  
ou r  new acid is e i the r  derived by  an  ident ica l  
process  f rom the  co r r e spond ing  19-hexacosenoic  
acid, or  it is a d i rec t  cha in  e longa t ion  p r o d u c t  
of  a bacter ia l  c y c l o p r o p a n e  acid precursor .  

C O N C L U S I O N S  

The  descr ibed EI-CI cond i t i ons  using " l o w  
pressure"  a m m o n i a  appear  to  be of  great  

I ' 

t 113 126 

t i : T I 0 154 158 182 196 210 224 

, .,II, I, , I, L L L 
I . . . .  I " f . . . .  

m / z  336 

coN�9 I 
1 Cl  8 17 

.s ':~ , - - ,  51' 3:,., 3,, 7 15'',. ,,, ,:, 'i+ 
, ! t t. ) a  L t ,  t | , t  L L . t ,  

FIG. 3. Mass spectrum of N-(18,19-methytene-hexacosanoyl) pyrrolidine, as found in 
Calyx niceasensis. 
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v a l u e  in the sensitive detection ol  unsaturated 
f a t t y  ac ids  in natural  mixtures by capillary 
GC-MS-CI .  

In addition, the methoxy derivatization 
provides s ign i f i cant  d i f f e r e n c e s  in the gas 
chromatographic retention t i m e s  b e t w e e n  un- 
saturated and saturated acids, including c y c l i c  
compounds, which is in s o m e  case s  superior to 
pyrrolidide ana lys i s .  
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Enhanced Incorporation of Exogenous Arachidonic Acid 
into Phosphatidylinositol and Other Phospholipids 
During the Early Stages of Thrombin-lnduced Aggregation 
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ABSTRACT 

The degradation of platelet phospholiPids via phospholipase activity is known to occur during 
thrombin-induced platelet aggregation. Both phosphatidylinositol and phosphatidylcholine are con- 
sidered to be sources of the released arachidonic acid which becomes a substrate for prostaglandin and 
thromboxaue A 2 formation. In this work, the effect of thrombin on the incorporation of exogenous 
arachidonic acid into platelet membrane phospholipids was studied. Suspensions of gerbil platelets 
were incubated in aggregometer cuvettes with [14C]arachidonic acid in the absence or presence of 
thrombin, and product formation was monitored by thin layer chromatography and scintillation 
counting. Within 30 sec, the entry of arachidonic acid into phosphatidylinositol was increased by 
165% in thrombin-stimulated platelets over controls. Under identical conditions, the incorporation 
into phosphatidylcholine was increased by only 57%. These results suggest that the incorporation of 
exogenous arachidonic acid via lysophosphatidylinositol and lysophosphatidylcholine acyltransferase 
activities may be intimately associated with thrombin-induced platelet aggregation in the gerbil. 
Lipids 18:859-862, 1983. 

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

The stimulation of platelets by agents such 
as collagen, adenosine diphosphate and throm- 
bin results in the release of arachidonic acid 
(AA) and its metabolic conversion to prosta- 
glandins and thromboxane (1). This conversion 
of AA to its metabolites has been associated 
with platelet aggregation and release reactions 
(2). Whereas the mechanisms for the release of 
AA from platelet phospholipids either by phos- 
pholipase A2 (3,4) or by a pathway involving 
phosphatidylinositol (Pl)-specific phospholipase 
C (5) and diglyceride lipase (6) have been in- 
tensively investigated, the incorporation of 
exogenous AA into platelet phospholipids has 
received limited attention. The rapid turnover 
of PI with the concomitant enhanced incorpo- 
ration of AA into phospholipids has been 
demonstrated in stimulated adrenocortical cells 
(7) and in stimulated tumor cells (8), but not in 
intact platelets. The literature is replete with 
data on platelets prelabelled with [1J4C] AA 
over long periods of time (9-1 1) for the purpose 
of studying AA-release reactions and metabolite 
formation. 

In view of the fact that AA plays a vital 
role in platelet function, that the secretory 

*To whom correspondence should be addressed. 
1 Presented in part at the 73rd annual AOCS meet- 

ing, Toronto, 1982. 

responses of platelets are essentially complete 
within 30 sec of the initiation of platelet aggre- 
gation (5), and that platelets share with other 
secretory ceils the "phosphoinositide effect" 
(12), it was of considerable interest to investi- 
gate the incorporation of exogenous AA into 
platelet phospholipids during the early stages of 
gerbil platelet aggregation induced by throm- 
bin. Our finding of enhanced incorporation of 
exogenous AA into PI within 30 sec concomi- 
tant with the activation of platelets with throm- 
bin and their aggregation suggests the possible 
involvement of such acylation in PI accompany- 
ing thrombin-induced aggregation in gerbil 
platelets. 

MATERIALS A N D  METHODS 

Experimental Animals 

The male Mongolian gerbils (Meriones 
unguiculatus) used in this study had an average 
body weight of 65 g and were obtained from 
High Oak Ranch, Goodwood, Ontario. The 
animals were housed in pairs as recommended 
by Hull et al. (13), with access to food (Purina 
Laboratory Chow) and water ad libitum. 
Gerbils were fasted for 10 hr prior to blood 
collection. 

Blood Collection 

Blood collection was performed on gerbils 
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anesthetized with Methoxyflurane (Pitman- 
Moore, Inc., Washington Crossing, N J) using 22 
gauge llA-in, needles. Blood (2.5 ml) was col- 
lected from each animal into 3-ml plastic 
syringes containing 0.3 ml of ACD anticoagu- 
lant (citric acid, 0.8%; trisodium citrate, 2.2%; 
dextrose, 2.45%; pH 4.5). The blood was mixed 
by gently inverting the syringe several times 
before dispensing the blood into siliconized 
glass test tubes for centrifugation. 

Preparation of Platelet Suspensions 

Suspensions of  gerbil platelets were prepared 
by a modification of the method of  Lagarde 
et al. (14) as described by Agwu et al. (15). All 
procedures were carried out  at room tempera- 
ture using siliconized glassware. The platelet 
count was determined manually using phase 
contrast microscopy (16). The final platelet 
concentration of the platelet suspension was 
adjusted to 300 x 109 platelets[1 with buffer 
prior to aggregometric studies. 

Plateiet Aggregation 

Platelet aggregation responses were recorded 
at 37 C for 30 sec, 1, 3 and 5 min using an 
aggregometer with an attached chart recorder 
(Payton Associated Ltd., Scarborough, Ontario) 
as described by Agwu et al. (15). Platelet sus- 
pensions (1.0 ml) were stirred in a siliconized 
aggregometer cuvette at 900 rpm for 1 min 
prior to the addit ion of 1.4 p (0.14 /~Ci)of  
[ 1 J 4 C ] A A  (54.5 mCi/mmol,  New England Nu- 
clear, Boston, MA) in ethanol, followed by an 
immediate stimulation with the aggregating 
agent. Aggregation was induced by the addit ion 
of 0.2 U/ml (final concentration) of  topical 
bovine thrombin (Parke Davis and Co., Ltd., 
Brockville, Ontario). Aggregation was moni- 
tored by changes in light transmission through 
the platelet suspension. Control tracings were 
obtained by adding a volume of tris buffer 
saline (TBS) equal to the volume of thrombin 
used after the addition of 1.4/al of [1-14C]AA 
to the platelet suspension. 

Lipid Extraction and Analyses 

The incorporat ion of  [1-14C] AA into plate- 
lets was terminated by pouring the contents of 
the cuvette into a test tube containing 0.2 ml of 
100 mM sodium ethylenediaminetetraacetic 
acid (EDTA), mixing quickly on a Vortex 
mixer and immediately adding 3.8 ml of  a 
chloroform/methanol  mixture (1:2 by volume). 
This was mixed on a Vortex for 1 min before 
the addition of 1.3 ml of chloroform and mix- 
ing for another 1 min. Finally, 1.3 ml of  100 
mM sodium EDTA was added and the content  

of the test tube was mixed for another 30 sec 
prior to being put  in a freezer overnight. There 
was a clear separation between the lower phase 
(chloroform layer) and the upper  phase (aque- 
ous layer). The chloroform layer was removed 
with the aid of a pasteur pipette into a small 
vial and its volume was recorded. The same p r o -  
cedure was repeated for the upper phase. A 
100-~1 aliquot from the chloroform layer and a 
1.0-ml aliquot from the aqueous layer were 
taken for scintillation counting in Aquasol 
(New England Nuclear, Boston, MA). The re- 
maining volume of  the chloroform layer was 
subjected to thin layer chromatography. 

A 20-/al aliquot of  a rat liver lipid extract  
was added as a carrier to the remaining chloro- 
form layer and the content  of the vial was 
evaporated to dryness under nitrogen, resus- 
pended in 45 /A of  chloroform/methanol  (2:1 
by volume), and spotted across 3.5 cm of 0.4 
mm thick Silica Gel H (Analab, Inc., North 
Haven, CO) plates which had been previously 
activated. The plate was developed in chloro- 
form/methanol/acet ic  acid/water ( 100: 50:10:6 
by  volume). Chromatography tanks were equil- 
ibrated for at least 30 min prior to the develop- 
ment of  the plates. Following the above proce- 
dure, it was possible to obtain reproducible 
separation of phospholipids, including PI and 
phosphatidylserine (PS). After  air-drying, the 
plates were sprayed with a dichlorofluorescein 
solution, placed in a tank f'filed with ammonia 
vapor for 1-2 min and observed under UV light. 
The bands (neutral lipid, phosphatidylethanol-  
amine (PE), PS, PI, phosphatidylcholine (PC) 
and lyso-PC) were outlined with a needle before 
being scraped into separate scintillation vials for 
counting in the presence of  Aquasol. The above 
procedure was also undertaken with 1.0 ml of 
platelet suspension in which [ I J4  C] AA was 
added after terminating the reactions to provide 
for zero-time controls. 

R ESU LTS 

Suspensions of gerbil platelets were quite 
responsive to 0.2 U/ml of thrombin.  Typical 
aggregation responses of gerbil platelets to 
the aggregating agent are shown in Figure 1. 
Thrombin produced irreversible aggregation 
with maximum aggregation being attained at 
3-5 rain after platelet stimulation. 

The extent  of  incorporat ion of  [ 1 J 4 C ] A A  
into all four phospholipid classes increased 
steadily with time in resting platelets for incu- 
bations increasing from 30 sec to 5 min in 
duration. The percentage incorporation of 
[ 1 J 4 C ] A A  into PC and PE also increased 
steadily with time i n  the case of  aggregating 
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platelets (thrombin-induced), although the 
extent of incorporation into PI and PS ap- 
proached maximal values within 30 sec (Fig. 1). 
During the first 30 sec, the percentage incorpo- 
ration of [ 1-14C] AA into all phospholipids (PE, 
PS, PI, PC) was significantly higher in throm- 
bin-stimulated platelets. The percentage stimu- 
lation of [I-z4C]AA entry into PI was 265% 
above control (minus thrombin) values within 
30 sec, which was considerably greater than 
that for the other phospholipids (Table 1). 
At later times, only the incorporation of 
[ I J 4 C ] A A  into PE was significantly higher 
(P < 0.05) in activated platelets, and in the case 
of PI at 5 min, a reversal was observed with a 
moderately lower incorporation exhibited in 
the activated platelets after aggregation had 
reached a plateau (Fig. 1). 

DISCUSSION 

The involvement of phospholipase A2 in the 
release of arachidonic acid from platelet phos- 
pholipids with the concomitant production of 
lysophospholipids has been demonstrated for 
PC (17) and PE (18). The liberation of AA 
from PI of thrombin-stimulated platelets occurs 
via the combined action of phospholipase C 
plus diglyceride lipase (19) and phosphotipase 
A2 activity (20) which generates lyso-PI. Com- 
bined with the demonstration that human 
platelets contain an active membrane-bound 
acyl-CoA: l-acyl-sn-glycero-3-phosphorylcholine 
acyltransferase (21) responsible for the acyla- 
tion of AA into lyso-PC and that there "also 
exists a preferential acylation of arachidonate 
at the 2-position of 1-acyl-sn-glycero-3-phos- 
phorylinositol in platelet lysates (22), these 
findings suggest the existence of a mechanism 
for the incorporation of exogenous AA into 
intact platelet phospholipids. 

The present investigation demonstrates that 
the stimulation of gerbil platelet suspensions 
with thrombin results in the enhanced incorpo- 
ration of exogenous [I-14C]AA into platelet 
PI within 30 sec of the initiation of platelet 
aggregation. It also indicates that PE, PS and 
PC contribute to this increased acquisition of 
exogenous AA during the early stages of plate- 
let aggregation, although to a smaller degree. 
Similar results have been demonstrated in the 
cat adrenocortical cells stimulated with ACTH 
(7) and in stimulated tumor cells (8). The en- 
hanced entry of exogenous arachidonate into 
PI, PC and PE of thrombin-stimulated platelets 
may reflect a greater availability of endogenous 
lyso-Pl, lyso-PC and lyso-PE. The levels of the 
latter lysophospholipids have been shown to be 
increased in human platelets shortly after 

Plafelet Aggregation ( - ) Thrombin 
I ~  ( + ) Thrombin 

n.s.  

( + ) Thr 4.0 
3 mln. 

3.0 

i 2.0 �9 n,s 

1.0 
- ( - )  Thr n.s. 

I , I i i i o ,-111~i 

e 0 ,  ~ ,  ~ 4 o ~  

m I + I Thr 3.0 n.s. 

/ . n.s. 
1.o 

i . ~ ' - ~ ,  ( - )  Thr 

0 1 / 

4.01 0 .5  rain. 
3.0 

( 4 )  Thr 

I - ) Thr 1.o . ~l 

. . . . . . .  0 ~ ~;~ 0, 
0 0 . s l  2 3 4 5 PE OS m PC 

Time (rain.) Ohosphoiiplds 

FIG. 1. The concomitant effect of thrombin on 
platelet aggregation and the incorporation of AA into 
platelet phospholipids. The aggregation responses of 
gerbil platelets to 0.2 U/ml thrombin and the corre- 
sponding percentage incorporation of 11:*C) AA into 
PE, PS, PI and PC at 30 sec, 1, 3 and 5 rain are shown. 
The curve tracings in the absence of thrombin are also 
shown. Details of the experimental procedure are de- 
scribed under Materials and Methods. The asterisk 
indicates a statistically significant difference between 
(+) and (--) thrombin tested at P = 0.05 level. 

TABLE 1 

The Percentage Stimulation of IJ4C-]Arachidonic 
Acid Entry into Platelet Phospholipids by Thrombin 

Phospholipid Incubation time (30 sec) 
% Stimulation a 

PE 66  + 4 
PS 4 8  • 8 
PI 2 6 5  -+ 37 
PC 57  +- 10 

aValues are given as means • (u = 3). 

thrombin stimulation (18,20). 
The metabolic significance of the early 

incorporation of exogenous AA into stimulated 
platelets as observed herein remains unknown. 
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It may be specula ted  that  it represents  an initial 
metabol ic  s tep  in platelet  act ivat ion or it may 
serve to  replenish membrane  phosphol lp id  in 
axachidonate derived f rom the plasma pool  
fol lowing phosphol ip id  degradat ion and the 
metabol i sm of  AA to prostaglandins  and th rom-  
boxane  (23). The exis tence o f  a deacyla t ion-  
reacyla t ion  cycle in activated platelets  may 
provide a unique  mechanism for  the  turnover  o f  
AA in m embrane  phosphol ip id  of act ivated 
platelets.  However,  fu r ther  s tudies  in this area 
axe needed  to elucidate more  fully the signifi- 
cance o f  the  al tered pa t te rn  of  AA incorpora-  
t ion in to  gerbil platelet  phosphol ip ids  during 
aggregation. 
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Temperature Effects on in vitro Lipid Accumulation 
in Asexual Embryos of Theobroma cacao L. 
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ABSTRACT 

Asexual embryos of cacao were grown for 40-50 days in a modified Murashige and Skoog li.quid 
medium with sucrose concentration increased stepwise from 3 to 27% at temperatures of 10, 17, 20, 
23, 26, 29, 32 or 35 C. Temperature influenced overall embryo growth as well as lipid accumulation 
and composition. Maximum growth occurred at 29 C, whereas maximum lipid and fatty acid accumul- 
ation occurred at 26 C. The proportion of individual fatty acids as total fatty acids accumulated per 
asexual embryo was constant at each temperature but varied with temperature from 10 to 35 C. The 
fatty acid composition of asexual embryos grown at 26 C was the most similar tothat of cocoa butter, 
the lipid from mature zygotic embryos produced in vivo. 

Lipids 18:863-867, 1983. 

INTRODUCTION 

Theobroma cacao is the source of cocoa 
butter, the melting characteristics of which 
make it the preferred seed fat for use in the 
manufacture of chocolate and other commercial 
products. At room temperature (20 C) cocoa 
butter is a solid which starts to soften at 30 C, 
melting completely at ca. 35 C or slightly 
below body temperature (1). The melting 
characteristics of cocoa butter are due to its 
unique glyceride composition, which has been 
reported to consist of 2.7-12.5% trisaturated, 
67.5-81.3% monounsaturated, 15.3-27.0% di- 
unsaturated and 0.7-2.1% triunsaturated trigly- 
cerides (2-7). The glyceride fatty acid composi- 
tion of cocoa butter consists of 24.4-28.6% 
palmitic, 34.2-36.2% stearic, 33.4-38.1% oleic 
and 1.8-3.6% linoleic acid (2-4). According to 
Chacko and Perkins (2), oleic acid is the princi- 
pal acyl moiety esterified to carbon 2 of  the 
triglyceride backbone accounting for 79.6- 
88.7% of the possible fatty acid combinations. 
Due to the variation in composition of  cocoa 
butter, no accepted biochemical definition 
exists. The FDA defines cocoa butter as "the 
edible fat obtained from sound cocoa beans 
either before of after roasting" (1). The Codex 
Committee on Cocoa and Chocolate Products 
defines cocoa butter as "the fat produced 
from one or more of the following: cocoa 
beans, cocoa nibs, cocoa mass (chocolate 
liquor), cocoa cake, expeller cake or cocoa 
dust (fines) by a mechanical process and/or 
with the aid of permissible solvents" (8). 

~Present address: Brooklyn Botanic Garden Re- 
search Center, 712 Kitchawan Road, Ossining, NY 
10562. 

*To whom correspondence be addressed. 

Four crystalline forms of cocoa butter are 
recognized, c~, /3, /3' and 3, (1). The 3' form has 
a melting point of 17 C, which rapidly iso- 
merizes to the a form (mp 21-24 C). The ~x 
form changes at room temperature into the/3' 
form (mp 27-29 C) which eventually changes 
into the /3 form (mp 34-35 C). Additionally, 
the melting behavior of cocoa butter is in- 
fluenced by its fatty acid composition (9). 
Lehrian et al. (10) found that cocoa butter 
from fruit matured in a microclimate of ele- 
vated temperature had more solid fat at 16, 20 
and 24 C as well as a greater percentage of 
saturated triglyceride fatty acid than butter 
from control fruit. Low temperatures during 
early fruit development have been shown to 
result in higher proportions of unsaturated 
fatty acids in cacao seeds and cocoa butter of  
lower melting characteristics (11,1 2). 

The influence of temperature on the lipid 
biochemistry of plants is well documented (12- 
18); however, its effect on the development of 
an isolated plant organ free of  confounding 
influences of the whole plant, such as that of 
an embryo, has not been demonstrated. The 
proliferation of asexual embryos (19,20) 
of cacao and their subsequent development 
in culture (21-23) suggests a potentially valu- 
able system for the study of fatty acid bio- 
synthesis by plant embryos in vitro. Cell 
suspension and callus culture have been used 
to study the influence of temperature on lipid 
biochemistry in vitro (24-26) but cells and 
tissues have different fatty acid compositions 
than embryos (27). In this study, we deter- 
mined the influence of temperature on fatty 
acid accumulation of asexual embryos of 
cacao grown in vitro. 

The in vitro culture of  cacao embryos also 
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has been suggested to be an alternative method 
of producing cocoa butter (23). This investiga- 
tion attempted to determine the optimum 
culture temperature for the production of 
cocoa butter in vitro. 

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

Asexual embryos were obtained as pre- 
viously described (19) on a basal solidified 
agar medium containing 1.5% (w/v) sucrose. 
The basal medium used throughout the culture 
of these embryos included Murashige and Skoog 
salts (28) and the following (in mg/1): casein 
hydrolysate, 1000; i-inositol, 100; glycine, 2; 
pyridoxine'HC1, 0.5; nicotinic acid, 0.5; 
and thiamine-HC1, 0.1. The pH of the media 
was adjusted to 5.7 before autoclaving. 

In the first experiment, embryos were grown 
in liquid medium on a rolladrum apparatus 
for 8 days in 1.5% sucrose, and then successively 
subcultured into media supplemented with 
higher levels of sucrose after 2 days in 3% 
sucrose, 2 days each in 9%, 15%, 21% sucrose, 
and 24 days in 27% sucrose and incubated at 
10, 17, 26 and 35 C from day 8 to day 40 of 
culture. In the second experiment, embryos 
were grown for 10 days in 3% sucrose, and 
successively subcultured for 2 days each in 9%, 
15%, 21% sucrose, and 29 days in 27% sucrose- 
supplemented medium and grown at 20, 23, 
26, 29, 32 and 35 C during the entire 45 days 
of culture. The details of cacao embryo culture 
have been previously described (21,22). 

Lipids and fatty acids were extracted and 
analyzed as previously described (23). 

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

The results of both experiments appeared 
to complement each other, suggesting that 
temperature perturbations prior to and after 
the successive subcultures to higher sucrose- 
supplemented media do not greatly influence 
the net accumulation of fatty acid. Thus, the 
results of both experiments were combined for 
presentation purposes using a weighted average 
for treatments at 26 and 35 C. 

Temperature markedly affected growth of 
asexual embryos of cacao. Embryo fresh (FW) 
and dry weight (DW) increased with increasing 
temperature between l0 and 29 C and then 
decreased (Fig. 1). Asexual embryos equivalent 
in size to zygotic embryos 100 days post- 
pollination grew after transfer to liquid medium 
to an average of 1.1 g FW and 0.4 g DW after 
45 days in culture at 29 C. Mature zygotic 
embryos attain ca. 2.0 g FW and ca. 1.0 g DW 
after a total of 180 days post-pollination (29). 
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FIG. ]. Effect of temperature on growth of asexual 
embryos of cacao. 
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FIG. 2. Effect of temperature on lipids and fatty 
acid accumulation per asexual embryo of cacao. 

Embryo growth was strongly inhibi ted at 17 
C or less (Fig. l ) .  This is in agreement with the 
fact that cacao is not grown successfully in 
areas where the mean month ly  min imum tem- 
perature is below 15 C (30). 

Total  l ipid and fatty acid accumulation per 
embryo responded to temperature similarly wi th  
a maximum at 26 C (Fig. 2). Between ]7 C 
and 26 C total fatty acid per embryo increased 
over 1400%, whereas the increase in lipid 
accumulation per embryo over the same tem- 
perature range increased only ca. 500%. The 
increase in dry weight accumulation from 17 
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to 26 C was ca. 800%. Due to the dispropor- 
tionate rates in accumulation of lipid, fatty 
acid and dry weight per embryo, 26 C was 
optimum for fatty acid and 17 C for lipid 
accumulation expressed on a per-gram dry 
weight basis (Fig. 3). 

Pure triglyceride of the types present in 
cacao lipid should have a fatty acid to lipid 
(FA/L) ratio equal to ca. 0.90. Since the 
FA/L ratio of embryos grown at 17 C was 
0.13 (Fig. 3), most of the lipid accumulated at 
17 C must not  be fatty acyt triglycerides. On 
a dry weight basis then, 17 C could not be 
considered an optimum temperature for trigly- 
ceride lipid accumulation. Embryos grown 
at 26 C had an FA/L ratio of 0.83, the maxi- 
mum for this investigation, indicating that 26 C 
is probably the optimum temperature for 
triglyceride accumulation in cacao embryos. 

The effect of temperature on the relative 
proportion of individual fatty acids on a gram 
dry weight basis was complex (Fig. 4). The 
mole percent of palmitic acid (16:0) declined 
from 10 to 20 C and then increased up to 35 C, 
whereas stearic acid (18:0) increased from 10 
to 20 C and then declined. Arachidic acid 
(20:0) showed little response to temperature. 
Oleic acid (18:1) and linoleic acid (18 :2 )had  
complementary responses. Oleic acid had a 
minimum at 10-17 C and a maximum at 26 C 
with linoleic acid showing a maximum at 17 C 
and a minimum at 23-26 C. The response of 
linolenic acid (18:3) was similar to linoleic 
acid with a minimum at 23-26 C but the 
amount of linolenic acid was much less. The 
relative changes in the mole % of oleic and 
linoteic acids suggested that increasing tempera- 
tures from 17 to 26 C progressively inhibits 
oleic acid desaturation. 

An approach to elucidate the effect of 
temperature on fatty acid composition would 
be to determine the rate of fatty acid accumula- 
tion over time at each temperature. Although 
this experiment was not designed as a time 
course, we had previously determined that 
total fatty acid accumulation of developing 
cacao embryos in vivo was linear with the 
increase in embryo dry weight and that the 
rate of individual fatty acid accumulation 
remained constant as fatty acids increased 
(see Table 5 in ref. 31). The accumulation 
rate for each fatty acid was determined from 
the slope (b) of  the regression of  individual 
fatty acids to total fatty acids as total fatty 
acids increased. In the present experiment, 
asexual embryos cultured in liquid media with 
high concentration of sucrose formed a popula- 
tion varying widely in fatty acid content at 
each temperature. If the population of embryos 
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FIG. 3. Effect of temperature on lipids and fatty 
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FIG. 4. Effect of temperature on fatty acid com- 
position (mole %) of asexual embryo of cacao. 

in each treatment can be considered to be a 
range of developmental ages, the slope of the 
regression of individual fatty acids on total 
fatty acid content also represents an accumula- 
tion rate. 

Our data indicated that, within each popula- 
tion of asexual embryos, the relationship 
between individual and total fatty acids was 
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FIG. 5. The relationship between linoleic acid and total fatty acids of asexual embryos of cacao at 10, 17, 
20, 23, 26, 29, 32 and 35 C. The slope of the regression line is defined as the rate of accumulation. 

linear at each temperature and that the slope 
of the response (i.e., the accumulation rate) 
was affected by temperature (Table I). The 
accumulation rate of palmitic acid remained 
relatively constant (0.30-0.26) from 10 to 
26 C and then increased to 0.35 at 35 C. 
Stearic and oleic acid show maxima: 0.39 at 20 
C for oleic acid and 0.28 at 26 C for stearic 
acid. In contrast, linoleic acid had a minimum 
accumulation rate of 0.10 at 26 C (Fig. 5 and 
Table 1). This suggests that the percentage of 
oleic acid being desaturated to linoleic acid 
decreases with increasing temperature up to 
26 C, but increases with increasing tempera- 
tures above 26 C. Additionally, this suggests 
that the percentage of palmitic acid being 
elongated to form stearie acid increases with 
increasing temperatures up to 26 C but de- 
creases with temperatures above 26 C. 

It has been demonstrated in several plant 
species that fatty acid desaturation decreases 
and chain elongation increases with increasing 
temperature (13-18). Decreasing oxygen solu- 
bility with increasing temperature has been 
proposed as one possibility to account for 
this phenomenon (32). Although simplistic, 

this may account for the differences in fatty 
acid content for embryos grown up to 26 C. 
The adverse effect of high temperature on 
asexual embryo growth which also declined 
above 26 C may be a partial explanation. 

The mole percent fatty acid composition of 
asexual embryos grown at 26 C (palmitic, 30%; 
stearic, 28%; oleic, 21%; linoleic, 17%; and 
linolenic acid, 2.8%) was the closest to that of 
mature field-grown zygotic embryos (palmitic, 
29%; stearic, 32%; oleic, 36%; linoleic, 3%; and 
linolenic acid, 1%) (23). The accumulation 
rates at 26 C indicated that the mole percent 
of these fatty acids in cultured asexual embryos 
eventually will approach 26 % for palmitic, 
28% for stearic, 33% for oleic, and 10% for 
linoleic acid as compared to 29, 32, 36 and 3%, 
respectively, for cocoa butter (22) if the trend 
for 45 days in culture continued to maturity. 
We conclude that asexual embryos cultured 
in vitro in high sucrose will have a fatty acid 
composition most similar to that of cocoa 
butter and mature zygotic embryos at 26 C. 
Apparently, fatty acid synthesis of asexual 
embryos cultured in vitro at 26 C mimicks 
that of zygotic embryos in vivo. 
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TABLE I 

The Rate of  Accumulation (b) and Correlation Coefficient (r) of  Individual Fatty Acid 
on Total Fatty Acids (~mol/embryo) with Temperature 

867 

Palmitic acid Stearic acid Oleic acid Linoleic acid Temperature 
(C) b r b r b r b r 

10 0.30 0.96 0.08 0.85 0.07 0.85 0.44 0.99 
17 0.27 0.94 0.07 0.91 0.23 0.98 0.46 0.99 
20 0.28 0.99 0.11 0.94 0.39 0.99 0.20 0.99 
23 0.28 0.99 0.23 0.96 0.33 0.99 0.13 0.97 
26 0.26 0.99 0.28 0.99 0.33 0.99 0.10 0.94 
29 0.29 0.99 0.24 0.99 0.24 0.99 0.17 0.99 
32 0.34 0.99 0.17 0.97 0.21 0.91 0.18 0.94 
35 0.35 0.97 0.19 0.97 0.14 0.87 0.24 0.96 

The parameter (b) is the slope of  the linear regression of  individual fatty acids vs total 
fatty acids in the population of asexual embryos at each treatment. 
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Photosensitized Oxidation of Methyl Linoleate 
Monohydroperoxides: Hydroperoxy Cyclic Peroxides, 
Dihydroperoxides, 
Keto Esters and Volatile Thermal Decomposition Products 1 
W.E. NEFF, E.N. FRANKEL* ,  E. SELKE and D. WEISLEDER, Northern Regional 
Research Center, Agricultural Research Service, US Department of Agriculture, Peoria, 
IL 61604 

ABSTRACT 

Previous studies of lipid secondary oxidation products have been extended to 6-membered hydro- 
peroxy cyclic peroxides from the singlet oxygenation of a mixture of 9- and 13-hydroperoxides from 
autoxidized methyl linoleate. The oxidation product was fractionated by silicic acid chromatography 
with diethyt ether/hexane mixtures, and selected fractions were separated by polar phase high perfor- 
mance liquid chromatography. Products characterized by thin layer chromatography, gas liquid 
chromatography, ultraviolet, infrared, nuclear magnetic resonance and mass spectrometry included: 
6-membered cyclic peroxides (13-hydroperoxy-9,12-epidioxy-10-and 9-hydroperoxy-10,13-epidioxy- 
l l-octadecenoates), dihydroperoxides (8,13- and 9,14-dihydroperoxyoctadecadienoates)and keto 
dienes (9- and 13-oxooctadecadienoates). The 6-membered hydroperoxy cyclic peroxides are ap- 
parently formed by 1,4-addition of singlet oxygen to 9- and 13-hydroperoxides with trans, trans- 
conjugated dlene systems. Thermal decomposition of the 6-membcred hydroperoxy cyclic peroxides 
at 200 C produced methyl 9-oxononanoate and hexanal as the major votatiles. Other volatiles included 
2-pentylfuran, pentane, 4-oxo-2-nonenal, methyl furanoctanoate and methyl 9,12-dioxo-10-dodecenoate. 
Lipids 18:868-876, 1983. 

INTRODUCTION 

In early studies of autoxidation of linoleate 
and linolenate, several investigators postulated 
the formation of 6-membered hydroperoxy 
cyclic peroxides as secondary products (1-5). 
However, in more recent investigations (6,7) 
of linoleate autoxidation, such 6-membered 
epidioxides were not identified among the 
secondary oxidation products. In later studies 
of lipid secondary oxidation products, 5-mem- 
bered hydroperoxy epidioxides were identified 
in photosensitized oxidized methyl linoleate 
(8,9) and linolenate (10,11), and in autoxidized 
linolenate (12,13). Hydroperoxy bicyclic endo- 
peroxides were also identified in oxidized 
linolenate (10,14). 

A 6-membered hydroperoxy epidioxide, 
2-hydroperoxy-3,6-epidioxy-hexane, was pre- 
pared from l-hydroperoxy-4-hexene by free 
radical cyclization after abstraction of the 
hydroperoxy proton with di-tert-butylperoxy 
oxalate (15,16). Six-membered hydroperoxy 
epidioxides apparently form during the aut- 
oxidation of squalene (16,17). Also 6-membered 
epidioxides can be obtained by 1,4-addition 
of singlet oxygen (tO2) to 1,3-diene compounds 

~Presented at the 74th annual AOCS meeting, 
Chicago, 1983. 

*To whom correspondence should be addressed. 

(18-22). Recently, a 6-membered hydroperoxy 
cyclic compound formed by 1A-addition from 
linoleate hydroperoxides was suggested as a 
precursor of pentyl furaldehyde and pentyl 
furan (23). 

Recent evidence suggests the importance 
of preventing photosensitized oxidation even 
in refined oils (23-25). Five-membered hydro- 
peroxy epidioxides from photosensitized oxi- 
dized linoleate and linolenate were shown to 
be important precursors of volatile products 
formed by thermal decomposition (9,26). 
The conjugated 9- and 13-hydroperoxy octa- 
decadienoates from autoxidized linoleate can 
be expected to form cyclic peroxides by 
oxidation with IO2. This paper reports our 
investigation of the reaction of 9- and 13- 
linoleate monohydroperoxides with IO2. Six- 
membered hydroperoxy epidioxides formed as 
major products were thermally decomposed to 
examine their possible role as precursors of 
volatile oxidation products. 

EXPERIMENTAL 

Materials and Methods 

The methyl linoleate (100% by gas liquid 
chromatography [GLC]) used and the removal 
of oxidation products before autoxidation 
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were described previously (9). A mixture of 9- 
and 13-monohydroperoxides was then pre- 
pared by silicic acid chromatography of ant- 
oxidized methyl linoleate,and the fractions were 
checked for purity by thin layer chromato- 
graphy (TLC) (9). Previous procedures were 
used for preparing derivatives of monohydro- 
peroxy cyclic (I 3) and dihydroperoxy and keto 
compounds (10) suitable for gas chromato- 
graphy (GC), gas chromatography-mass spec- 
trometry (GC-MS) and mass spectrometry 
(MS). The mixture of linoleate monohydro- 
peroxides, 9- and 13-OOH (500 mg), was 
treated with IO 2 generated by gaseous 02 in the 
presence of methylene blue (10 mg) as sensi- 
tizer in a CH2C12 (80 ml) solution at 0 C for 
16 hr in an open tube in the same photochemi- 
cal apparatus previously described (9). Under 
these conditions, there was no evidence that 
methylene blue was bleached or decomposed. 
Oxidation under these conditions, monitored 
by TLC and peroxide value determination, gave 
ca. 80% conversion of monohydroperoxides 
to secondary oxidation products. 

High Performance Liquid Chromatography (HPLC) 

A portion of the photosensitized oxidation 
product (432 mg) was first separated by sflicic 
acid chromatography (9) with diethyl ether[ 
hexane mixtures (given in parentheses) to elute 
the following fractions: 200 ml (10:90) keto- 
dienes, I00 ml (20:80) + 25 ml (30:70) un- 
reacted monohydroperoxides, 75 ml (30:70) 
+ 75 ml (40:60) 6 membered hydroperoxy 
cyclic peroxides, 25 ml (40:60) + 100 ml 
(50:50) + 50 ml (60:40) dihydroperoxides and 
50 ml (60/40) + 50 ml (70/30) unidentified 
polar material + 100 ml diethyl ether/methanol 
(1:1) residue. The 6-membered hydroperoxy 
cyclic peroxides and dihydroperoxides were 
further separated by HPLC, using the same col- 
umns and solvent systems to fractionate secon- 
dary products in photosensitized oxidized 
methyl linolenate (10). In the present work, 
the ultraviolet (UV) detector remained at 
215 nm for the entire HPLC separation of 
dihydroperoxides. 

Characterization 

The oxidation products were characterized 
by GC, TLC, UV, infrared (IR), nuclear magne- 
tic resonance (NMR), mass spectrometry (MS) 
and GC-MS as  reported previously (27). In 
this study for the cyclic peroxides, a Bruker 
WM-300 WB instrument was used to obtain 
ZH-NMR spectra at 300 MHz. Analysis of the 
geometric isomeric composition of linoleate 
monohydroperoxide was done by HPLC of 

the hydroxy derivatives obtained after NaBH4 
reduction (28). Volatiles were identified by 
capillary GC-MS using a 0.32 mm x 15 m 
fused silica column with a polymethylphenyl 
bonded phase as described previously (26). 

RESULTS AND DISCUSSION 

Previous work on photosensitized oxidation 
(methylene blue) of methyl trans, trans-8,10- 
octadecadienoate (29) showed the formation of 
6-membered epidioxides by 1,4-addition oflO2 
to a conjugated trans, trans-diene. Also, photo- 
sensitized oxidation was shown to promote 
geometric isomerization of conjugated dienoic 
hydroperoxides from the cis, trans to trans, trans 
configuration (30). These studies indicated the 
possibility that 6-membered hydroperoxy epidi- 
oxides may be formed by reaction of 102 with 
conjugated dienoic monohydroperoxides from 
autoxidized linoleate. 

Samples of 9- and 13-1inoleate hydroperoxides, 
photooxidized in the presence of methylene blue, 
were fractionated by SiO2 chromatography. 
Secondary oxidation products were separated 
and identified functionally by comparison 
with previously characterized products of 
photosensitized oxidation (9,10). Quantitative 
analyses showed the following relative concen- 
trations of secondary products for a sample of 
0.4 g linoleate hydroperoxides reacted 16.5 
hr with 102: 9- and 13-ketodienes (1.2%), un- 
reacted 9- and 13-monohydroperoxides (16.7%), 

'hydroperoxy 6-membered epidioxides (57.9%), 
dihydroperoxides (17.0%), unidentified polar 
materials (4.0%) and residue (3.2%). The main 
products, 6-membered hydroperoxy epidioxi- 
des and dihydroperoxides were identified in 
detail after further purification by HPLC. 
The ketodienes were identified after silicic 
acid chromatography. 

Six-Membered Hydroperoxy Epidioxides 

The silicic acid fraction containing epidioxi- 
des was further resolved by Polar phase HPLC 
(Fig~ 1) into the pure components, methyl 
13 -hydroperoxy-9,12-epidioxy- 10-octadeceno- 
ate (Ia,b, Table 1)and methyl 9-hydroperoxy- 
10,13-epidioxy-11-octadecenoate (IIa, b; Table 
2), whose structures were established by the 
spectral and chromatographic studies discussed 
below. The following relative compositions 
were estimated by refractive index detection: 
Ia, 21%; Ila, 36%; Ib, 19.8% and Ilb, 23.1%. 

TLC (silica, diethyl ether/hexane, 60:40) 
I, II; UV inactive and hydroperoxide positive; 
la, 0.93 ; Ha + Ib, 0.89 and lib, 0.87 relative to 
linoleate monohydroperoxides. GC of the 
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[ 9-OOH. 10,13-epidioxide 

13.008.9,12-epidioxide [~ 
('[-a) Jl 13-OOHg,12.epidioxide II /,b, 

I I 1 I I I 

20 24 28 32 36 40 
Time (rain) 

FIG. 1. 10-~m Silica HPLC chromatogram of 6- 
membered hydroperoxy epidioxides from photo- 
sensitized oxidized iinoleate monohydroperoxides 
(flow 4 ml/min; mobile phase, hexane/CH 202/ethyl 
acetate [7:4:1, v/v/v]; refractive index detector, X8; 
column temperature, 20 C). 

hydrogenated silylated derivatives has the 
same retentions for la and Ib as 9,12,13- 
trihydroxystearate, 2.73 and for lla and l ib 
as 9,10,13-trihydroxystearate, 2.67, relative to 
methyl stearate. IR (CS2) I, 1I: 3,500 (free 
C-OOH) 3,680-3,220 (bonded C-OOH) and 
3,020 (olefinic H) cm -1 

MS of the hydrogenated and Ph3P-reduced 
derivatives confirmed the general structure of a 
6-membered ring with an endocyclic double 
bond and an exocyclic hydroperoxy group for 
I and II. Hydrogenation of la, lb (Table 1) 
gave 9,12,13-trihydroxystearate identified by 
MS (31) after silylation, m/e (rel intensity) la: 
M-15, 547 (0.I);  M-31, 531 (0.6); M-(90+15), 
457 (4); 173 (59); 259 (22); 389 (8); 389-90, 
299 (100), and lb: M-15, 547 (0.2); M-31,531 
(1); M-(90+15), 457 (4); 173 (65); 259 (39); 
389 (11); 389-90, 299 (100). Hydrogenation of 
lla, l lb  (Table 2) gave 9,10,13-trihydroxy- 
stearate identified by MS (29) after silylation, 
m/e (rel in tens i ty ) l la :  M-15, 547 (0.3); M-31, 
531 (1); M-(90+15) 457 (6) ; 173 (45). 259 
(83); 303 (55); 213 (100); and l ib:  M-31, 531 
(0.2); M-(90+l 5), 457 (3); 173 (52); 259 (44); 
303 (14); 303-90, 213 (100). 

Reduction of la, Ib (Table 1) with Ph3P 
produced the unsaturated hydroxyepidioxide 
derivatives identified by MS after silylation, 

TABLE I 

1H-NMR (300 MHz)of 13-Hydroperoxy-9,12-Epidioxy-10-Octadecenoate (!) a 

~ o...-o,~ ~ / ~  / N  o 

~ ~OCH3 

6 (ppm) Coupling constants Number 
1,1 lb Multiplicityb Hz c of protons Assignment 

8.69 8.'15 s I OOH 
6.01 5.99 s 2 H-IO, I 1 
4.61 4.61 m Jl: 13 =4.5 1 H-12 
4 .54  4 .53  m Jg, t'2 =2.2  1 H-9  
4.14 4.12 m I H-13 
3.66 3.64 s 3 CH 30 
2.29 2.26 t 2 H-2 
1.60 1.56 m 4 H-8,14 
1.30 1.32 br 16 H-3-'1,15-1-1 
0.89 0.8'7 t 3 H-I 8 

aSee Figure 1. 
bMultiplicity: br=broad, s=singlet, d=doublet, m=multiplet, t=triplet. 
CCoupling constant for la. 
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TABLE 2 

IH-NMR (300 MHz) of 9-Hydroperoxy-10,13-Epidioxy-I l-Octadecenoate (ii) a 

871 

l la  

/~/~t I$10--O  /C"3 
8 (ppm) OOH 

Number 
llb Multiplicity b Coupling constants Hz c of protons Assignment 

8.76 
5.99 
5.90 
4.66 
4.49 
4.17 
3.65 
2.29 
1.57 
1.30 
0.89 

8.79 s 1 OOH 
6.00 dt Jr012=1'3; JH I~=I0"S; JI2,13 = l ' s  1 H-I'~ 
5.90 ddd Jl0'll =2.7; JH'13 =1"6 1 H-I 1 
4.66 m J9 xo =7 ' 1 H-10 
4.48 m J1'0,13 =2 1 H-13 
4.17 m 1 H-9 
3.65 s 3 CH30 
2.29 t J=7.5 2 H-2 
1.57 m 4 H-8,14 
1.31 br 16 H-3-7, 15-17 
0 .88  t 3 H-18 

aSee Figure 1. 
bMultiplicity: same as Table 1. 
CCoupling constants for fla. 

m/e (rel intensity) la: M,414 (1); M-16, 398 
(2); M-32, 382 (4); 173 (100); 241 (30); and 
Ib: M,414 (0.3); M-16,398 (1); M-32,382 (2); 
M-90, 324 (3); 173 (26) and 241 (2) (see 
Scheme 1 ). 

o - -  o 

c .  I I 3(C H2)(CH(OTM S) § CH-CH--CH-~H(CH2)7COOMe 
J, , .  

173 241 

SCHEME 1. 

Reduction of lla, l ib  (Table 2) with PhaP 
gave the corresponding unsaturated hydroxy 
epidioxide derivatives identified by MS after 
silylation, m/e (rel intensity) lla: M,414 (0.7); 
M-16, 398 (2); M-32, 382 (2); M-90, 324 (2); 
259 (56); 155 (58); and lib:  M-16, 398 (0.5); 
M-32, 382 (0.3); M-90, 324 (1); 259 (100); 
155 (36)(see Scheme 2). 

O O 

I I! 
C H~(C l-tz),-C H- C H :C H-C H~ CH (O TM S)(C H~)TCOOMe 

155 259 

SCHEME 2. 

IH-NMR (300 MHz, CDC13) for la, Ib 
(Table 1) and lla, l ib (Table 2) provided fur- 
ther evidence for the structures of I and !I. The 
methine carbon-olefin group-methine carbon 
structure (-CH-CH=CH-CH-) of the 6-membered 

epidioxide ring is supported by the long- 
range coupling constant, 2 Hz, for la hydrogens 
9,12 and lla hydrogens 10, 13. The coupling 
constant of 4.5 and 7 Hz between the ring 
methine proton and 0t hydroperoxy-bearing 
carbon proton of la and Ila, respectively, 
serves to distinguish between these positional 
isomers. Further support for the ring olefin is 
the cis coupling constant, 10.5 Hz, for carbons 
11,12 of lla. Other general shifts for the 6- 
membered hydroperoxy epidioxide structure 
for I and 11 are: 4.17 to 4.12 ppm for the 
hydroperoxy-bearing carbon methine proton, 
4.66-4.61 ppm for the ring methine proton to 
the cz hydroperoxy-bearing carbon, 4.53-4.48 
ppm for the other ring methine proton (9), 
and 6.01-5.90 ppm for the ring olefin protons 
(29). The small difference in chemical shift 
between the hydroperoxy-bearing carbons for 
la and Ib suggested a diastereomeric relation- 
ship similar to the shifts found for 5-membered 
hydroperoxide diastereoisomers (9). However, 
there was no apparent difference between the 
same chemical shifts for lla,b. Apparently, Ia,b 
and lla,b are stereoisomers on the basis of 
their elution order by HPLC relative to the 
retentions for 5-membered hydroperoxy cyclic 
peroxides, whose stereochemical structures 
were established previously (8,9). 

These structural studies show that the 6- 
membered hydroperoxy epidioxides are formed 
by 1,4-addition of IO 2 to the 1,3-diene system 
of the linoleate hydroperoxides. The trans, cis- 
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diene hydroperoxides are isomerized in the 
presence of tO2 to the trans, trans configuration 
before 1,4-addition (30). Quantitative analyses 
by HPLC (28) of the dienols produced by 
NaBH4 reduction of the hydroperoxides before 
and after cyclization with IO 2 indicated little 
change in the relative amount  of trans,trans 
diene. The trans, trans to cis,trans ratios of 
monohydro~eroxide mixtures changed by only 
2-6% after O2 oxidation.  These results can be 
explained according to a scheme in which the 
photosensitized isomerization (k l [k2)  from 
cis, trans to trans, trans configuration is much 
faster than the 1,4-cycloaddition (k3) of IO 2 
to the conjugated diene system of linoleate 
hydroperoxides (Fig. 2). 

kl 
OOH (tenllhv) 

k2 

0 - - 0  OOH 

10 11 

OOH E= 

0 - - 0  OOH 

12 I I  

FIG. 2. Scheme for the formation of 6-membered 
hydroperoxy epidioxides from iinoleate monohydro- 
peroxides (sens = sensitizer). 

Dihydroperoxides 

The appropriate S iO2 chromatographic 
fraction was further resolved by polar phase 
HPLC into positional isomers (Figs. 3 and 4) 
as described previously for photosensitized 
oxidized linolenate (10). The HPLC chromato- 
gram (Fig. 3) shows the resolution of dihydro- 
peroxides III and IV with the following weight 
percent:  I l ia,  61.0%; l l lb ,  9.3%; l l lc  § IVa, 
13.6% and IVb, 16.1%. 

TLC, all spots peroxide positive and UV 
active, absolute Rf Il ia,b,  0.29; l l lc ,  lVa, 0.24 
and lVb, 0.11. GC of  hydrogenated-silylated 
derivatives gave retentions relative to methyl 
stearate: I l ia,b,  1.70; l l lc ,  1.70, lVa, 1.78 and 
IVb, 1.78. UV (methanol) I l ia:  230 (Em 
20,300), l l lb :  234 (Em 22,700), l l l c  + IVa: 
230 (Em 22,800), IVb, 232 nm (EM 23,300), 
which indicate conjugated diene functionali ty.  
IR (CS2) III, IV: 3,500 (free C-OOH), 3,610- 
3,200 (bonded C-OOH), 3,010-3,002 (olefinic 
H), 988-972 (conjugated trans, trans unsatura- 
tion) cm -1. The UV and IR data show the 
dihydroperoxides to have trans, trans con- 

SELKE AND D. WEISLEDER 

jugated dienes. Hydrogenation of I11 and IV 
gave 8,13- and 9,14-dihydroxystearates which 
were identified by MS (31) after silylation, 
m/e (rel intensity) I l ia :  M-71, 403 (2); 173 
(40); 245 (28) for 8,13-dihydroxystearate;  l l lb :  
M-71, 403 (8); 173 (71); 245 (52) for 8,13- 
dihydroxystearate;  I l lc  + IVa (a di-OOH 
mixture):  M-15, 459 (3); M-57, 417 (17); 
159 (75), 259 (74) for 9,14-dihydroxystearate 

? 

..,..,j 

I 
30 

OOH 

OOH Ill 
OOH 

]~ OOH 

m+]~ 

J 
iv 

I I 
40 50 

Time (min) 
FIG. 3. 6-pm Silica HPLC chromatogram of di- 

hydroperoxides from photosensitized oxidized lino- 
leate monohydroperoxides (flow 20 ml/min: mobile 
phase, 3% ethanol/hexane [v/v]; UV detector, 0.64 
ASU at 215 nm;column temperature, 20 C). 

OOH OOH 

11 ! 

OOH OOH 
+ 

11 13 

OOH OOH 

+H- 

< 02 
OOH 

FIG. 4. Scheme for the formation of 8,13- and 
9,14-dihydroperoxides from linoleate monohydro- 
peroxides (sens = sensitizer). 
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and M-71,403 (9); 173 (51); 245 (40)for  8,13- 
dihydroxystearate; and IVb: M-15, 459 (2); 
M-57, 417 (20); 159 (66); 259 (55) for 9,14- 
dihydroxystearate. Reduction of Ilia and 
IVb with NaBH4 gave dihydroxy-octadeca- 
dienoates identified by MS (8) of the silylated 
derivatives, m/e (rel intensity) Ilia: M-15, 
455 (0.4); M-31, 429 (3); M-71, 399 (6); 
327 (2); 237 (27); 399 (3); 309 (35) for 8,13- 
dihydroxyoctadecadienoate (see Scheme 3) 
and IVb: M-15,455 (1); M-31,429 (5); M-57, 
403 (8); 323 (5); 233 (18); 413 (7); 323 
(22) for 9, 14 - dihydroxyoctadecadienoate (see 
Scheme 4). 

The IH-NMR data support the UV and IR 
evidence for olefinic conjugation (6.98-5.25 
ppm) and TLC evidence for hydroperoxy 
functionality (8.25-7.82 ppm, C-OOH; 4.87- 
4.30 ppm CH_-OOIt). Based on the MS of the 
reduced derivatives of II1, IV, the following 
IH-NMR assignments are made (tH-NMR, 90 
MHz, CDCI3) ilia: 8.22 (br s, 2, OOH), 6.97- 
5.25 (m, 4, H-9-12), 4.57 (m, 2, H-8,13), 
3.67 (s, 3, CO2CHa), 2.31 (t, 2, H-2), 2.00-1.50 
(m, 4, H-7,14) and 0.93 (t, 3, H-18); lllb: 8.25 
( br s, 2, OOH), 6.75-5.25 (m, 4, H-9-12), 
4.30 (m, 2, H-8,13), 3.67 (s, 3, CO2CHa), 2.31 
(t, 2, CH2CO2CH3), 1.50-1.80 (m, 4, H-7,14) 
and 0.92 (t, 3, H-18); Illc + IVa: 8.12 (s, OOH) 
6.98-5.25 (m, CH=CH-CH=CH), 4,87 (m, 
C HOOH), 4.40 (m, CH_OOH), 3.67 (s,CO2CH3), 
2.31 (t, C H 2 C O 2 C H 3 )  , 0.92 (t, CH3-C); IVb: 
7.82 (br s, 2, OOH), 6.50-5.25 (m, 4, H-10-13), 
4.36 (m, 2, H-9,14), 3.67 (s, 3, CO2CH3), 2.32 
(t, 2, H-2), 1.83-1.50 (m, 4, H-8-15) and 0.92 
(t, 3, H-18). 

The 8,13-dihydroperoxy-trans - 9 ,  t r a n s -  11 - 

and 9,14-dihydropero xy- t r a n s  - 1 O, t r a n s  - 1 2  - 

octadecadienoates identified here may be 
free radical side products of the 102 reaction 
formed by H-abstraction on C-8 and C-14 t~ to 
the conjugated diene system (Fig. 4). The free 
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i radical intermediate apparently is localized 
on C-8 or C-14 before reacting with 02.  If a 
delocalized pentadiene radical was formed 
between C-8 and C-12 or between C-10 and 
C-14, then 12,13- and 9,10-dihydroperoxides 
would be expected, but these dihydroperoxides 
were not detected. In a recent report (32), 
nonconjugated diene 8- and 14-monohydro- 
peroxides were identified in minor amounts in 
oxidized methyl linoleate. The products may be 
rationalized as side products formed by free 
radical abstraction on a C-8 and C-14 positions 
of linoleate without delocalization. The expec- 
ted dihydroperoxides, however, have not been 
reported in autoxidized linoleate. An alterna- 
tive mechanism to explain the formation of 
8,13- and 9-14-dihydroperoxides in the pre- 
sence of 102 may involve the 6-membered 
epidioxides undergoing H-abstraction on C-8 or 
C-14, loss of 02 and rearrangement of double 
bonds. Further work is needed to clarify these 
mechanisms. 

Ketodienes 

Another SiO2 chromatographic fraction was 
shown to consist of a mixture of methyl 9-oxo- 
t rans ,  t r a n s - l O , 1 2 -  and 13-oxo-trans, t r a n s - 9 - 1 1 -  
octadecadienoates. TLC: absolute Rf, 0.80, UV 
positive and peroxide negative. UV (methanol) 
277 nm (Em 20,962)  is similar to the spectrum 
previously reported for conjugated ketodiene 
(33). IR (CS2) 3,002 (olefinic H), 1,732 (ester 
carbonyl), 1,681, 1,668, 1,632 (keto carbonyl) 
988 (conjugated t rans ,  t r a n s  unstura~ion) cm -1. 
1H-NMR (90 MHz, CDCI3): 7.50 (m, 1; CH = 
C-C=O), 6.30-5.62 (m, 3, CH=CH-C=CH-C=O) 
3.67 (s, 3, CO2CH3), 2.55 (t, 2, C=C-C=OCH2), 
2.36 (t, 2, CH2CO2C) 2.15 (m, 2, CH2C=C) 
and 0.90 (t, 3, CH3C). IR and 1H-NMR data are 
consistent with that reported for t rans ,  t r a n s  

ketodiene (33). 
MS gave the the following characteristic 

CH3 (CH2)4 ~CH(OTMS)CH=CH-CH=CH-CH(OTMS)~(CH2 )6 COOH 

71"~327  399 
-90 --90 

237 309 

SCHEME 3. 

I I ! 
CH3 (CHz 13 II"cH(OTMS)CH=CHCI I=CHCH (OTMS)~ (CH~ 1, COOH 

~ f 
5"/ 323 413 

--90 --90 

233 323 

SCHEME 4.  
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fragments, m/e (rel intensity): M, 308 (32); 
M-31,277 (13); 237 (37); 151 (100) for methyl  
13-oxo-9,11- and/or  9-oxo-I 0,12-octadecadien- 
oate. The location of  the keto groups and the 
confirmation of  a mixture of 9- and 13-keto 
compounds is based on MS of  hydrogenated 
derivatives after silylation, m/e (rel intensity):  
M-31,355 (3); 173 (100); 315 (56) for 13- 
OTMS-stearate and 259 (48); 229 (43) for 9- 
OTMS-stearate. These keto dienes may be 
dehydrat ion side products (6) of monohydro-  
peroxides after their isomerization, catalyzed 
by tO2, to the trans, trans-configuration. 

Volatile Decomposition Products 

Methyl 13 -hydroperoxy-  9, 12-epidioxy-I  0- 
and 9-hydroperoxy-10,13-epidioxy-I  1-octadec- 
enoates were each decomposed on a GC injec- 
t ion port  at 200 C in a capillary GC-MS system, 
and the volatiles produced were identified as 
described previously (26). The fragmentation 
schemes in Figure 5 account for ca. 94% of  the 
volatiles identified in Table 3. The most impor- 
tant  cleavage, A, between the hydroperoxide-  
bearing carbon and the peroxide ring gave 47% 
hexanal, 5% methyl  9,12-dioxo-10-dodecenoate 
and, after dehydrat ion of  the ring fragment, 
4.7% methyl  8-(2-furyl)octanoate from the 13- 
hydroperoxy epidioxide (1). The same cleavage 
gave 55.6% methyl  9-oxononanoate,  5% 2- 
pentylfuran and 6.5% 4-oxo-2-nonenal from the 
9-hydroperoxy epidioxide (II). The second 
most important  cleavage, B, between the ring 
alkene and the ring oxygen, on the side op- 

13-00H Cyclic (la.b) 0HC--CH=CH--C--ICH2)TCOOMe 
f~. I Me 9,12-dmxo-lO-dodecenoete 

A / 15.z%l 
t / CH3(CH216COOMe 

i B Me oclanoate (10.9%) 
HO~O / ' ,  .~. I ~ 0"-~-0 i H" 

CH3|CH2)4 i~'l CH i - ~  " ~ , *  (CH;,)7--COOMe 

CHIICH2llCH3 ~ st ~ OHC--ICH217COOM e 
Pentane 13.2%) i Me 9 oxononanoate (23.4%1 t 

0 
CH3ICH214CHO ~ ~/~ICH2ITC00M e 

Heza~al (4 7.1%1 
Me furan octanoale 14.7%) 

9.00H Cyckc (ge,bJ 

CH3(CH2I~--- ~ ~ t -~  A 

Pentyl fman (5.1%1 ~ 

CHz(CHz)4--C--CH=CH~CHO = ~. 

0 
4.oxo.2.normna116.5%) n Sp~ O-~-OH 

~L~\,, J',0 
CH3(CH2)4/-~t / ~  CH ~q-(CHz)TCOOMe 

/ /-- . .~/ ~9 H'4-.4,,.Me octanoete 13.0%) 
CH3(CH/)3CH 3 J / 
Penlane (6.3%) / OHC--(CH2J7COOMe 

Me 9.ozononanoate (55.6%1 

CH3ICH2)4--CHO OHC --CH=CH--C--(CH2)7COOMe 
Hezanal (11.4%) II 0 

Me 9.12.dmzo.lO.dodecenoate (3.7%1 

FIG. 5. Scheme for the formation of volatiles by 
thermal decomposition of 6-membered hydroperoxy 
epidioxides. 

posite the hydroperoxide,  produced 23% 
methyl 9-oxononanoate from I. The same 
cleavage gave 11.4% hexanal, 3.7% methyl  

TABLE 3 

GC-MS Analysis a of Volatfles from Thermally Decomposed Hydroperoxy 6-Membered Cyclic Peroxides 

Relative 
Volatile compounds retention b 

Relative percent (cleavage, type c) 
13-OOH cyclic (1) 9-OOH cyclic (II) 

Aceta ldehyde  0 .05  0 .9  0 .7  
Pentane 0 .06  3.2 (D)  6.3 (C) 
Hexanal  0 .24  47.1 (A)  11.4 (B) 
2-Pentylfuran 0 .74  0 .6  5.1 (A)  
Me Octenoate  0 .98  0 .6  0.1 
Me Octanoate  1.00 10.9 (C) 3,0 (D)  
Me 8 - o x o o c t a n o a t e  1.31 0.2 - 
4 -Oxo-2-nonenal  d 1.32 0.7 6.5 (A)  
4 -Oxononanal  l .  34 - 0.2 
9 - O x o n o n a n o a t e  1.47 23 .4  (B) 55 .6  (A)  
Me 8-(2-furyi)octanoate  e 1.69 4 .7  (A)  0 .8  
Me 10-oxo-8-decenoate  1.72 - 3.3 
Me 9 ,12 -d ioxo -10 -dodecenoate  d 2 .09  5.1 (A)  3.7 (B)  
Unident i f ied  - 2 .6  3.3 

aQuantitation based on flame ionization detection. 
bRetention relative to methyl octanoate at 10.05 rain. 
CBased on schemes in Figure 5. 
dTentative identification. 
eMS reported by Tressel et al. (34). 
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9,12-dioxo-10-dodecenoate from II. The third 
important fragmentation, C, between the per- 
oxide ring and the other substituent produced 
11% methyl octanoate from I and 6% pentane 
from II. Cleavage, D, on the side of the hydro- 
peroxy carbon away from the ring, gave 3% 
pentane from I and 3% methyl octanoate from 
II. 

The 1,4-dicarbonyl compounds (Fig. 5, 
Table 3) detected among the volatiles from 
cyclic peroxides I and 11 apparently have not 
been identified before. The 4-oxo aldehydes 
were identified by the following characteristic 
mass ions: M, 154 (2); M-29, 125 (34); m-55, 
99 (14); 83 (85); 71 (13); 55 (69); 29 (29); 
according to fragmentation in Scheme 5. 

O 
i Ii I 
I I I 

CH 3 -CH 2 -CH 2 -CH 2 -CH 2 + C  +CH=CH I-]--CHO 

29 
4-oxo-2-nonenal 

SCHEME5. 

and M-29, 127 (6); 127-H20, 109 (16); M-57, 
99 (24); 85 (30); 71 (27); 57 (100); 43 (76); 
and 29 (34); according to fragmentation in 
Scheme 6. 

formation of 2-pentylfuran. Chang et al. (37) 
postulated but did not identify 4-oxononanal as 
a precursor which could give 2-pentylfuran by 
cyclization. Parsons (38) suggested decomposi- 
t ion of linoleate 9-hydroperoxy octadecadi- 
enoate and reaction with oxygen to form a 
vinyl hydroperoxide that can cyclize to form 
a furan. Frankel (23) suggested that 2-pentyl- 
furan could be formed from decomposition of a 
6-membered hydroperoxy epidioxide such as !I 
via pentyl furaldehyde. We have identified and 
proven in this study that II is a 2-pentylfuran 
precursor (Table 3, Fig. 5). Since 4-oxo-2- 
nonenal is formed from II, it also may be a 
precursor of 2-pentylfuran (37). The 8(2- 
furyl) octanoate previously identified by 
Tressel et al. (34) can be formed by decomposi- 
tion of the 6-membered hydroperoxy epidi- 
oxide I (Table 3, Fig. 5). Thus, the 6-membered 
hydroperoxy epidioxides are potential pre- 
cursors of volatiles including substituted 
furans, 1,4-dicarbonyl compounds, aldehydes 
and esters that are known to have an impact 
on flavor of fats. The thermal fragmentation 
between the epidioxide and hydroperoxide 
group agrees with our previous studies of 
related cyclic peroxides (9,26) and is suf- 
ficiently predictable that it could be used as a 
structural tool for these types of compounds. 

O 
i i I f i l l  , , 

Ctl,-CH,-CH,-CH~-CH2~-C--~--I C H : t C r t  ~ , ClIO 
I 

71f1~85 ~ 7  ~ 3  1 ~ 9  
4-oxononanal 

SCHEME6.  
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The 4-oxononanal (0.2%) is apparently 
formed from hydrogen radical abstraction by 
the nonenal compound. Methyl 9,12-dioxo-10- 
dodecenoate was identified from the charac- 
teristic ion M-31, 209 (31); 197 (7); 153 (2); 
139 (2); 125 (11); 111 (15); 97 (30); 83 (30); 
55 (100); and 29 (12); according to the frag- 
mentation in Scheme 7. 

Substituted furans have been detected in 
soybean and cottonseed oils (35-38). At least 
three mechanisms have been postulated for the 
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Elevated Levels of Arachidonic Acid 
in Fish from Northern Australian Coastal Waters 
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ABSTRACT 

The fatty acid composition of I 0 species of fish caught off the northwest coast of Australia (lati- 
tude 17~ was examined. All species contained high levels of ~6 fatty acids (9.6-23.1% of total fatty 
acids) with arachidonic acid being the major ~6 fatty acid (5.9-14.8% of fatty acids). Docosatetra- 
enoic and docosapentaenoic acids of the to6 series accounted for 3-8% of the total fatty acids. The 
ratio of to6 to to3 fatty acids in these fish varied from 0.38 to 0.93, compared with an average ratio of 
0.16 for fish from the northern hemisphere (latitude >30~ The present data and figures from the 
literature indicate that the marine food chain in the southern hemisphere contains significant quan- 
tities of to6 fatty acids. 
Lipids 18:877-881, 1983. 

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

We have recently reported that fish caught 
off the northwest coast of Australia were rich 
in arachidonic acid and other co6 fatty acids 
(1). Consumption of  diets derived almost en- 
tirely from these fish for 2 weeks lead to a 3- 
fold increase in the proportion of arachidonic 
acid in the plasma lipids of a group of Austra- 
lian aborigines compared with a smaller eleva- 
tion in the proportion of the 6o3 fatty acids (1). 

It is the purpose of this communication to 
present the detailed fatty acid composition of 
these species of  fish. 

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

This study was carried out on the northwest 
coast of Australia (latitude 17~ 250 km 
northeast of  Broome. In this area there are I0- 
11 m tides and the fish were caught in nets on 
both incoming and outgoing tides. The fish 
were photographed, and the t'dlets wrapped in 
aluminum foil and placed in containers of 
liquid N 2 within 1 hr of being caught. The sam- 
pies were thus maintained until being analyzed 
some 4 months later. 

Lipids were extracted from 10 g samples of 
fish with 20 vol of chloroform/methanol (2: 1) 
containing 10 mg/1 butylated hydroxytoluene 
(2). The lipid content was determined gravi- 
metrically and the methyl esters of the fatty 
acids were prepared by saponification with 
methanoUc KOH followed by esterification 
with boron trifluoride in methanol (2). The 
esters were separated using a 45 m x 0.5 mm id 
support-coated open-tubular (SCOT) glass capil- 
lary column coated with OV-275 on Gas Chrom 

*To whom correspondence should be addressed. 

R (Chromalytic Technology, Melbourne, Aus- 
tralia) and also a 70 m x 0.5 mm id SCOT 
column coated with SILAR 5CP on Gas Chrom 
R (Chromalytic Technology). The gas chroma- 
tograph was fitted with a flame ionization 
detector. The former column was operated by 
temperature programming from 135 to 195 C 
at 2 C/min, and the latter column was operated 
at 160 to 220 C at 2 C/min. Nitrogen was used 
as the carrier gas for both columns at a flow 
rate of 20 cm/sec. Standard methyl esters (Nu- 
Chek Prep, Elysian, MN) were routinely chro- 
matographed to establish retention times and to 
determine the response factors for the different 
esters. 

The presence of  dimethyl acetals of alde- 
hydes was verified by separation of these from 
the methyl esters by thin layer chromatography 
(TLC) on Silica Gel G using toluene as the 
solvent (3). 

R ESU LTS A N D  DISCUSSION 

The lipid content of the fish analyzed was 
low and ranged from 0.6 to 3.3 g/100 g wet 
weight (Table 1). 

In most species the saturated fatty acids 
were the predominant group of fatty acids 
(Table 2). Palmitic acid was the major compo- 
nent ,  with stearic acid being the next most 
abundant. In two species there were signifi- 
cant amounts of myristic and pentadecanoic 
acids (mullet and queenfish). Dimethyl acetals 
of aldehydes with 16 and 18 carbons were 
detected in all species of  fish. 

Palmitoleic and oleic acids were the major 
monounsaturated fatty acids: eicosaenoic acid 
was detected in all species in low amounts and 
only a trace amount of docosaenoic acid was 
found. 
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TABLE 1 

The Muscle Lipid Content of Fish Caught Off the Northwest Coast of Australia 
(g/100 wet weight) 

Average 
Common name Genus Number weight 

analyzed (kg) 
Lipid 

content 

Sand whiting Sillago 2 0.1 
Barram undi Lates 2 7.5 
Spotted bat fish Drephane 5 0.3 

(butterfish) 
Red snapper Lutjanus 2 0.75 
Fork-tailed cat fish Arius 8 0.75 
Skippy (trevally) Carangoides 2 0.75 
Queenfish Scomberoides 3 1.0 
Mullet Liza 6 1.0 
Trevally Caranx 5 1.0 
Threadfin salmon Poladactylus 4 1.0 

1.2 
0.6 
1.7 

1.4 
1.4 
2.0 
2.0 
3.0 
1.8 
3.3 

The percentage of the 606 fatty acids ranged 
from 9.6 to 23.1% of the total fatty acids. 
Arachidonic acid was the major 606 fatty acid; 
however, 22:4 606 and 22:5 606 were also 
present in significant amounts. Linoleic and 
eicosatrienoic acids were found in all species 
and "),-linolenic (18:3 606) acid in two species 
(mullet and queenfish). 

The 603 fatty acids were the second most 
important group of components detected. 
Docosahexaenoic acid was the major fatty acid 
in this group in all but one of the species ana- 
lyzed. Eicosapentaenoic and docosapentaenoic 
acids were also present in substantial amounts. 
Linolenic acid was found in all species and 18:4 
603 was detected in levels of ca. 1% in two 
species (mullet and queenfish). 

The low fat content of these fish (Table 1) 
suggests that the fatty acids were probably 
derived mainly from muscle phospholipids. 
This would increase the polyunsaturated fatty 
acids as a proportion of the total fatty acids. 

A considerable amount of information has 
been published on the fatty acid composition 
of the marine food chain above latitude 30~ 
(4,5). These results indicate that this chain or 
food web is rich in 603 fatty acids and poor in 
w6 fatty acids. CasteLl (6) has estimated that 
the average ratio of 606 to 603 fatty acids in 
fatty acids in marine fish from northerly lati- 
tudes (30~ is 0.16 +- 0.1. In the present 
study, the 606 to 603 ratio ranged from 0.38 to 
0.93. A typical chromatogram of the fatty acid 
methyl esters from a fish in this study is shown 
in Figure 1, and another of an 603-rich fish 
(blue grenadier, Macruronus novaezealandie), 
found in the waters between Australia and New 
Zealand is included for comparison. 

Although there has been comparatively little 
work on the fatty acid composition of the 
marine food chain in southerly latitudes, the 
data available indicate that arachidonic acid is a 
major fatty acid. Two reports from the Indian 
Ocean (latitude 5~ to 35~ showed 20:4 606 
levels from 3 to 14% of total fatty acids in 8 
species of fish; in these fish, 20:5 603 levels 
were lower than those of 20:4 w6 (7,8). Johns 
et al. (9) have shown that molluscs collected 
"from Australian waters (2 sites, latitudes 16~ 
and 37~ contained 20:4 606 and 20:5 w3 in 
approximately equal proportions; they have 
also shown that several species of red and 
brown algae contained high levels of 20:4 606 
(10). Pearson (1 1) has reported that lobster 
caught near Sydney (latitude 34~ had a lower 
ratio of 20:4 606 to 20:5 603 compared with 
the ratio of these two fatty acids in lobster 
which had been obtained from tropical waters. 

Analysis of four molluscs and one crustacean 
from New Zealand showed high levels of 20:4 
606 (I 3%) in one of the molluscs and the crusta- 
cean (12). Pearson (1 1,13) analyzed 15 species 
of fresh fish purchased in Sydney and showed 
that three species (cod, leather jacket and 
whiting) had arachidonate levels in excess of 
5.9% of the total fatty acids; in these species 
the ratio of 20:4 606 to 20:5 603 was ca. 1. For 
all species analyzed, however, the 606 to 603 
ratio was low (range 0.05-0.24). 

Gibson (14) has recently analyzed 20 differ- 
ent fish purchased in Adelaide (mostly local, 
latitude 35~ and shown arachidonic acid 
levels of from 2.5 to 15.8% and 606 to 603 
ratios which varied from 0.1 1 to 1.89. 

The data presented here together with other 
data from the southern hemisphere indicate 
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FIG. 1. Separation of fatty acid methyl esters 
from barramundi and blue grenadier muscle lipids on 
an OV-275 SCOT capillary column. The w6 to w3 
ratio for the barramundi was 1.21 and for the blue 
grenadier 0.14. 

t ha t  t he  mar ine  food  chain  in th is  region con-  
ta ins  subs tan t i a l  levels o f  w6  f a t t y  acids, par- 
t icular ly  a rach idon ic  acid. At  p re sen t  there  is 
insufficient data for a complete understanding 
of  the  food  chain  or the  reasons  w h y  arachi-  
don ic  acid accumula t e s  in this  food  chain.  Al- 
t h o u g h  t he  po ten t i a l  physiological  s ignif icance 
of  these  obse rva t ions  to  h u m a n  n u t r i t i o n  is n o t  
ye t  clear, i t  shou ld  be  apprec ia t ed  t h a t  arachi-  
donic  acid is a ma jo r  c o m p o n e n t  of  cell mem-  
branes  and a precursor  of  the  pros tag landins ,  
inc lud ing  those  involved in h e m o s t a t i c  f u n c t i o n  
(15)�9 
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METHODS 

Stereospecific Analysis of Triglycerides of Glycine max, 
Glycine soya, Avena sativa and Avena sterilis Strains 1 

W.P. PAN and E.G. HAMMOND*, Department o f  Food Technology, Iowa State University, 
Ames, /,4 50011 

ABSTRACT 

A rapid method for the stereospecific analysis of triglycerides based on enzymatic hydrolysis on 
thin layer plates was applied to a number of Glycine max, Glycine soya. Avena sativa and Avena 
sterilis strains. The percentage of each fatty acid on the sn-l-, sn-2- and sn-3-positions was linearly 
related to the total percentage of the fatty acid in the triglyceride. Large deviations from the common 
triglyceride pattern were not found. 
Lipids 18:882-888, 1983. 

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

The physical properties (1), stability (2)and 
nutritional value (3) of fats and oils may 
depend on the triglyceride structure, and it 
may be possible to modify triglyceride struc- 
ture of plant oils by breeding (4). Fatemi and 
Hammond examined the glyceride structure of  
17 soybean varieties by a stereospecific analysis 
(5) and silver ion chromatography (6). They 
concluded that the stereospecific analysis pre- 
dicted the results of the silver ion chromatog- 
raphy fairly well. Plots of the percentage of a 
fatty acid on the sn-l-, sn-2- or sn-3-position 
vs the percentage of the fatty acid in the whole 
triglyceride gave straight lines for the varieties 
examined. One variety, PI 68-788, gave values 
that deviated significantly more than the others 
from this straight-line relation and also gave 
deviant values by silver ion chromatography. 
Fatemi and Hammond suggested that this 
variety might be a genetic deviant and that it 
should be possible to search for genetic deviants 
by performing stereospecific analyses. One 
obstacle to this goal is that previous methods 
for stereospecific analysis have been time- 
consuming and laborious. We wish to report an 
adaptation of stereospecific analysis that is 
significantly faster and easier to perform than 
those previously reported. It is based on the on- 
plate hydrolysis procedures of Dutta et al. 
(7,8). 

This rapid technique has been applied to 48 
plant introductions of soybeans (Glycine max) 
and 47 plant introductions of the wild relative 
of the soybean, Glycine soya. Because little 
variation was found in the glyceride structure 

~Journal Paper No. J-10962 of the Iowa Agricul- 
ture and Home Economics Experiment Station, Ames, 
IA. Project No. 2493. 

*To whom correspondence should be addressed. 

of soybeans and oats tend to be less uniform in 
fatty acid composition than soybeans (9,10), 
the technique also was applied to 60 varieties of 
the cultivated oat (A vena sativa) and 43 varie- 
ties of its wild relative Avena sterilis. 

METHODS 

The following material was obtained from 
the Agronomy Department at Iowa State Uni- 
versity: strains of G. soya, progeny from the 
cultivar Steel that had been treated with ethyl 
methanesulfonate (EMS), samples of PI (plant 
introduction) 68-788, Amsoy, crosses of PI 
68-788 and Amsoy and strains of  A. sativa and 
A. sterilis. Other plant introductions of G. max 
were obtained from the U.S. Regional Soybean 
Laboratory, Urbana, IL. Seeds of Steel treated 
with EMS (11) were advanced two generations 
in Puerto Rico and once in Ames, and individ- 
ual plants were harvested. PI 68-788 was 
crossed with Amsoy in Ames and advanced one 
generation in Puerto Rico and one generation in 
Ames, and individual plants were harvested. 

To extract the triglyceride, 5 g of soy- 
beans or oats were crushed with a hydraulic 
press in plastic cups fitted with stainless-steel 
cylinders (11). The crushed material was soaked 
in 12 ml of  hexane for 6 hr, the hexane was 
decanted, and the residual meal was washed 
twice with 8 ml of hexane. The soybean extract 
was used without further purification, but the 
oat triglycerides were purified by thin layer 
chromatography on Silica Gel G plates devel- 
oped with hexane/ether/acetic acid (50:50:0.5, 
v/v/v). The triglyceride was visualized by spray- 
ing with 0.2% 2',7'-dichlorofluorescein in 
ethanol and viewing under ultraviolet light. The 
triglyceride band was eluted with ether. This 
was necessary for oats because of  the consider- 
able amounts of diglyceride in the extracts. 

LIPIDS, VOL. 18, NO. 12 (1983) 



METHODS 883 

The lipid hydrolysis procedure was an 
adaptation of that of Dutta et al. (7). Ca. 25 mg 
pancreatic lipase (Sigma Chemical Co., St. 
Louis, MO) in 0.25 ml water was applied to a 
Silica Gel G (Analabs, New ttaven, CT) plate 
0.5 mm thick with a streaker (Applied Science, 
State College, PA). Ca. 25 mg of triglyceride in 
hexane (1 : 1, v/v) was overlaid as evenly as pos- 
sible on the enzyme band. The plate was placed 
immediately on a hot plate at 40 C. After 3 
min, the plate was exposed to the vapors from 
concentrated HCI in a closed chamber for 1 min 
to stop the lipase reaction. Excess HCI was re- 
moved by blowing a stream of air across the 
plate for 1 min. The lipid material was moved 
from the reaction zone by developing the plate 
three tinles with diethyl ether to a height 2 cm 
above the line of application. The ether was 
removed by blowing a stream of air across the 
plate, and the plate was developed to the top 
with hexane/ether/acetic acid (50:50:0.5, v/v/ 
v). The lipid bands were visualized with di- 
chlorofluorescein as before. Bands representing 
2-monoglyceride and sn-l,2(2,3)-diglyceride 
(Rf 0.12 and 0.27, respectively) were scraped 
from the plate and eluted with ether. 

The sn-l,2(2,3)-diglycerides, which usually 
amounted to 6-7 mg, were phosphorylated 
according to Brockerhoff et al. (12) as follows. 
The diglycerides in 0.2 ml of ether were added 
dropwise to a solution of 0.2 ml ether, 0.2 ml 
of pyridine and 0.1 ml phenyl dichlorophos- 
phate (Sigma Chemical Co.). After I hr at room 
temperature, 1 ml of pyridine, 0.6 ml ether and 
several drops of water were added with cooling. 
The reaction mixture was mixed with 6 ml of 
methanol, 5 ml of chloroform and 5 ml of dis- 
tilled water in a separatory funnel, and the 
lower layer was recovered and evaporated. 

The synthetic phosphatide was hydrolyzed 
on a silica gel plate by a modification of the 
method of Dutta and Das (8). A phospholipase 
A 2 solution (2.5 mg of Ophiophagus  hannah 
venom, Sigma Chemical Co., in 0.25 ml water) 
was applied to a 0.5-mm Silica Gel G plate. The 
phosphatide in ether/methanol (95:5, v/v) was 
applied evenly over the enzyme band, and the 
plate was placed immediately in a chamber 
saturated with ether vapors for 40 min at room 
temperature. After hydrolysis of the phos- 
phatides, the plate was developed to the top 
with chloroform/methanol/14 M ammonium 
hydroxide (85:15:2, v/v/v). The phosphatide 
bands were revealed by spraying with 0.1% 
Rhodamine 6G in ethanol. The lysophosphat- 
idylphenol (Rf 0.15) was scraped from the 
plate and eluted with chloroform/methanol 
(2: 1, v/v). 

The triglycefide, monoglyceride and lyso- 

phosphatidylphenol were converted to methyl 
esters by transesterification in 1 N methanolic 
sodium methoxide for 1 hr at room tempera- 
ture. The fatty acid composition was deter- 
mined by gas chromatography on a Beckman 
GC5 instrument fitted with a flame detector 
and a 1.8 m X 3.3 mm column packed with 
15% EGSSX on 1001200 mesh Chromosorb P 
(Applied Science). The column temperature 
was 180 C, and nitrogen was the carrier gas at 
50 ml/min. Peaks were integrated electronically 
with a Commodore Pet 2001 computer (Com- 
modore Business Machines, Santa Clara, CA). 

RESULTS A N D  DISCUSSION 

Our  procedure for s tereospeci f ic  analysis 
makes it possible for one person to complete 
ca. 10 analyses a day. If it were not necessary 
to remove the diglycerides from the thin layer 
plate for phosphorylation, the method would 
be considerably faster; however, on-plate phos- 
phorylation was unsuccessful. We also tried to 
adapt the diglyceride kinase method of Lands 
et al. (13) to on-plate methods, but we were 
not able to prepare enzyme concentrates that 
were sufficiently active, and the enzyme was 
not active at all in the presence of silica gel. 

It is generally agreed that diglycerides gener- 
ated by lipase are less representative than those 
generated by Grignard reagent (14); however, 
analyses of 3 soybean triglycerides by our 
method and Brockerhoff's method (15) gave 
"almost identical results for the sn-l-position. 
Palmitic acid on the sn-2-position of soybean 
triglyceride is believed to be an artifact of 
rearrangement during lipase hydrolysis. The 
average amount for the 48 G. max  analyses by 
the on-plate method was 0.73 -+ 0.06. This may 
be compared with 15 analyses by Fatemi and 
t lammond (5) using conventional lipase hy- 
drolysis which gave 0.80 + 0.17. 

Analyses were completed on 48 soybean 
plant introductions (G. max] and 47 strains of 
the closely related species, G. soya. The statisti- 
cal analyses are summarized in Table 1. The 
percentage of each fatty acid on the 3 glycerol 
positions is plotted vs the percentage of the 
fatty acid in the whole triglyceride for G. max  
in Figures 1-5. Some of the lines in the figures 
show less than the 48 or 47 points because 
some points were too close together to plot 
separately. 

The results are similar to those reported by 
Fatemi and Hammond (5) for G. max  and 
G. soya  and for other vegetable oils (14-19). 
There is very little saturated fatty acid on the 
sn-2-position, and the sn-l-position is con- 
sistently richer in palmitic and linolenic acids 
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FIG. 1. The percentage of palmitic acid on the 
sn-1- and sn-3-positions of glycerol vs the percentage 
of palmitic acid in the whole triglyceride for G. max. 
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FIG. 3. The percentage of oleic acid on the sn-l-, 
sn-2- and sn-3-positions of  glycerol vs the percentage 
of oleic acid in the whole triglyceride for G. max. 
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FIG. 2. The percentage of stearic acid on the sn-1- 
and sn-3*positions of glycerol vs the percentage of 
stearic acid in the whole triglyceride for G. max. 

than is the sn-3-position.  The sn-2-posit ion is 
enriched with  l inoleic  acid. 

We also applied our m e t h o d  for the sn-2-  
posit ion only  to 40  samples  o f  the variety Steel 
that had been treated with the mutagen EMS 
and to PI 68-788 ,  A m s o y  and crosses o f  PI 
68-788  with  Amsoy .  Linear regressions for this 
material are also given in Table 1. The slopes 
for the sn-2-posit ion obviously  vary with the 
populat ion chosen. Probably the data for the 
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FIG. 4. The percentage of  Unoleic acid on the 
sn-l-, sn-2- and sn-3-positions of glycerol vs the per- 
centage of linoleic acid in the whole triglyceride for 
G. max. 

48 plant introduct ions  is a good est imate o f  the 
regressions for a random sample o f  soybeans.  
The results for G. m a x  and G. s o y a  are similar. 

The results o f  the stereospecif ic  analyses for 
60 strains o f  A. sa t i va  and 47  strains o f  d .  
s ter i l is  are presented in Table 2, and plots o f  
the percentage o f  each fatty acid on the three 
glycerol posit ions vs the percentage in the 
whole  fat is given for A. sat iva  in Figures 6-10. 
In A. sat iva ,  an average of  3.09-+ I. 11% palmitic  
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ac id  was  f o u n d  o n  t h e  s n - 2 - p o s i t i o n .  T h i s  m a y  
r e f l e c t  r e a r r a n g e m e n t  o f  t h e  d i g l y c e r i d e s  d u r i n g  
l i po lys i s .  B u t  t h e r e  is ca. 1 .5-2  t i m e s  m o r e  
p a l m i t i c  i n  oa t s  t h a n  s o y ,  a n d  t h e  a m o u n t  o f  
p a l m i t i c  f o u n d  o n  t h e  s n - 2 - p o s i t i o n  is m o r e  
t h a n  t w i c e  t h a t  f o u n d  in  s o y b e a n s .  As  in  o t h e r  

v e g e t a b l e  oi ls ,  t h e  s n - 2 - p o s i t i o n  is c o n s i s t e n t l y  
r i c h e r  in  u n s a t u r a t e d  f a t t y  ac ids ,  b u t  in  c o n t r a s t  
t o  G l y c i n e  sp. ,  o le ic  ac id  is f a v o r e d  ove r  l i no l e i c  
ac id  o n  t h e  s n - 2 - p o s i t i o n .  T h e  s n - 3 - p o s i t i o n  
u s u a l l y  c o n t a i n s  s l i gh t l y  m o r e  s a t u r a t e d  f a t t y  
a c id s  t h a n  t h e  s n - l - p o s i t i o n .  T h e  p e r c e n t a g e  o f  

l i n o l e n i c  ac id  t e n d s  to  be  g r e a t e r  o n  t h e  sn-3-  
p o s i t i o n  t h a n  o n  sn-1 .  T h e  r e s u l t s  f o r  A.  sa t iva  
a n d  A.  s teri l is  are  s imi la r .  

T h e  d a t a  are f i t t e d  r e a s o n a b l y  wel l  b y  s i m p l e  
l i nea r  r e g r e s s i o n s  in  all i n s t a n c e s .  R 2 v a l u e s  
t e n d e d  t o  be  less  fo r  G, s o y a  t h a n  fo r  G. m a x  
a n d  less  f o r  A r e n a  sp.  t h a n  G l y c i n e  sp.  T h e  
a lgeb ra i c  s u m  o f  t h e  i n t e r c e p t s  fo r  e a c h  f a t t y  
ac id  is v e r y  c lose  t o  ze ro ,  a n d  t h e  ave rage  o f  t h e  
s l o p e s  is n e a r l y  1. T h i s  is r e q u i r e d  fo r  t h i s  s o r t  
o f  p l o t  i f  t h e  l i nea r  r e g r e s s i o n  f i t s  t h e  d a t a  wel l  
b e c a u s e  t h e  3 o r d i n a t e  v a l u e s  f o r  a f a t t y  ac id  
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TABLE 2 

Linear Regression of the  Percentage of Fat ty  Acid at the  3 Positions o f  Glycerol 
vs the  A m o u n t  in the  Whole Triglyceride' 

Arena sativa Arena sterilis 

Fat ty  No. a of  No. a o f  
acid Position Slope Intercept  R 2 diviants Slope Intercept  R 2 deviants 

16:0 1 1 . 2 8 + 0 . 0 9  0.47 +-1.40 0.79 4 1.02+-0.12 3.56 +02.08 0.66 3 
2 0.21 +-0.03 0.19 +-0.42 0.52 3 0.31 +-0.03 - 1 , 2 0  •  0 .70 3 
3 1.51 +-0.10 - 0 . 6 6  +- 1.59 0.80 4 1.66 +-0.13 - 2 . 1 4  •  0.80 2 

18:0 b 1 1.47+-0.11 - 0 . 2 6  +-0.24 0.74 2 1.22+-0.11 0.43 -+0.31 0.75 2 
3 1.10-+0.14 0.92 +-0.30 0.50 2 1.41+-0.12 0.00 -+0.33 0.78 2 

18:1 1 1.17 -+0.16 --9.34 +6.40  0.49 1 1.01 +-0.08 - 3 . 7 8  : t3 .54 0.79 3 
2 0.93+-0.15 12.37 +-5.98 0.41 3 0.78+-0.09 19.38 +-3.94 0.64 3 
3 0.91 +-0.17 --2.97 +-7.10 0.32 4 1.21 +-0.12 --15.60 -+4.96 0.73 3 

18.2 1 0.91 +-0.13 0.45 +- 5.12 0.46 3 0.85 +-0.07 3.35 +-2.29 0.79 1 
2 1.09+-0.12 1.70 -+4.87 0.57 3 0.89+-0.07 10.09 -+2.45 0.78 1 
3 1.00+00.18 --2.31 +-7.09 O.35 3 1.26-+0.10 --13.44 -+3.28 0.80 2 

18:3 1 1.03+-0.08 --0.16 +-0.16 0.75 4 0.97+-0.07 --0.01 -+0.18 0.84 3 
2 0 .66-+0.09 0.42 +-0.19 0.49 5 0.77+-0.05 0.17 ~0 .14  0.84 2 
3 1,31 •  --0.25 +-0.17 0.82 2 1.26-+0.09 0.16 +-0.25 0.82 2 

alndividuals falling > 2 standard deviations f rom the regression line. 
bThe amoun t  o f  18:0 at the  sn-2-position was less than  the experimental  error. 
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FIG. 7. The percentage of stearic acid on the sn-1- 
and sn-3-positions of glycerol vs the percentage of 
stearic acid in the whole triglyceride for A. sativa. 
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FIG. 8. The percentage of oleie acid on the sn-l-, 
sn-2- and sn-3-positions of glycerol vs the percentage 
of oleic acid in the whole triglyceride for A. sativa. 

must  average to its value on the abscissa. The 
slopes and intercepts of  the linear regressions 
for G. max triglycefides are quite different 
from those reported by Fatemi  and H a m m o n d  
(5). The most  striking difference is that in our 
data there are quite large intercepts for l inoleic  
acid in the sn-2- and sn-3-positions,  and the 
slopes are less than 1. Fatemi  and H a m m o n d  
found a slope o f  1.34 and intercept - 0 . 8 4  for 
sn-2  and slope 0 .94  and intercept - 3 . 4 5  for 
sn-3 .  These differences seem to be caused by 
the particular plant materials chosen for the 
plots. Fatemi  and H a m m o n d  selected material 
from a breeding program to give a wide  range of  
fatty acid composi t ions .  Their regressions also 
are based on fewer strains. 

Al though the data are f itted well  by a linear 
regression, plots  such as those given in Fig- 
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FIG. 9. The percentage of linoleic acid on the 
sn-l-, sn-2- and sn-3-positions of glycerol vs the per- 
centage of linoleic acid in the whole triglyceride for 
A. saliva. 
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FIG. 10. The percentage of linolenic acid on the 
sn-l-, sn-2- and sn-3-positions- of glycerol vs the per- 
centage of linolenic acid in the whole trJglyceride for 
A. sterilis. 

ures 1-10 obviously  must  go through 0,0 and 
100 ,100  because w h e n  there is 0 or 100% of  a 
fatty acid present, its amounts  on the 3 glycerol 
posit ions must  be 0 or 100%, respectively. Only 
a line with  a slope o f  1 can go through these 
points and have the same slope from 0 to 100. 
Thus, the lines passing through our data cannot  
be linear all the way  from 0 to 100% of  a fatty 
acid because frequently  the slopes ~: 1. A slope 
o f  1 means that the amount  o f  a fatty acid 
placed on a glycerol posit ion is exact ly  propor- 
tional to the amount  in the triglyceride. A slope 
greater than 1 means that increasing propor- 
tions o f  a fatty acid are being placed on a par- 
ticular posi t ion as the percentage in the triglyc- 
eride increases. When an intercept is positive,  
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i t  means  t h a t  p l a c e m e n t  o f  a f a t t y  acid on  t h a t  
pos i t ion  is favored,  and  i f  t he  i n t e r c e p t  is nega- 
tive, i t  means  t h a t  there  is a bias against  place- 
m e n t  o n  t h a t  pos i t ion .  F o r  example ,  for  G. max  
and  t he  sn-2-posi t ion ,  l inoleic  acid h a d  an  inter-  
cep t  o f  26.9 and  a slope 0.79.  This  ind ica tes  
tha t ,  in  the  range  of  o u r  data ,  as the  l inoleic  
acid pe rcen tage  in  t h e  oil increased,  t he  p ropor -  
t i on  be ing  placed on  the  sn-2-pos i t ion  was 
decreas ing because  t he  s lope o f  t h e  Line was less 
t h a n  1. Bu t  the  large posi t ive  i n t e r c e p t  means  
t h a t  t he  p l a c e m e n t  o f  l inoleic  acid on  t h e  sn-2 
pos i t ion  is s t rongly  favored.  Possibly,  i f  o u r  
da ta  covered  a larger  range,  we could  observe  a 
s ignif icant  cu rva tu re  in  t he  lines. 

Figures  1-10 show t h a t  n o n e  o f  the  individ-  
uai  analyses dev ia ted  marked ly  f r o m  t he  regres- 
s ion lines. Similar  resul ts  were o b t a i n e d  for  t he  
da ta  n o t  p l o t t e d  here .  Tests  i nd ica t ed  t h a t  t he  
indiv idual  analyses  were n o r m a l l y  d i s t r i bu t ed  
a b o u t  the  regress ion lines. Individuals  t h a t  
devia ted f rom the  regression by  more  t h a n  2 
s t anda rd  dev ia t ions  were ident i f ied .  T he  num-  
ber  o f  such  devian ts  shou ld  be  ca. 2 in  a n o r m -  
ally distributed sample of the size used, and this 
is about the number identified. Such individual 
selections would need to be regrown and tested 
again to see if their deviation from the regres- 
sion was genetically controlled. PI 68-788, 
identified as a possible deviant by Fatemi and 
Hammond (5), deviated from the regression 
lines for the sn-2-position of G. max by ca. 2 
standard deviations, an amount comparable to 
that found by Fatemi and Hammond. Thus, its 
deviation does seem to be reproducible, al- 
though not very large. The analyses for PI 68- 
788 were made before our method for the sn-l- 
position was perfected, so data for the sn-l- and 
sn-3-positions are not available. One must con- 
clude that large deviations from the common 
triglyceride pattern are rare in G. max and 
G. soya and that the incidence of such devia- 
tions is not greatly increased by treatment with 
the mutagen EMS. 
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ABSTRACT 

Ceramides have been isolated from the polar organic extracts of the sponge Dysidea etheria. The 
cerarnides proved to be amides of sphingosine with either normal, saturated fatty acids or saturated ~- 
hydroxy fatty acids Sphingosine was identified by isolation from the hydrolysis reaction mixture, 
acetylation and comparison of its physical and spectral properties with those reported for authentic 
sphingosine triacetate. The acids were identified by gas chromatography-mass spectrometry analysis of 
their respective methyl esters. 
Lipids 18:88%893, 1983. 

INTRODUCTION 

Our investigations of the chemistry of Ber- 
mudian sponges (1,2) have recently focused on 
Dysidea  etheria, a distinctively blue-colored 
inhabitant of the shallow, low light zones of 
Bermuda's calm, inshore waters. In the course 
of isolating the new sesquiterpene lactone 1(3) 
from the weakly antibiotic polar fractions of 
the dichloromethane-soluble extracts, we en- 
countered modest quantities of a white solid 
which ultimately proved to be a mixture of 
ceramides. 

In this report, we describe this first isolation 
of sphingosine derivatives from a sponge and 
their characterization as amides of sphingosine 
and saturated fatty acids and a-hydroxy fatty 
acids. 

EXPERIMENTAL 

Nuclear magnetic resonance (NMR) spectra 
were recorded on a Bruker 250 MHz multi- 
nuclear Fourier transform spectrometer, using 
CDCI3, d6-acetone , ds-pyridine , pyridine or 
ds-THF as solvent and internal standard; chem- 
ical shifts are reported in ppm (~i units) relative 
to tetramethylsilane (5 = 0). Mass spectra were 
obtained with a VG MM-16F mass spectrometer 
operating at 70 eV in the electron impact mode 
or a VG SR-7070 HE operating in the fast atom 
bombardment mode. IR spectra were obtained 
with a Beckman IR-20 spectrophotometer and 
optical rotations with a Carl Zeiss circle polar- 
imeter. 

Collection and Extraction of Dysidea etheria 

Specimens (dry wt 350 g) were collected 
from a variety of shallow water (2-6 m deep) 
locations in Harrington Sound and Castle Har- 

t Contribution no. 933 from the Bermuda Biologi- 
cal Station. 

*To whom correspondence should be addressed. 

bour, Bermuda, in August 1982. The sponges 
were stored in acetone at - 5  C prior to extrac- 
tion. The acetone extracts were decanted and 
filtered; the sponges were then ground in a 
Waring blender and extracted with acetone 
(twice, 24 hr each), then with dichloromethane 
(3 times, 24 hr each). The combined acetone 
extracts were reduced, in vacuo, to an aqueous 
suspension. The dichloromethane extracts were 
then equilibrated with the aqueous suspension; 
subsequent evaporation of the dichloromethane 
phase gave 17.4 g of crude extract. 

Isolation of Ceramides 

The dichloromethane-soluble extract (17.4 
g) was chromatographed on Florisil (350 g), 
eluting with combinations of hexane, ethyl 
acetate and methanol of gradually increasing 
polarity. EtOAc/MeOH (97:3), EtOAc/MeOH 
(95:5) and EtOAc/MeOH (90:10) eluted 3 
fractions (302, 276 and 51 mg, respectively), 
each of which contained the ceramides as indi- 
cated by thin layer chromatography (TLC) 
(SiO2, THF/hexane, 1:1) Rf 0.26 and 0.35. 
Detection was best  achieved wi th  phospho- 
molybdic acid. The crude fractions were indi- 
vidually submitted to gel permeation on Sepha- 
dex LH-20 (125 x 2 cm), using CH2CI2/MeOH 
(1:1), to give 64-, 160- and 23-mg fractions, 
respectively, each highly enriched in sphingo- 
sine derivatives (as indicated by TLC). These 3 
fractions were combined, washed with cold 
methanol and then purified by low pressure 
chromatography (100 g, SiO2, 37-53/a,N2, 
25 psi), using hexane/tetrahydrofuran (1 : 1) to 
obtain 2 fractions. The minor fraction (32 mg, 
Rf 0.35) contained a mixture of N-acylsphingo- 
sines whose spectral data were similar to those 
previously reported (4). The major fraction 
(44 mg, Rf 0.26) contained a mixture of 
hydroxy-N-acylsphingosines, gmaxKBr 3330, 2912, 
2842, 1624, 1517, 1447 cm-t ;  tH-NMR (d 8- 
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THF): 57.39 1H, br d, J = 8.9), 5.70 (1H, dt, 
J = 15.5, 6.3), 5.49 (1H, dd, J = 15.5, 6.3), 
4.79 (I OH, d, J = 4.8), 4.43, (1 OH, br d, 
J = 5.2), 4.13 1H ddd, J = 6.3, 5.2, 5.0), 3.97 
(1H, m), 3.77-3.90 (3H, overlapping m), 3.58 
(1H, m), 2.04 (2H, m ), 1.95 (2H, m), 1.45- 
1.65 (XH*, m), 1.30 (XH*, br s), 0.88 (6H, br 
t); 13C-NMR (pyridine): 5175.00 (s), 132.15 
(d), 131.58 (d), 72.50 (d), 71.94 (d), 61.32 
(t), 55.46 (d), 35.18 (t), 32.16 (t), 31.53 
(2C,t), 29.41-29.03 (XC*, t), 25.26 (t), 22.32 
(2C, t), 13.66 (2C, q). 

Acetylation of a-Hydroxy-N-acylsphingosines 

A mixture of a-hydroxy-N-acylsphingosines 
(11 mg) was added to 0.5 ml pyridine, 2 mg 
4-N,N-dimethylaminopyridine and 0.5 ml acetic 
anhydride. The flask was flushed with nitrogen, 
heated to 35 C for 1.5 hr and left at room 
temperature overnight. The organic solvents 
were evaporated and the residue separated on 
Sephadex LH-20 (125 x 2 cm) by elution with 
CH2C12/MeOH (1:1) to yield 11 mg of  the 
triacetylated N-acylsphingosine, uCHCI3 3409, max 
2887, 2839, 1723, 1668, 1347 cm -1 ; 1H-NMR 
(d6-acetone): 67.13 (1H, brd, J = 8.5), 5.78 
(1H, dt, J = 15.3, 6.5), 5.46 (IH, dd, J = 15.3, 
6.5), 5.31 (IH, dd, J = 6.7, 6.5), 4.95 (1H, br 
t, J = 6.7), 4.35 (1H, m, J = 7.9, 6.7, 4.7, 8.5), 
4.21 (1H, dd, J = 11.6, 7.9), 4.07 (1H, dd, 
J = 11.6, 4.7), 2.13t (3H, s), 2.02t (3H, s), 
2.00t (3H, s), 1.97 (2H, m, J = 6.5), 1.72 
(2H, m, J = 6.7), 1.28 (XH*, br s), 0.83 (6H, 
br t, J = 8.0) 13C-NMR (CDCI3): 8 171.45 (s), 
169.96 (s), 169.91 (s), 169.77 (s), 130.77 (d), 
124.01 (d), 74.16 (d), 73.74 (d), 62.13 (t), 
50.98 (d), 32.26 (t), 31.88 (2C, t), 29.66-29.30 
(XC*, t), 28.82 (t), 24.79 (t), 22.63 (2C, t), 
21.12 (q), 21.10 (q), 20.77 (q), 13.99 (2C, q). 

Acetylation of N-Acylsphingosine 

A mixture of N-acylsphinogosine (4 mg) was 
acetylated and then separated as described 
above to yield 3 mg of the diacetylated N- 
acylsphingosine derivative, 1 H-NMR (CDC13): 
55.77 (1H, dt, J = 14.9, 6.2), 5.58 (IH, br d, 
J = 8.6), 5.37 (1H, dd, J = 14.9, 6.5), 5.26 
(1H, dd, J = 7.0, 6.5), 4.43 (1H, m, J = 8.6, 7.0, 
6.2, 3.9), 4.29 (IH, dd, J = 12.3, 6.2), 4.02 
(1H, dd, J = 12.3, 3.9), 2.15 (2H, t, J = 7.1), 
2.00 (2H, dt, J = 6.24, 6.83), 2.05 (3H, s), 
2.07 (3H, s), 1.58 (6H, br m), 1.27 (XH, br s), 
0.88 (6H, br t, J = 8.0). 

*x indicates indeterminate number due to mixture 
of acylamides. 

tMeasured in CDCI3; the acetone impurity in d 6 
acetone precluded observation in that solvent. 

Hydrolysis of a-Hydroxy-N-acylsphingosines 

A portion of  the mixture of  a-hydroxy-N- 
acylsphingosines (28 mg), in 7 ml of THF, was 
hydrolyzed with 7 ml 1.2 M H2SO4 in 85% 
MeOH at gentle reflux for 4 hr. The organic sol- 
vents were then evaporated, yielding an acidic 
aqueous suspension which was extracted twice 
with hexane to remove the 0t-hydroxy fatty 
acid methyl esters (16 rag). The aqueous phase 
was then basified with 2 M KOH and extracted 
twice with hexane/CH 2 C12 (1 : 1) to remove the 
sphingosine (8 rag). The fatty acid esters were 
separated by gel permeation on Sephadex LH- 
20 with CH2C12/MeOH (1:1) to yield one 
major fraction (14 mg) which contained esters 
of  n-C22 (MS: m/z 370, 311), n-C23 (MS: m/z 
384, 325) and n-CN (MS: m/z 398, 339) acids 
in ca. 9:1.5:1 ratio, [~]D + 19.5 ~ (CHCI3, 
c 0.61). 

Hydrolysis of N-Acylsphingosine 

A portion of the mixture of  N-acylsphingo- 
sines (27 rag) was hydrolyzed exactly as above. 
The fatty acid methyl esters (10 mg) were 
separated on Sephadex LH-20 by CH2C12/ 
MeOH (1:1) to yield 3 major fractions. The 
first two (2 and 4 mg, respectively) contained 
esters of n-C22 (MS: m/z 354, 311), n-C23 (MS: 
m/z 368, 325), and n-C24 (MS: m/z 382, 339) 
acids in an overall ratio of ca. 8:1.5:1. The 
third fraction (1 rag) contained pentadecanoic 
(MS: m/z 256, 213), hexadecanoic (MS: m/z 
270, 227), heptadecanoic (MS: m/z 284, 241), 
and octadecanoic (MS: m/z 298, 255) acid 
methyl esters in ca. 1 : 11:5:3 ratio. 

AceWlation of Sphingosine 

Sphingosine (8 rag) was added to 0.5 ml 
pyridine, 0.5 ml acetic anhydride and 1 mg 
4-N,N dirnethylpyridine. The mixture was 
sealed under nitrogen and then heated to 40 C 
for 2 hr. After cooling overnight, the solvent 
and excess reagent were evaporated and the 
residue separated by gel permeation on Sepha- 
dex LH-20 with CH2C12/MeOH (1:1) to yield 
one major fraction, 6 mg of sphingosine tri- 
acetate, [a]D-8.3 ~ (CHC13, c 0.58) [lit. (5) 
[a]D-11.7 ~ (CHCla, c 1.0); MS, m/z (relative 
intensity): 426(3), 394(3), 370(4), 369(4), 
366(2), 352(2), 338(7), 277(30), 75(100), 
57(100); IH-NMR (CDC13): 5 5.76 (1H, dt, 
J = 15.3, 6.9), 5.63 (1H, br d, J = 9.0), 5.37 
(1H, dd, J = 15.3, 6.5), 5.25 (1H, dd, J = 6.5, 
6.9), 4.32 (1H m), 4.27 (1H, dd, J = 11.7, 5.9), 
4.02 (1H, dd, J = 11.7, 3.7), 2.05 (3H, s), 2.04 
(3H, s), 1.96 (3H, s), 1.32 (2H, m), 1.24 (22H, 
br s), 0.86 (3H, br t, J = 7.2). 
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R ESU LTS 
Florisil chromatography of the dichloro- 

methane-soluble extracts of Dysidea etheria 
concentrated the weak antimicrobial activity of 
the extracts in three polar fractions. In the 
course of isolating the sesquiterpene lactone ! 
by gel permeation chromatography, we encoun- 
tered a tan solid which was appreciably soluble 
only in tetrahydrofuran, pyridine and meth- 
anol/dichloromethane ( l : l ) .  This material 
could not be fully dissolved in hexane, diethyl 
ether, chloroform, dichloromethane, acetone, 
ethyl acetate or methanol. Purification by low 
pressure column chromatography yielded 2 
distinct fractions, each an amorphous white 
solid. 

The ]H-NMR spectra, recorded in deuter- 
ated tetrahydrofuran, suggested moderately 
functionalized molecules, each with. a long 
aliphatic chain. The minor fraction, Rf 0.35 in 
silica gel TLC, contained 3 exchangeable pro- 
tons, and the major fraction, Rf 0.26. had 4 
such protons. However, acetylation of the 
minor fraction gave only a diacetate, whereas 
the major fraction yielded a triacetate. An 
absorption in the IR spectrum (KBr pellet) at 
1623 cm -1 for the minor fraction and 1624 
cm -1 for the major fraction suggested a second- 
ary amide functionality. Thus, to account for 
the number of deuterium exchangeable protons 
in each molecule, it appeared that a secondary 
amide, in addition to a diol for the minor frac- 
tion and a triol for the major fraction, was 
present. 

Since the overlap of numerous low and mid- 
field signals precluded unequivocable informa- 
tion from decoupling experiments, structure 
elucidation was ultimately accomplished on the 
acetylated compounds, l H-NMR clecoupling ex- 
periments on these derivatives established part 
structure 2a for the minor fraction and 3a for 
the major fraction. The IaC-NMR of 2 and 3 
indicated one carbonyl, 2 olefinic carbons and 
3 heteroatom-bearing carbons (2 doublets and a 
triplet), for 2, and one carbonyl, 2 olefinic 
carbons and 4 heteroatom-bearing carbons 
(3 doublets and a triplet) for 3. A coupling 
constant of 15.3 Hz between the olefinic pro- 
tons suggested a trans geometry and ~H chem- 
ical shift considerations led to the 1,3-di- 
acetoxy, 2-amido groupings, thus establishing 
both fractions as sphingosine-type compounds. 
The upfield region of inverse-gated and off- 
resonance decoupled ]aC-NMR spectra of 3 in 
pyridine indicated ca. 32 methylenes (all but 7 
between 629.41 and 29 .03)and 2 methyls(see 
Scheme 1 ). 

Hydrolysis of both 2 and 3 gave sphingosine 

H OH 

o 

OAc 

A c O ~ T ~ R  
HN [OI'~x R 

;EA R =  a l k y I , X = H  

3 a  R :  i l k y l ,  X = O A c  

OH 
H ~ ~ 8  

l 2" 

o x 
r X = H . n = 12.13.14.15,19.20.21 

3 X = O H ,  n=19,20,21 

SCHEME 1 

and a mixture of fatty acid methyl esters. The 
I H-NMR of the sphingosine from both frac- 
tions were identical in all respects to that re- 
ported previously (4). The sphingosine was 
converted to its triacetate and identified by 
comparison with literature values ([~t] D, 
i H-NMR) (4,5). Fast atom bombardment mass 
spectral studies indicated an M+H ion at m]z 
426 and diagnostic fragments at m/z 366 (loss 
of O2CCHa) and 352 (loss of CHzO2CCHa) 
verified the presence of sphingosine triacetate. 
The fatty acid methyl esters of 3 were shown to 
be ct-hydroxylated by the IH-NMR (6 4.17, 
IH, dd, J = 7.8, 3.6) and MS (M-59, loss of 
CO2CHa) spectra and to be composed pre- 
dominantly of n-C22 acids with minor amounts 
of n-C23 and n-C24 acids. The fatty acid methyl 
esters of 2 were shown by mass spectrometry to 
be composed mainly of n-C22, n-C23 and n-C24 
acids, with smaller amounts of n-C~5, n-Cl6, 
n-C17 and n-Ci8 acids also present (see Table 
1). The aliphatic chains of the sphingosine 
triacetate and the fatty acid methyl esters from 
2 and 3 were proven to be normal (unbranched) 
by virtue of the fragmentation patterns in their 
respective mass spectra (m]z 29, 43, 57, 71, 85, 
etc.). 
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TABLE 1 

Observed Quantities (rag) of Fatty Acids 
from Ceramide Hydrolysis 

Source 
Acid 2 a 3 b 

Cts 0.05 _c  
Cxs 0 . 5 5  _ c  
Ct~ 0.25 _c  
Cts 0.15 _c  
C22 4.6 11.0 
C2s 0.9 1.8 
Ca4 0.6 1.2 

aFrom 27 mg ceramides. 
bFrom 28 mg ceramides. 
CNot detected. 

The optical rotation, [Ot]D + 19.5 ~ of the 
hydroxy acid methyl esters suggested an S 
configuration at C-2 on the basis of comparison 
with literature data (see Table 2). Although the 
observed rotations vary slightly with concentra- 
lion (17-19.5~ the magnitude is consistently 
and inexplicably higher than those reported for 
similar esters with the R configuration. 

The ceramides of  fully saturated acids, 2, 
appear to be responsible for the antibacterial 
activity observed in the extracts and crude frac- 
tion. In a qualitative impregnated disk assay, 
2 inhibited, albeit weakly, the growth of 
Corynebacterium michiganense, but 3 did not. 
the lactone 1, isolated from the same fraction, 
was also inactive against gram-positive bacteria, 
but did exhibit marginal inhibition of the yeast 
Rhodoturula glutinus and the fungus Curvularia 
lunata. 

DISCUSSION 

This isolation of sphingosine derivatives is 
significant for several reasons. 

Ceramides have recently been found in a 
variety of marine organisms, including the first 
isolation of  such compounds from plants-red 
(4) and green (10,1 1) algae-as well as the elec- 

tric organ of the ray Torpedo marmorata (12), 
the rectal gland of the spiny dogfish (13), the 
starfish Patiria pectinifera (14), octopus (15) 
and the shellfish Pinctada martensii (16), but 
they have thus far not been reported from 
sponges. 

The fatty acids, both hydroxylated and 
saturated, represented in the ceramides of 
Dysidea etheria were predominantly C22 or 
larger, in keeping with recently described pro- 
files of fatty acids (17,18) and their derivatives 
(2) in the Porifera. 

This report would seem to represent the first 
isolation of  a-hydroxy acids with an L (or S) 
configuration from a natural source. Although 
some studies (19,20) suggested that the a- 
oxidative degradation of fatty acids in plants 
proceeded through an L-2-hydroxy acid inter- 
mediate, more recent evidence (21) indicates 
that D-2-hydroxy acids are the actual.interme- 
diates and the the L enantiomers are not 
formed. The apparent presence of  the S (L} 
enantiomers in Dysidea etheria raises the ques- 
tion of an alternative pathway for their produc- 
tion in sponges. 

Since sponges harbor and support consider- 
able microbial communities, it is not impossible 
that the ceramides could be of bacterial or 
fungal origins, but the finding of  very similar 
quantities of these compounds in two major 
collections (1979 and 1982), each a sampling 
of numerous sites, leads us to believe that they 
are, in fact, produced by the sponge. 
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TABLE 2 

Optical Rotations, Esters of 2-Hydroxy Acids a 

Compound b [a] D (o) Solvent Reference 

S-methyl valerate + 16.6 CHCI a 
S-methyl octanoate + 11 CHCI a 
R-methyl tetradecanoate -3.6 CHCla 
R-methyl hexadecanoate -3.6 CHCI 3 
R-methyl octadecanoate -2.1 CHC13 

aThis topic has been reviewed (22). 
bAli esters have hydroxyl substituents at C-2. 
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A Simple Synthesis of 5,8,11-Eicosatrienoic Acid 
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Southwestern A t  Memphis, 2000 North Parkway, Memphis, TN 38112; and 
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ABSTRACT 

A straighforward synthesis of Z,Z,Z-5,8,11-eicosatrienoic acid is described that gives a pure pro- 
duct without chromatography. The C2o-polyacetylenic acid is purified by recrystallization and then 
reduced by a Lindlar catalyst in an aprotic solvent with a trace quantity of quinoline. 
Lipids 18:894-895, 1983. 

We are interested in 5,8,11-eicosatrienoic 
acid. This acid has been prepared by the partial 
reduction of methyl arachidonicate with 
hydrazine and purified by preparative gas 
liquid chromatography (GLC) (1). It has also 
been synthesized by Hammarstrom (2) who 
used the general procedure of Osbond (3). The 
final product was purified by reverse-phase high 
performance liquid chromatography (HPLC). 

We now wish to report a straightforward 
synthesis of eicosatrienoic acid that is suitable 
for scale-up since it does not require liquid 
ammonia steps and gives a pure product without 
chromatography (Fig. 1 ). 5,8-Nonadiynoic acid 
was prepared by coupling 5-hexynoic acid to pro- 
pargyl bromide. 1-Bromo-2-undecyne was then 
coupled to the 5,8-nonadiynoic acid to produce 
5,8,11-eicosatriynoic acid, which was purified 
by crystallization and then reduced. By using 
hexane/ethyl ether as a solvent and a Lindlar 
catalyst with quinoline as a modifier, hydro- 
genation ceased after 30 min to give chromato- 
graphically pure 5,8,1 l-eicosatrienoic acid. 

Analyses of the reaction product by thin 
layer chromatography (TLC) and high-resolu- 
t ion mass spectrometry (MS) and analyses of 
the methyl ester by gas chromatography-mass 
spectrometry (GC-MS) showed the product to 
be analytically pure. 

MATERIALS AND METHODS 

Melting points were determined on a Thomas- 
Hoover capillary melting point apparatus. IH 
Nuclear magnetic resonance (NMR) spectra 
were taken with a Perkin-Elmer 521 and UV 
spectra with a Varian Super Scan 3. Low 
resolution MS were conducted on a Finnigan 
3200 GC-MS with a 6100 data system using a 
3% OV1 column programmed at 4 C/min starting 
at 120 C. High resolution MS were conducted 
on a Finnigan MAT 731 double focus with 
xenon fast bombardment.  The TLC was con- 

*To whom correspondence should be addressed. 

ducted on 0.2 mm silica gel sheets, No. 5775, 
EM Reagents (from MC/B, Cincinnati, OH). 

Synthesis of 5,8-Nonadiynoic Acid 

The general procedure of Fryer (4) was 
followed. To 5.0 g (0.045 mol) of 5-hexynoic 
acid in 100 ml of dry tetrahydrofuran (THF, 
Aldrich, Milwankee, Wl) under nitrogen on an 
ice bath was added, over 5 min, 32 ml of 
2.8 M ethyl magnesium bromide (Aldrich). 
The 5-hexynoic acid was prepared by the 
method of Ferrier (5). After warming (1 hr) 
to room temperature, 250 mg of copper(I) 
cyanide of (Aldrich) was added and after 20 
min, 6.6 g (0.044 tool) of propargyl bromide 
(80% in toluene, Aldrich) dissolved in 40 ml 
of THF was added. After 5 hr, an additional 
250 mg of copper(l)cyanide was added. The 
reaction was stirred overnight and poured into 
a mixture of I00 ml of 3 N sulfuric acid and 
200 g of ice. The product was extracted with 
methylene chloride. The organic layer was 
washed successively with 5% ethylenediamine- 
tetraacetic acid, water, and then dried (Na2SO4). 
After removing the solvent on a rotary evapora- 
tor, distillation gave 2.8 g (bp 105-110 C, 
0.1 mm) (41% yield). 1H NMR (CC14) 8 11.2 
ppm (s, 1 H), 3.1 ppm (q, 2 H), 1.5-2.7 ppm 
(m, 6 H). 

~rCH2C-CH 
HC--C(CH2)3C 02H ETM9 B,-, Cu(I)CN 

HCICC H2C-__C(C H2) 3C02H C8H~7C=-- CC H2B~" 
E1-MgBr , Cu(0CN 

CsHI7 (.C~" C C H2) 3 C H2C H2C 02 H 
H 2 - - r  

H H H H H H 

CH3(r C C HzC- C. 1-12 C : C(C H2 ) 3C 02 M 

FIG. 1. Synthetic scheme for 5,8,11-eicosatrienoic acid. 
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Synthesis of 5,8,11 -Eicomtriynoic Acid 

Ethyl magnesium bromide (9 ml, 0.0025 
tool, Aldrich) was added over 5 min to 1.7 g 
(0.011 mot) of 5,8-nonadiynotc acid in 70 
ml of THF on an ice bath under nitrogen. After 
20 min, 2.5 g (0.011 mol) of l-bromo-2- 
undecyne was added in 5 ml of I'HF. l-Bromoo 
2-undecyne was synthesized bY the method 
of Fryer (4). After 17 hr, the reaction mixture 
was processed as described for 5,8-nonadiynoic 
acid. 

The product was dissolved in 5 ml of dry. 
ethyl ether under nitrogen and after 18 hr at 
-10 C, 0.82 g of light brown sohd was obtained 
which was crystallized from cyclohexane with 
charcoal to give 0.56 g (15% yield)o: 5,8,1 l- 
eicosatriynoic acid, mp 69.5-71 C. I H  NMR 
(CC14) 511.4 ppm (s, 1 H), 3.0 (s, 4 H), 0.6-2.8 
(m, 23 H). 

Synthesis of all-cis-5,8,11 -Eicosatrienoic Acid 

5,8,1 l-Eicosatriynoic acid (0.50 g), 50 ml 
of hexane, 35 ml of dry ethyl ether, 0.2 g 
qainoline, and 0.3 g of Lindlar catalyst (Aldrich) 
were stirred for I hs at room temperature 
(28 C) with hydrogen. After 30 min, no more 
hydrogen was absorbed. TLC (developed with 
ethyl acetate/beptane, 1:1, v/v) showed the 
reaction to be complete with no side reactions: 
Rf product 0.60, Rf starting compound 0.28, 
Rf quinoline 0.42. 

After filtration, the mixture was extracted 
with 1 N HCI to remove to qumoline, dried 
(Na2 SO,,), and evaporated to a lhick oil which 
solidified in a ,  ice bath. No further purifica- 

895 

tion was carried out since spectral data and 
TLC showed the product to be pure. 

IR (neat) 3500-3100 (broad OH), 1710 
(C=0) cm -1. No triple bond at 2100-2140 cm -t, 
no t rans  double bond at 965 c m - :  ;H NMR 
(CDCIa) ~10.2 ppm (m, 6 H, 3 x CH=CH), 
2.7 (t, 4 H, 2 x C=-C_H2-C=C), 0.5-2.5 (m, 23 H, 
aliphatic H); MS (low resolution of methyl 
ester of product):  m/z (rel intensity): 321 (M + 
+ 1, 50%), 349 (M + + 29, 5%), 289 (M + + 1 
- MeOH), 195, 18l, 149, 137, 123, t09 ,95 ,  81 
(base). Observed mass of pure acid at high 
resolution: m[z = 307.2668 (m -~ I), calcd, for 
C20H3402 = 30"1.2637 (m + 1 ). The GC-MS of 
the methyl ester showed the .,;ample to be 
analytically pure. 
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A Complete Separation of Lipids 
by Three-Directional Thin Layer Chromatography 1 
J.K.G. KRAMER*,  R.C. FOUCHARD and E.R. FARNWORTH, Animal Research Centre, 
Research Branch, Agriculture Canada, Ottawa, Ontario K IA 0C6. Canada 

ABSTRACT 

A novel three-directional thin layer chromatography (TLC) method is reported by which all the 
polar and neutral lipids are isolated on a single TLC plate. Following resolution of the phospholipids 
by two-directional TIC, lipids are visualized by ultraviolet light after spraying with 2',7'-dichloro- 
fluorescein. A line is drawn across the plate, parallel to the second direction of development, separat- 
ing the resolved phospholipids and the neutral lipids concentrated along the solvent front. The TLC 
plate is then chromatographed in the reverse direction of the second development to resolve the neu- 
tral lipids. By exposing the iipids to HCI fumes after the first development, the plasmalogen content of 
the lipids may also be determined. This new technique is rapid and lends itself to qualitative and quan- 
titative analyses of total lipids. 
Lipids 18:896-899, 1983. 

Thin layer chromatography (TLC) has been 
universally accepted as an effective method to 
separate complex lipid mixtures into constitu- 
ent lipid classes (1-4). A number of one- and 
two-directional separations have been reported 
in attempts to separate as many lipid compo- 
nents as possible. The neutral lipids are success- 
fully separated by development in one direction 
only (5-8), while two-directional TLC provides 
good resolution of polar lipids (9-15). A com- 
plete analysis of both neutral and polar lipids at 
present requires either prior separation of neu- 
tral and polar lipids by column chromatog- 
raphy, or elution of the neutral lipids from the 
solvent front following two-directional separa- 
tion of polar lipids and rechromatography of 
neutral lipids, or separate analyses of neutral 
and polar lipids. All these methods are time- 
consuming and subject to error because of 
excessive handling. In this paper, a three- 
directional TLC method is reported by which 
all lipid classes are resolved on one TLC plate 
quickly and in which the relative ratio between 
lipid classes is preserved without loss of any 
lipid component. 

METHOD 

All solvents were of analytical grade and 
used without further purification. Precoated 
Silica Gel G plates (Redi-plates), 20 x 20 cm 
and 250/am in thickness, were purchased from 
Fisher Scientific Co. (Ottawa, Ontario). All 
TLC plates were prewashed by developing the 
plates in chloroform/methanol (2: 1, v/v), and a 
horizontal line was drawn across the top of 

Contribution no. 1163 from the Animal Research 
Centre. 
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each plate (ca. 2 cm from top) to isolate the 
impurities concentrated in this region during 
washing. Lipid extracts of rat tissues were pre- 
pared as previously published (16). Authentic 
standards of neutral lipids were obtained from 
NuChek Prep, Elysian, MN, and of polar lipids 
from Supelco Inc., Bellefonte, PA. 

The prewashed TLC plates were activated at 
110 C for 1 hr. The plate, while hot, was 
placed immediately in a preparation box 
(Canlab, Ottawa, Ontario), flushed with nitro- 
gen, and the lipid sample was spotted on the 
lower left-hand comer of the plate, 2 cm in 
from both edges. Ca. 3 mg of total lipid extract 
dissolved in 0.1 ml chloroform/methanol (2: 1, 
v/v) was applied. The plate was quickly trans- 
ferred to a TLC developing chamber lined on all 
sides with filter paper saturated with the sol- 
vent mixture. The solvent mixture for the first 
direction was chloroform/methanol/28% aque- 
ous ammonia (65:25:5, v/v/v) according to 
Rouser et al. (11). The solvent front was al- 
lowed to reach the top of the plate. The TLC 
plate was then placed in the preparation box 
and dried by flushing with nitrogen for 10 min. 

The plate was developed in the second 
direction using the solvent mixture chloroform/ 
acetone/methanol/acetic acid/water (50:20:10: 
15:5, v/v/v/v/v) (14). Development was stopped 
when the solvent front reached ca. 2 cm from 
the top of the plate. The TLC plate was then 
dried for 10 min under a stream of nitrogen, 
and the lipid classes were visualized under UV 
light (long, wave) after spraying the plate with a 
0.1% solution of 2',7'-dichlorofluorescein in 
methanol. A line was drawn in the same direc- 
tion as the second development separating the 
resolved phospholipids and the neutral lipids 
concentrated along the solvent front. A 1.5-cm 
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wide band of  adsorbent was then removed 
above the solvent front of the phosphollpid 
region after the second development. 

The TLC plate was finally developed in the 
third direction which was the reverse direction 
of  the second development, using the solvent 
mixture hexane/diethyl  ether/acetic acid (85: 
I5:1,  v/v/v). With removal of  the adsorbent 
above the phosphollpid region, only the neutral 
lipids were resolved in the third direction. After  
development, the TLC plate was again dried 
under a stream of nitrogen and all spots were 
visualized by charring the plate following spray- 
ing with sulfuric acid/ethanol (1 : 1, v/v). 

Confirmation of  the ident i ty  of  all lipid 
classes was established by removing the spots 
from the three-directional TLC plate and co- 
chromatographing these lipids with authentic 
standards using one-directional TLC develop- 
ments. For  neutral lipids, the solvent mixture 
hexane/diethyl  ether/acetic acid (85:15:1,  
v/v/v) was used, and chloroform/methanol /  
water (65:25:4,  v/v/v) was used for the phos- 
pholipids. In addition, several spray reagents 
were used to identify sterols (sulfuric acid 
reagent), sugars (a-naphthol-sulfuric acid rea- 
gent) and amino groups (ninhydrin reagent) (2). 
The relative position of the lipid classes on the 
three-directional TLC was consistent enough to 
identify them in subsequent separations. 

To determine in addition the alk-l-enyl 
ether content of the phospholipids, the par- 
tially resolved lipids were exposed to HC1 fumes 
(17) after the first development. Most of the 
TLC plate was covered with a glass plate except 
for a 4-cm wide band containing the partially 
resolved lipids to avoid deactivation of the 
entire plate by HC1 fumes. The TLC plate was 
then passed through HCI fumes made by heat- 
ing concentrated hydrochloric acid in a crystal- 
lization dish. Following exposure to HCI fumes, 
the TLC plate was placed in the preparation 
box and flushed with nitrogen for 10 rain. 
Development in the second and third directions 
is as described above. 

RESULTS AND DISCUSSION 

Figure 1 shows typical chromatographic 
separations obtained from total lipid extracts of  
selected rat tissue using the three-directional 
TLC chromatographic procedure described 
here. The phospholipid and neutral lipid classes 
were well resolved on a single TLC plate when 
as much as 6 mg of total  lipid extract was ap- 
plied. The chromatographic separations provide 
a quick comparison of  the lipid profile of dif- 
ferent fat mixtures and a semiquantitative esti- 
mate of the lipid classes. By hydrolyzing the 

alk-l-enyl  ethers with HC1 prior to the second 
development, the plasmalogen lipid content  in 
the phospholipids was determined as well as 
the products of  hydrolysis, i.e., 2-1ysophospho- 
llpids and aldehydes. To separate aldehydes and 
free fatty acids, the mixture was methylated to 
obtain dimethyl acetals and methyl esters, re- 
spectively, which were then separated by TLC 
using 1,2-dichloroethane as developing solvent 
(I  8). Figure 2 shows the chromatographic 
separations of the same lipid mixtures shown in 
Figure 1 using the additional acid hydrolysis 
step in the three-directional TLC method. More 
complex lipid mixtures, containing phospho-, 
glyco- and neutral lipids can also be resolved 
successfully using this new chromatographic 
technique as. seen in Figure 3. The identi ty of 
several steryl glucosides (Xt ,  X2 and X3) was 
not  determined, but the spots gave positive 
sugar and sterol stains. 

To maintain consistent and reproducible 
phosphollpid separations, lipid samples were 
applied onto the TLC plate while the plate was 
hot  to prevent deactivation of the TLC adsorb- 
ent which is a problem particularly on humid 
days. A combinat ion of previously published 
solvent mixtures was found to give the best 
resolution of  the phosphollpids. Development 
in the first direction was according to Rouser 
et al. (11) using chloroform/methanol/28% 
aqueous ammonia (65:25:5,  v/v/v). Ammonia 
was chosen in this solvent system rather than 
methylamine (14) because the former could be 
removed with ease, and did not  require expo- 
sure to HC1 fumes to neutralize, as is the case 
for the latter. Exposure to HC1 fumes also 
hydrolyzes the alk-l-enyl ethers of plasmalo- 
gens, not  an undesirable feature, but it elimin- 
ates the choice of  retaining the plasmalogen 
lipids or hydrolyzing them. Development in 
the second direction was according to Yavin 
and Zutra (14) using chloroform/acetone/  
methanol/acetic acid/water (50:20:10:15:5,  
v/v/v/v/v). The reduced proport ion of acetone 
in this solvent mixture, compared to that used 
by Rouser et al. (11), improved the resolution 
of  phosphatidylserine (PS), phosphatidylinosi- 
te l  (PI) and sphingomyelin (SP). The develop- 
ing solvent in the third direction consisted of 
hexane/diethyl  ether/acetic acid (85:15:1,  
v/v/v). Streaking occurred if the sample is high 
in neutral lipids and/or  they were concentrated 
too much along the solvent front after the 
second development. To spread the neutral 
lipids, just barely let the first developing 
solvent reach the top of  the plate. 

The advantages of  the three-directional TLC 
system described here are numerous. It provides 
a rapid, reproducible and economical method 
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FIG. 1. Three-directional TLC separation of heart, spleen, kidney and testis lipids of rats fed diets containing 
20% fat for 16 weeks. Direction of development, see Figure 1D. Solvents: 1st direction, chloroform/methanol/ 
28% aqueous ammonia (65:25:5), 2nd direction, chloroform/acetone/methanol/acetic acid/water (50:20:10: 
15:5); 3rd direction, hexane/diethyl ether/acetic acid (85:15:1). CE, cholesteryl ester; TG, triglycetide; C, 
cholesterol; FFA, free fatty acid; DPG, diphosphatidylglycerol; PE, phosphatidylethanolamine; PC, phospha- 
tidylcholine; SP, sphingomyelin; LPC, lysophosphatidytchotine; PI, phosphatidylinositol; PS, phosphatidylserine; 
PA, phosphatidic acid; CER, cerebroside; X, unknown ; O, origin. 

FIG. 2. Same as Figure 1, except that the chromatogram was exposed to fumes of HC1 after the first devel- 
opment. LPE, lysophosphatidylethanolamine; ALD, aldehyde. 

LIPIDS, VOL. 18, NO. 12 (1983) 



METtlODS 899 

TG 

LPC ~PS ~ 

X ~" Pt I 3 ! 
0 PA 

FIG. 3. Three-directional TLC separation of crude 
soybean lecithin. Solvents and direction of develop- 
ment as in Figure 1. SE, steryl ester; S, sterol; ESG, 
esterified steryl glucoside; SG, steryl glucoside; X~, 
X 2 and X3, unknowns which stain sugar and sterol 
positive; X4, unknown phospholipid. 

of  resolving b o t h  neut ra l  and polar  l ipids on a 
single TLC plate.  No pr ior  separa t ion  by 
c o l u m n  c h r o m a t o g r a p h y  (4)  or  separa te  analy- 
ses of  neu t ra l  and polar  l ipids is required.  A 
single TLC plate provides  a comple te  lipid 
analysis in which  the  relat ive p r o p o r t i o n  of  all 
l ipid classes is preserved.  

The  th ree -d i rec t iona l  TLC sys tem will have 
d is t inc t  advantages  in rad ioac t ive  i so tope  work 
because  all the  lipid classes can be inves t iga ted  
s imul taneous ly .  Natural ly ,  th is  s emiquan t i t a t i ve  
t e c h n i q u e  can be quan t i t a t i ve  by scraping off  
the  spots  and  sub jec t ing  t h e m  to s u b s e q u e n t  
chemical  or  gas c h r o m a t o g r a p h i c  analysis.  The  
acyl and a lk - l - eny l  c o m p o s i t i o n  of  the  lipid 
classes can also be de t e rmined .  It  was found  
t ha t  up  to 6 mg of  to ta l  l ipids could be ade- 
qua te ly  resolved wi th  this  th ree -d i rec t iona l  TLC 
me thod ,  which  gave suf f ic ien t  mater ia l  for  mos t  
s u b s e q u e n t  lipid analyses. 

Since this manusc r ip t  was s u b m i t t e d  for 
pub l ica t ion ,  a n o t h e r  " t h r e e - w a y "  TLC m e t h o d  
for ana lyz ing  to ta l  lipid mix tu re s  has appeared  
(19).  These  au thors  used plas t ic-backed pre- 
coa ted  TLC plates  which  can be cu t  in a man-  
ner  to pe rmi t  separa te  c h r o m a t o g r a p h i c  separa- 
t ions.  It should  be no ted ,  however ,  t ha t  this  
leads to  poo r  reso lu t ion  of  neu t ra l  l ipids (ref. 
19, Fig. 2), and possible e lu t ion  by  the  second 

developing  solvent  of  cho les te ro l  and m o n o -  
glycerides a f te r  cu t t i n g  off  the  side arm. Figure 
IC f rom reference  19 could prove to be an  im- 
p r o v e m e n t  of  this  m e t h o d  (n o  results  p rov ided)  
bu t  t h e  p rob lem remains  of  where  to cut  the  
c h r o m a t o g r a m .  Usually,  d iphospha t idy lg lyc-  
erol,  cerebrosidc,  free f a t ty  acid, monoglycer -  
ide diglyceride and  free s terol  migrate  very 
close and  o f t en  overlap af ter  the  first develop-  
m e n t  in a two-d i rec t iona l  analysis  of  phospho -  
lipids. The  m e t h o d  we have descr ibed is m u c h  
simpler ,  requires  n o  special  plates,  avoids loss of  
any  single l ipid c o m p o n e n t ,  pe rmi t s  the  use of  
any de tec t ing  reagent ,  gives good reso lu t ion  o f  
all l ipid classes, and is su i tab le  for  separa t ing  
larger a m o u n t s  of  lipids. 
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Metazoan Lipids: An Unusual Association 
of Saturated Sterols with Relatively Saturated Fatty Acids 
in the Cilia of Ciona intestinalis 
ROBERT J. MORRIS*, Institute of Oceanographic Sciences, Wormley, Godalming, Surrey, 
GU8 5UR, United Kingdom; and Q. BONE, The Laboratory, Marine Biology Association, 
Citadel Hill, Plymouth, United Kingdom 

ABSTRACT 

Cilia from the tunicate C/ona intestinalis have been analyzed for their biochemical compositions. 
Cholestanol is found to be a major steroidal component, whereas the phospholipids are composed 
mainly of C~4-C~8 saturated fatty acids. The saturated nature of the lipids may be related to specific 
requirements of the ciliary membrane. 
Lipids 18:900-901, 1983. 

Until comparatively recently, saturated 
sterols (stanols) have been considered to be 
products of the normal diagenesis of natural 
product sterols in sediments (1). With improved 
analytical techniques, however, it has become 
obvious that, although their function remains 
unclear, stanols are themselves important 
natural product components of many marine 
organisms. (2-9). More detailed analysis of 
their distribution in several species of tunicates 
has shown that stanols are particularly abun- 
dant in the gills and endostyle (10,11). A 
common feature of these tissues is that they 
are rich in cilia. Here we present a detailed 
biochemical analysis of cilia from the tunicate 
Ciona intestinalis and show cholestanol to be 
a major steroidal component. This is thought 
to be the first report of such compounds being 
associated with a specific membrane, and 
indeed the first detailed hpid analysis of pure 
metazoan cilia. 

It is usually difficult to obtain samples of 
metazoan cilia that are free from their cells of 
origin, so that structural lipids of the ciliary 
membrane can be analyzed. We have examined 
cilia which are appropriately long enough and 
abundant enough that it is possible to shave the 
cilia from the cells bearing them and so obtain 
isolated pure ciliary preparations. The sessile 
tunicate Ciona secretes a mucous filter from its 
endostyle, and the median cilia of the endostyle 
from an elongate fence enclosed by the secre- 
tory cells of the endostyle (12). The cilia are 
ca. 1A mm long, and so after removal of the 
endostyle side walls it is possible to obtain 
isolated cilia with the use of fine scissors. 
Adult Ciona were taken from the breeding 

*To whom correspondence should be addressed. 

population at the Plymouth laboratory. Several 
animals were used to give one sample of cilia 
and three separate samples were collected over 
a period of 6 months. The total lipids were 
immediately extracted from the cilia with 
chloroform/methanol (13) and the residue 
analyzed for total protein (14) and carbo- 
hydrate (15). The major lipid classes were 
quantified by chromarod-flame ionization de- 
tection techniques (16,17) and the component 
phospholipids and sterols separated (18). 
Detailed fatty acid and sterol analyses were 
performed by gas chromatography (GC) and gas 
chromatography-mass spectrometry (GC-MS) 
techniques (10). 

The three samples were analyzed separately 
and similar results were obtained. The cilia 
were composed mainly of protein (>60% dry 
weight) and lipid (10-20% dry weight) with 
much lower levels of carbohydrate (<5% dry 
weight). Phospholipids (65-75% total lipid) 
and sterols (20-30% total lipid) were the only 
major lipid components. 

The phospholipids were composed mainly of 
Ct4-C~s saturated fatty acids (>65% total fatty 
acids) with lower amounts of C16-C1s un- 
saturated acids (see Table 1). Only cholesterol 
(64-75% total sterols) and cholestanol (25-36% 
total sterols) were found in the sterol fraction, 
agreeing with previous analyses of whole 
tissues taken from this same population of 
Ciona (10), although the relative levels of 
cholestanol in the cilia are significantly higher 
than the levels reported for the whole tissues. 

In addition to membrane, cilia also consist 
of dynein, tubulin and a little cytoplasm. 
Although we cannot discount the possibility 
that some lipids may be associated with the 
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TABLE 1 

Fatty Acid Composition of the Component 
Phospholipids from Ciona Cilia 

Fatty acid % Composition 

14:0 12.7 
16:0 41.1 
16:1 12.9 
18:0 13.2 
18:1 13.5 
18:2 4.9 
18:3 1.5 

axonemal  proteins ,  we presume tha t  mos t  o f  
the  lipids are associated wi th  t he  ciliary mem-  
brane.  We believe the  sterol  data indicate  tha t  
there  is a specific concen t ra t ion  o f  sa tura ted  
sterols in the  cilia o f  Ciona. Their  sa tura ted 
nature ,  and their  associat ion in the  m e m b r a n e  
wi th  largely shor t -chain ,  sa tura ted phospho-  
lipids, may con t r ibu te  to specific s t ructural  
or permeabi l i ty  requ i rements  of  the  ciliary 
membrane .  
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Occurrence of Long-Chain Alkan-diols and Alkan-15-one-1-ols 
in a Quaternary Sapropel from the Eastern Mediterranean 
DEDRIC J. SMITH, GEOFFREY EGLINTON, Organic Geochemistry Unit, School of 
Chemistry, University of Bristol, Bristol BS8 1TS, United Kingdom; and 
ROBERT ,1. MORRIS*,  Institute of  Oceanographic Sciences, Wormley, Godalming, Surrey 
GU8 5UR, United Kingdom 

ABSTRACT 

C2s-C32 alkandiols and keto-ols axe reported in an S 1 sapropel from the Eastern Mediterranean. 
Mediterranean. Their occurrence in this sediment and in certain other sedimentary environments may 
provide a clue to their source which is thought to be a specific marine organism or group of marine 
organisms. 

Lipids 18:902-905, 1983. 

Discrete hor izons of  organic-rich sediment ,  
known as sapropels, are c o m m o n l y  found in 
bo th  pis ton and gravity cores taken f rom the 
eastern basin of  the Mediterranean (1,2). 
They are believed to be the legacy of  past 
anoxic  events, and most  theories of  their  
origin have invoked the fo rmat ion  of  stagnant 
condi t ions  in the deep water  basins, leading to 
enhanced preservation of  sedimentary  organic 
mat te r  (1,3-6). We have under taken an ex- 
tensive s tudy of  a core conta ining an $1 sapro- 
pel layer ( the most  recent ly  deposi ted,  7,000- 
9,000 years B.P. (1,2,10). Major componen t s  
o f  the sapropel  lipids (up to 5,756 ng/g dry 
sediment)  were series of  C~-C32 alkandiols 
and keto-ols.  These unusual lipids have been 
previously repor ted  in sapropeUic (quaternary)  
Black Sea sediments  (7) but  were absent  in the 
Recent  organic-rich con tempora ry  sediments  
underlying the high product iv i ty  areas off  
Southwest  Africa and Peru (8,9). They may 
prove to be valuable biological markers for 
a specific organism or groups of  organisms and 
hence may ul t imately  assist in defining the 

*To whom correspondence should be a d d r e s s e d .  

type  o f  water  co lumn that  was associated with 
sapropel fo rmat ion  in the Eastern Mediter- 
ranean. 

The sediment core was taken f rom the 
nor thern  arm of the Hellenic Outer  Ridge in 
the Ionian Sea (36 09.63 '  N 20 28.50 '  E) (I 1). 
The core was 15 cm 2 • 130 cm long and 
contained a single dark-grey/black sapropel 
layer f rom 28 to 101 cm, which 14C dating 
indicated to be an $1 layer (1,2,10) (Table 1). 
Five sections were taken for organic geochemi-  
cal analysis. The lipids were extracted and 
analyzed as described elsewhere (12). Signi- 
f icant componen t s  of  these lipids were homo-  
logousser ies  of  C2s-C32 diols and C2s-Ca2 
keto-ols (Table 2 and Fig. 1 ). 

Ident i f icat ion of  the componen t s  was 
achieved from their gas chromatographic  
re tent ion  t imes and mass spectra;  such data 
have been published for  the Cao, Cat and Ca2 
compounds  (7), which were originally identi-  
fied by compar ison with synthet ic  standards (7). 
No molecular  ions were obta ined for any of  
the diols, al though M-15, M-90 and M-105 
fragments were observed in some cases, and 
structural  assignment was based on the major  

TABLE 1 

Selected Data for SapropeI-Containing Core from the Eastern Mediterranean (11) 

% Sediment dry weight 

Core section Total Organic Lipid Age a 
( d e p t h  in cm) carbon carbon extract (years B.P.) Sediment type 

0-7 6.7 0.2 0.005 2,590 Light-brown calcareous ooze 
29-36 7.9 2.2 0.194 6,395 ~ Black 
53-60 9.3 2.5 0.182 7,460 ~ sapropellic 
78-85 - 2.5 0.116 8,210 mud 

104-111 6.3 <0.1 0.003 12,320 Light-grey marl 

- = not determined. 
a t4C.dating of organic carbon fraction, e x c e p t  f o r  104-1 l I cm section where the car- 

bonate carbon was dated. 
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TABLE 2 

Long-Chain Diols and Keto-ols in an Eastern Mediterranean 
Quaternary Sapropel - Abundances in ng]g of Sediment Dry Weight 

903 

Core section (depth in cm) 
MS Diagnostic ion 

(m/z) 
Compound a 0-7 29-36 53-60 78-85 104-111 a b a 'b 

28:0 
28:0 
28:0 
29:0 
29:0 
29:0 
30:1 
30:0 
31:0 
32:0 

28:0 
29:0 
30:0 
31:0 
32:1 
32:0 

1,13-diol - 43 160 35 - 359 313 
1,14-diol - 15 5"/ 12 - 373 299 
1 , 1 5 - d i o l  - 7 35 8 -- 387 285 
1,13-dioi - 3 16 tr - 359 327 
1,14-diol - 2 7 tr :- 373 313 
1,15-diol - 6 50 5 - 387 299 
1,14-diol - 21 118 - - 371 327 
l , l  5-diol 1 2142 5,756 1,050 3 387 313 
1,15-diol - 84 184 32 - 387 327 
1,15-diol - 80 166 28 - 387 341 

M+ M-15 
? keto-ol - tr tr tr - 496 481 
15-keto-I .el - 27 69 14 - 510  495 
15-keto-I -el tr 1162 2,185 399 I 524 509 
1 5 - k e t o -  1 -el - 35 74 10 - 524 509 
15-keto- l-el -- 99 103 15 -- 550 535 
15-keto-l-ol - 230 285 40 - 552 537 

a S t r u c t u r e s  e x p r e s s e d  as x:y, where x = carbon chain length and y = number of double 
bonds. 

bFragment ions as shown in Figure 2. 
tr = t r a c e  component (<1 ng/g dry weight); 

f r a g m e n t  ions  in the  mass  s p e c t r u m  (7) (Fig. 2). 
The  chain  l eng th ,  degree o f  u n s a t u r a t i o n  and  
pos i t ion  o f  the  m id cha in  h y d r o x y l  g roup  could  
be d e t e r m i n e d  f ro m  the  f r a g m e n t  ions  a and  a'  
( t he  base peak)  in Figure  2. The  presence  of  
d i f fe ren t  i somers  of  the  C28 and C29 diols,  
given in Table  2, was infer red  f rom the  occur -  
rence  o f  d i f fe ren t  a and  a'  ion pairs in the  
mass  sp ec t ru m .  These  i somers  were no t  separ-  
a ted  u n d e r  the  c o n d i t i o n s  used,  and  their  
q u a n t i t a t i o n  was based on  the  relative abun-  
dances  o f  these  ions,  a s suming  t ha t  displace- 
m e n t  o f  the  m id ch a in  h y d r o x y l  g roup  by  one  
or  two  ca rb o n s  would  no t  s igni f icant ly  change  
the  f r a g m e n t a t i o n  pa t t e rn .  

The  mass  spec t ra  o f  the  Cao-C32 c o m p o u n d s  
indica ted  t h a t  t h ey  cons i s ted  o f  on ly  one  iso- 
mer .  Th e  presence  o f  a doub le  b o n d  in the  
c o m p o u n d  assigned as a 30:1 m o n o u n s a t u r a t e d -  
1,14-diol  was indica ted  by a decrease o f  2 mass  
un i t s  for  several charac ter i s t ic  ions,  c o m p a r e d  
to the  o the r  spect ra ;  the  f o r m a t i o n  o f  m /z  
371 ( ra ther  than  m/z 373)  locates  this  doub le  
bond  be tween  C-I and  C-14. A n u m b e r  o f  
o the r  m i n o r  c o m p o u n d s  were p resen t  whose  
mass  spec t ra  sh o wed  "d io l - l ike"  charac te r i s t ics  
(see Fig. 1), b u t  the  da ta  were i n a d e q u a t e  for  
the  a s s i g n m e n t  o f  likely s t ruc tu res .  

The  ke to-o ls  all s h o w e d  a base peak in the  
mass  s p e c t r u m  at m /z  130, in t e rp re ted  as a 
r e a r r a n g e m e n t  ion by de L e e u w  et  al. (7), and  
the  s t ruc tu ra l  a s s i g n m e n t s  are based on mole-  

- = not detected. 

cular  ions,  M-15 and  M-90 f r a g m e n t  ions.  The  
f r a g m e n t a t i o n  pa t t e rn  is more  c o m p l e x  t h a n  for  
the  diols (7), and  we have a s sume d  tha t  the  
C2s-C32 keto-ols  consis t  pr incipal ly  o f  the  15- 
ke to - l - o l  c o m p o u n d s ,  by ana logy  wi th  the  diols. 

C30-C32 sa tu ra t ed  1,15-diols and  15-keto-1-  
ols were first  f o u n d  in Black Sea s e d i m e n t s  
a l t h o u g h ,  unl ike  here ,  no  sho r t e r  chain  l eng ths  
or  u n s a t u r a t e d  c o m p o n e n t s  were r epor t ed  (7). 
Similar c o m p o u n d s  have s u b s e q u e n t l y  been 
ident i f ied  in the  Middle Amer i ca  T r e n c h  (13),  
the J a pa n  T r e n c h  (14)  and  several  o the r  deep- 
sea dril l ing pro jec t  si tes (S.C. Brassell, pe r sona l  
c o m m u n i c a t i o n ) ,  inc lud ing  a range of  C28-C32 
diols and  keto-ols  in three  o t h e r  sapropels  f rom 
the  Eas tern  Medi t e r ranean  (15).  These  sedi- 
m e n t s  all have several f ea tu res  in c o m m o n ;  
t he y  are organic-r ich deposi t s ,  believed to 
have been f o r m e d  unde r  cond i t i ons  o f  high 
mar ine  biological  p roduc t iv i t y ,  whose  organic  
c o n t e n t s  have no t  been ex tens ive ly  degraded.  
However ,  no  long-chain  diols or  keto-ols  were 
de t ec t ed  in Re c e n t  organic-r ich d i a t o m a c e o u s  
oozes  f rom the  highly p roduc t ive  Namib ian  
and  Peruvian upwel l ing  areas (8,9),  which  
sugges ts  tha t  thei r  p resence  m a y  be con f ined  
to  par t icu lar  t ypes  of  s e d i m e n t a r y  environ-  
men t s .  

The se  c o m p o u n d s  m a y  derive f rom orga- 
n i s m s  which  thr ive only  unde r  the  pecul iar  
water  c o l u m n  a n d / o r  s e d i m e n t a r y  c ond i t i ons  
associa ted  wi th  f o r m a t i o n  o f  the  type  o f  de- 
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FIG. 1. Partial gas chromatograms of: (a) stetol 
plus keto-ol fraction, Co) atkandiol fraction from 
sapropel section 29-36 crn. Gas chromatographic 
conditions: 25 m OV-I capillary column, temperature 
programmed from 80 to 300 C at 4 C/min, with 
helium carrier gas at 1.2 kg/cm 2 . 

OTMS ~ o 
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FIG. 2. Major fragmentations observed in mass 
spectra of alkandiols, as di(trimethylsilyl) ethers. 

posit described above. Identifying their source 
may therefore provide an insight into the for- 
mation of such deposits. Other lipid data (12) 
suggest an organic input dominated by marine 
organisms, especially phytoplankton. Although 
some compounds thought to derive from higher 
plant waxes were present in the sapropel (12), 
to our knowledge no reported analyses of such 
waxes have included these diols and keto-ols. 
Furthermore, these compounds have not been 
found in sediments dominated by a higher 
plant input such as lakes (16) and hence a 
marine origin seems most likely. 

The sapropel described here contained 
pteropods, planktonic foraminifera, coccoliths, 
plant debris, siliceous spines and shell fragments 
as recognizable fossil debris (1 l). A variety of 
organisms from which such debris derive has 
been analyzed, in particular phytoplankton, 
but none has yet been reported to contain 
these diols or keto-ols. Much work, however, 
remains to be done concerning the origins of 
sedimentary organic matter. The sapropel 
lipids suggest a significant contribution from 
coccolithophorids and dinoflageUates; these 
groups of phytoplankton were also important 
in the formation of the Black Sea sapropels 
(7,17). Therefore, these groups should be a 
primary target in searching for a biological 
source for the diols and keto-ols. On the other 
hand, diatoms (the most extensively studied 
phytoplankton group), are not significant 
contributors to the Mediterranean sapropel 
(1 1,12). It is, therefore, unlikely that they are 
the source. Two indirect origins for the diols 
and keto-ols have been suggested previously; 
a possible derivation from certain bacterial 
lipids (7), or from polyhydroxy compounds 
found in some Cyanophyceae (15). 

These long-chain diols and keto-ols form an 
interesting group of sedimentary lipids, with 
potential as useful biomarkers. Their possible 
presence should be considered in future ex- 
aminations of organisms and sediments. Cer- 
tainly knowledge of their distribution in nature 
may help explain the mechanism of sapropel 
formation in the Eastern Mediterranean and 
elsewhere. 
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Fatty Acids in Plasma and Red Cell Membranes 
in Normal Humans 
M.S. MANKU, D.F. HORROBIN, Y-S. HUANG and N. MORSE, Efamol Research Institute, 
PO Box 818, Kentville, Nova Scotia B4N 4H8, Canada 

ABSTRACT 

A detailed study was made of the fatty acid composition of plasma triglycerides, free fatty acids, 
phospholipids, red cell total phospholipids, phosphatidylcholine and phosphatidylethanolamine in 
32 normal males and 18 normal females. No sex differences could be detected. There were substantial 
differences in the compositions of the various fractions and long-chain polyunsaturated fatty a'cids 
were particularly important in the red cells. 
Liptds 18:906-908, 1983. 

INTRODUCTION 

Essential fatty acids of the n-6 series are 
important constituents of all tissues and the 
n-3 series are important in many organs. In 
spite of this, there is surprisingly little informa- 
tion about the fatty acid composition of plasma 
and cell membranes in normal individuals. 
Many studies have reported the amounts of 
18:2n-6 and 20:4n-6 and some have reported 
20:5n-3 but the others have been almost ignored. 
The only detailed survey is that by Holman 
et al. (1). They studied fatty acid levels in the 
serum of patients attending a hospital who 
were not thought to be suffering from any 
essential fatty acid related disease. Individuals 
of all ages and both sexes were investigated and 
information about age trends documented. We 
now report fatty acid levels in both plasma 
and red cell membranes in a population of 
truly normal young adults. 

METHODS 

Thirty-two male and 18 female students 
(mean age of each group, 20) were recruited 
from Acadia University, Wolfville, Nova Scotia. 
They were all free of known acute or chronic 
illnesses and denied taking either therapeutic 
or recreational drugs. Individuals with a personal 
or immediate family history of atopy were ex- 
cluded because atopic disorders may be associ- 
ated with abnormal essential fatty acid me- 
tabolism (2). Venous blood was collected into a 
tube pretreated with ethylene diamine tetra- 
acetic acid (EDTA) as an anticoagulant and 
centrifuged. The plasma was separated off and 
the red cells washed with isotonic saline. 

Plasma samples were extracted with chloro- 
form/methanol (2:1). The extract was filtered 
through sodium sulfate, evaporated to dryness 
and taken up in 0.5 ml chloroform/methanol. 
The lipid fractions were separated by thin 

layer chromatography on silica gel plates (E. 
Merck, Darmstadt, West Gemary). The phos- 
pholipid, triglyceride and free fatty acid frac- 
tions were methylated using boron trifluoride] 
methanol. The resulting methyl esters of the 
fatty acids were separated and measured using 
a Hewlett-Packard 5880 gas chromatograph 
with a 6-ft column packed with 10% silar on 
chromosorb WAW 106/230. The carrier gas was 
helium (30 ml/min). Oven temperature was 
programmed to rise from 165 C to 190 C at 
2 C/min. Detector temperature was 220 C and 
injector temperature 200 C. Retention times 
and peak areas were automatically computed 
by a Hewlett-Packard Level 4 integrator. 
Peaks were identified by comparison with 
standard methyl fatty acid esters from NuChek 
Prep Inc, Elysian, MN. 

Red blood cells were washed and lipids were 
extracted according to the procedure of Dodge 
and Phillips (3). High performance liquid chro- 
matographic (HPLC) grade reagents from 
Fisher Scientific Co. (Ottawa, Ontario) were 
used throughout. Total phosphotipids and the 
individual phospholipid classes were separated 
by thin layer chromatography. The solvent 
systems used were petroleum ether/diethyl 
ether/acetic acid/methanol (85:15:2.5:1) for 
total phospholipids and chloroform/methanol/ 
water (60:40:4) for separation of the phos- 
pholipid classes. Individual phospholipid classes 
were made visible under UV light by spraying 
with a 0.01% solution of rhodamine in me- 
thanol. Phosphatidylcholine and phosphatidyl- 
ethanolamine were identified by comparison 
with authentic standards supplied by Sigma 
Chemical Co., St. Louis, MO. The phospho- 
lipid bands were scraped off immediately and 
analyzed for fatty acids as described for plasma. 

R ESU LTS 

The results are shown in Table 1-3. Only 
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T A B L E  1 

Levels  o f  F a t t y  Acids  in Tota l  Plasma Phosphol ip ids  

907 

Fa t ty  acid Present  s tudy  H o l m a n  f ema le  H o l m a n  male  

18:2n-6 21.45 -+ 2.81 20 .14  -+ 3.72 20 .24  +- 3.57 
20:3n-6  3.06 -+ 0 .60  3.38 • 1.42 3.46 -+ 1.02 
20 :4n -6  11,36 -+ 1.67 11.89 • 2 .45 11.08 -+ 2 .34  
22 : 4n -6  0 ,73  -+ 0 .26  1.62 • 0 .78  1.47 -+ 1.06 
22 :5n -6  1,12 • 0 .67  0 .58  • 0 .72  0 .46  • 0 .36  
20 :5n -3  1.01 • 0 .36  1.19 -+ 0 ,62  1.06 • 0 .73  
22 : 5n -3  0 .93  • 0 .27  0.71 -+ 0.51 0 .73  • 0 .59  
22 :6n -3  3.54 -+ 0 .89  2.33 • 1.27 1.80 -+ 1.14 
18:1n-9 13.50 + 2 .20  13.06 -+ 2 .34  13.51 -+ 2 .60  
16:0 23 .90  -+ 7.02 26.81 • 4.41 27 .33  • 3.55 
18:0 11.61 -+ 1.32 12.59 • 1.75 13.37 • 2 .18  

In the present  s t u d y ,  no d i f fe rences  were  foun d  b e tween  males  and females  and so the 
two  were  g rouped  toge the r .  The  values o f  H o l m a n  et al. are t aken  f r o m  ref. 1 and  s h o w  
levels co r rec ted  for  a 20-year-o ld  age group .  Vaolues  are m e a n  pe rcen tages  o f  the  tota l  
f a t ty  acids present  • SD. 

T A B L E  2 

Levels of  Fa t t y  Acids  in Plasma Free 
Fa t t y  Acids  and Plasma Tr ig lycer ides  

Fa t ty  acid Free f a t ty  acids Tr iglycer ides  

18:2n-6 14.80 • 0 .44  17.33 • 0.72 
20 :4n-6  - 1.21 • 0 .06  
18:3n-3 - 0 .90  -2_ 0 .09  
18:1n-9 37 .20  • 0 .89  40 . 00  • 0 .78  
16:0 24 .55  • 0 .48  23 .16  • 0 .57 
18:0 13.18 • 0 .48  3.70 -+ 0.32 

Levels expressed  as pe rcen tages  o f  the  total  a m o u n t  
o f  fa t ty  acids present .  Values  are means  -+ SEM. Only  
f a t ty  acids presen t  at m o r e  than  0.5% are s h o w n .  

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

a t  t h e  l e v e l  o f  0 . 5 %  o f  t h e  t o t a l  o r  m o r e  a r e  

s h o w n .  W e  f o u n d  n o  d i f f e r e n c e s  b e t w e e n  t h e  

s e x e s  a n d  so  m a l e s  a n d  f e m a l e s  a r e  g r o u p e d  

t o g e t h e r .  T a b l e  I c o m p a r e s  t h e  v a l u e s  f o r  

p e r c e n t a g e s  o f  i n d i v i d u a l  f a t t y  a c i d s  in t o t a l  

p l a s m a  p h o s p h o l i p i d s  o b t a i n e d  b y  o u r s e l v e s  

a n d  b y  H o l m a n  e t  al .  ( 1 ) .  

DISCUSSION 

T a b l e  1 s h o w s  a c o n s i d e r a b l e  d e g r e e  o f  

a g r e e m e n t  b e t w e e n  o u r  v a l u e s  a n d  t h o s e  o b -  

t a i n e d  b y  H o l m a n  e t  al. ( 1 ) .  T h e r e  w e r e  o n l y  

t h r e e  m o d e s t  d i f f e r e n c e s .  O u r  v a l u e s  f o r  s a t -  

T A B L E  3 

A m o u n t s  o f  Fa t ty  Acids  Present  in Red Blood Cell To ta l  Phosphol ip ids  
Phospha t idy lcho l ine  and P h o s p h a t i d y l e t h a n o l a m i n e  

Fa t ty  acid Tota l  phospho l ip id  Phospha t idy lcho l ine  P h o s p h a t i d y l e t h a n o l a m i n e  

18:2n-6 9 .78  • 0 .24  16.01 -+ 0 .27  6.22 -+ 0 .27  
20 :3n -6  1.37 • 0.05 1.86 + 0 .06  0 .84  -+ 0 .06  
20 :4n -6  15.13 +_ 0 .29  12.49 • 0 .25  21 .46  -+ 0.35 
22 :4n -6  5.54 -+ 0 .20  1.87 -+ 0 .13  5.41 -+ 0.15 
22 :5n -6  3.99 • 0.15 0 .77  -+ 0 .09  -- 
20 :5n-3  0.65 • 0 .03  -- 0 .76  • 0 .07 
22 :5n -3  2 .53  -+ 0 .13  1.42 • 0 .08  3.52 • 0 .14  
22 :6n -3  4 .20  • 0.15 3.85 • 0 .13  5.47 • 0 .22 
18:1n-9  14.83 -+ 0.24 17.16 -+ 0 ,24  19.39 • 0 .34  
16:0 20 .68  • 0 .26  23 .60  -+ 0.32 15.42 • 0.35 
18:0 14.71 • 0 .22 18.07 -+ 0.31 9 .87  • 0 .36 

A m o u n t s  expressed  as pe rcen tages  o f  the tota l  a m o u n t  o f  fa t ty  acids present .  Values are 
means  • SEM. 
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urated fats were slightly lower. 20:3n-9 which 
was present at ca. 1% in Holman's samples was 
consistently less than 0.5% in ours. Saturated 
fatty acid levels were somewhat lower in our 
samples, whereas 22:6n-3 was substantially 
higher. There are at least two possible explana- 
tions for these relatively minor discrepancies. 
First, the patients studied by Holman et al. 
were attending hospital and may have suffered 
from diseases which have hitherto unnoticed 
effects on fatty acid metabolism. Second, 
our population of students in a maritime 
university may have consumed a diet rather 
different from Holman's patients living in the 
middle of the continent. The presence of 
22:6n-3 in seafood could have accounted for 
the differences in levels of  that fatty acid. 

More important than these small discre- 
pancies is the overall agreement which means 
that these sets of figures can be used as reli- 
able guides by those investigating fatty acid 
metabolism in populations with various disease 
states. 

We would like to draw attention to the 
obvious major importance of  the C22 polyun- 
saturated fatty acids which make up 16-17% 
of the fatty acids in red cell membrane total 

phospholipids. The amounts present and their 
degrees of unsaturation mean that these acids 
must make major contributions to determining 
the physical properties of cell membranes, 
affecting fluidity, permeability and the func- 
tioning of receptors and membrane-bound 
enzymes. It is unfortunate that so many in- 
vestigators turn off their gas chromatographs 
before the C22 fatty acids emerge, leading to 
loss of much potentially valuable information. 
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ABSTRACT 

Taurolithocholic acid and deoxycholic acid were perfused into isolated prairie dog livers. Tauroli- 
thoeholie acid was 7c~-hydroxylated to form taurochenodeoxycholic acid, whereas deoxycholic acid 
was conjugated and 7,,-hydroxylated to form taurocholic acid. The low concentrations of secondary 
bile acids observed in prairie dog bile ate due, at least in part, to active bile acid 7c~-hydroxylase(s) 
in the liver of these animal~ 
Lipids 18:90%912, 1983. 

The bile acid composit ion of bile is a com- 
posite of newly synthesized bile acids formed in 
the liver and secreted into bile and bile acids 
absorbed from the intestinal tract and preserved 
via the enterohepatie circulation (1). In the 
prairie dog, the major biliary bile acids are 
cholic acid (85%) and ehenodeoxycholie  acid 
(13%) (2). The proportions of the secondary 
bile acids in bile are very small (lithocholic acid 
[0-1%] and deoxycholic acid [1-2%1) (2). We 
have investigated the fate of the secondary 
bile acids (taurolithocholic acid and deoxy- 
cholic acid) in the isolated perfused prairie 
dog liver to determine possible reasons for their 
virtual absence from the bile. 

EXPERIMENTAL PROCEDURES 

Experimental Animals 

Adult  prairie dogs(Cynomys ludovicianus) 
of both sexes (trapped in the wild) were supplied 
by Fur and Feather Game Farm, Green Bay, 
WI. The animals were fed Purina rodent  chow 
for 14-21 days and given food and water ad 
libitum. All animals were operated on between 
9 and 10 a.m.; the perfusion was done immedi- 
ately thereafter. 

Liver Parfusion 

The methods used were those previously 
described for the rabbit,  with some modifica- 
tions (3,4). The bile acid (1 mg, 1/aCi/mg) was 
dissolved in 200 /el of ethanol. The ethanol 
was dispersed into the perfusate which con- 
tained washed rabbit red cells, 3% serum 
albumin(fraction V), heparin (10 /ag/ml) and 
Krebs-Henseleit bicarbonate buffer containing 

*To whom correspondence should be addressed, 
at Department o f  Surgery, Beth Israel Medical Center, 
10 Nathan D. Perlman Place, New York, NY 10003. 

amino acids (387/amol/100 ml) and administered 
over a 2-rain period at time 0. Bile was col- 
lected from the liver for 30 min prior to admi- 
nistration of  the bile acid (30-0 min, perfusion, 
fraction A). The bile acid was administered at 
t ime 0 and bile samples collected as follows: 
fraction B, 0-60 min; fraction C, 60-120 min; 
and fraction D, 120-180 min. The bile volumes 
were measured and the bile was deproteinized 
immediately after the perfusion. 

Viability of the perfused liver was examined 
periodically during the perfusion using the 
following parameters: (a) bile flow, (b) urea 
production,  (c) 02 consumption, and (d) 
lactate and pyruvate levels. 

Thin Layer Chromatography 

All solvents were reagent grade and used 
without purification. Chromatography was 
carried out on 500au Silica Gel G plates from 
Analtech, Newark, DE. Solvents A or B (see 
below) were used to separate the bile acids. 

Labeled Compounds 

[ 24 -14 C] Taurolithocholic acid (sodium salt) 
(California Bionuclear Corp., Sun Valley, CA) 
was found to be greater than 98% pure by thin 
layer chromatography (TLC) on Silica Gel G 
plates with butanol/acetic acid/water,  75:20:5,  
v/v/v (solvent A). [24-14C]Deoxychollc acid 
(Amersham Corp., Arlington Heights, IL) was 
found to be greater than 99% pure by TLC 
using isooctane/ethyl  acetate/acetic acid, 5: 5:1, 
v/v/v (solvent B). All radioactive bile acids were 
reexamined by high pressure liquid chromato- 
graphy (HPLC) after TLC analyses. Each pure 
radioactive bile acid, [ 24-14 C] taurolithocholic 
acid and [24 -14 C]deoxychol ic  acid (10,000 
dpm) was mixed with 25 /ag of unlabeled bile 
acid in the HPLC solvent. Analyses were carried 
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ou t  on  a Waters  C18 B o n d a p a k  c o l u m n  (3.9 m m  
x 30 cm) using cond i t ions  descr ibed be low 
( f low rate  1.0 ml /min ) .  Each  bile acid peak  
(deoxycho l i c  acid 9.3 min ;  t au r o l i t hocho l i c  
acid 22.7 min )  was col lec ted,  solvents  were 
evapora t ed  and  the  c o u n t s  recovered  deter -  
m ined  by  sc in t i l la t ion  count ing .  In each case, 
more  t h a n  99% of  the  i so tope  was recovered  
wi th  the  bile acid carrier.  

Reference Compounds 

Conjuga ted  bite acids were pu rchased  f rom 
Steraloids,  Inc.,  Wil ton ,  NH. They  were f o u n d  
to  be b e t t e r  t h a n  98% pure  by  TLC using 
solvents  A or  B. 

High Pressure Liquid Chromatography 

The  HPLC procedures  used were those  of  
Shaw et al. (5)  w i th  modi f i ca t ions .  O n e  hun -  
dred  #1 of  bile were added  to a 20-fold excess 
of  m e t h a n o l  and  lef t  at  -20 C for  24 hr. The  
bile was cen t r i fuged  and  the  s u p e r n a t a n t  solu- 
t ion  was removed .  The  p rec ip i t a t e  was washed  
w i th  1 ml of  m e t h a n o l ,  cen t r i fuged  and the  
s u p e r n a t a n t  so lu t ion  was r e m o v e d  and  pooled .  
The  c o m b i n e d  so lu t ions  were evapora t ed  and  
the  resu l t ing  residue was dissolved in 1.00 ml  
of  i s o p r o p a n o l / p h o s p h a t e  bu f f e r  (8 .8  mmol ,  pH 
7.0),  1:2, v/v.  The  mater ia l  was f i l tered to 
r emove  solids (Waters  organic fi l ter 26875 ,  
Waters  Associates,  Milford,  MA) and  ana lyzed  
by  HPLC (5). The  ana ly t ica l  cond i t i ons  were:  
C18 B o n d a p a k  c o l u m n  in a Waters  Z m o d u l e ;  
so lvent  - i s o p r o p a n o l / p h o s p h a t e  buf fe r  (8 .8  
m m o l ,  pH=7.0) ,  1:2, v/v;  f low - 2.5 m l / m i n ;  

d e t e c t o r  - V a r i c h r o m  50 (Var ian  Associates,  
Palo Al to ,  CA), 195 nm.  Peaks co r r e spond ing  
to  t au rocho l i c  acid (4 .9  min) ,  t a u r o c h e n o -  
deoxycho l i c  acid (9 .0  min) ,  t a u r o d e o x y c h o l i c  
acid (11 .0  min )  and  t a u r o l i t h o c h o l i c  acid (19 .2  
min )  were r ecorded  and  q u a n t i t a t e d  on  a 
Hewle t t -Packard  3 3 9 0 A  in tegra tor .  Each  peak  
was co l lec ted  and  the  rad ioac t iv i ty  was measured  
by  l iquid sc in t i l la t ion  c o u n t i n g  (see be low) .  

Liquid Scintillation Counting 

Radioac t iv i ty  m e a s u r e m e n t s  were carr ied 
ou t  using a B e c k m a n  LS 8000  l iquid scintil la- 
t i on  sys tem.  All samples  were dissolved in 
Aquaso l  2 (New England  Nuclear,  Bos ton ,  MA). 
Cor rec t ions  for  q u e n c h i n g  and  b a c k g r o u n d  
were made  using appropr i a t e  b lanks  and  s tan-  
dards.  

R ESU LTS 

In the  per fused  prair ie  dog liver, s econda ry  
bile acids were 7 a - h y d r o x y l a t e d  to  p r imary  
bile acids. These  s tudies  expla in  the  v i r tua l  
absence  of  secondary  bile acids f rom prair ie  dog 
bile. 

Metabolism of [24 -14 C] Taurolithocholic Acid 

Liver per fus ions  were p e r f o r m e d  in dupl ica te .  
One mg of  [ 2 4 J 4 C ] t a u r o l i t h o c h o l i c  acid (sp 
act 1 #C i /mg)  was per fused  i n to  an isola ted 
prairie dog liver a f te r  a 30-min  p repe r fus ion  
period.  Most  of  the  rad ioac t iv i ty  was recovered  
in the  bile dur ing  t he  first  h o u r  (69 .9% and  71% 
for per fus ions  1 and  2, respec t ive ly)  wi th  the  

TABLE 1 

Distribution of Radioisotope in Bile Acids by HPLC Analysis (%)a 

Perfusion and Taurocholic Taurodeoxy- Taurochenodeoxy- Taurolitho- 
substrate Period acid cholic acid cholic acid cholic acid 

[24-14C] Tauro- 30-0 . . . .  
lithocholic acid 0-60 -- -- 64 (44) 36 (25) 

60-120 - -- 50 (13) 50 (13) 
120-180 -- -- 51 (3) 49 (2) 

[24-14 C] Tauro - 30-0 . . . .  
lithocholic acid 0-60 - - 57 (41) 43 (34) 

60-120 - - 52 (13) 48 (12) 
120-180 . . . .  

[24J4 C] Deoxy - 30-0 . . . .  
cholic acid 0-60 65 (6) 35 (3) - -- 

60-120 93 (64) 7 (5) -- -- 
120-180 89 (14) 11 (8) -- -- 

[24J4 CI Deoxy- 30-0 . . . .  
cholic acid 0-60 50 (4) 50 (4) -- -- 

60-120 85 (56) 15 (10) -- -- 
120-180 95 (25) 5 (1) -- -- 

aNumbers represent the percentage of isotope present in each bile acid during each period. Numbers in 
parentheses represent the fraction of each bile acid calculated for the entire perfusion study. 
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remainder excreted during the second (25.7% 
and 23.8%) and third hours (4.4% and 4.7%), 
respectively. No isotope was detected in the 
liver at the end of the perfusion. Analysis of 
the biliary bile acids by HPLC (Table 1 ) revealed 
that a portion of the taurolithocholic acid was 
7a-hydroxylated to taurochenodeoxycholic 
acid. In the first hour, 64% of the isotope in 
perfusion 1 and 57% of the isotope in perfusion 
2 was present as taurochenodeoxycholic acid. 
Significant amounts of taurochenodeoxycholate 
were still present during the second hour of the 
perfusion (Table 2). Analysis of the biliary 
bile acid composition (Table 2) revealed that 
taurocholic acid was the major component in 
most fractions (taurocholic acid comprised 
more than 80% of total biliary bile acids) 
during the entire perfusion. 

Matabolism of [24 -14 C] Deoxycholic Acid 

Two perfused livers were given 1 mg of 
[24J4Cldeoxycholic acid (sp act 1 ttCi/mg). 
This bile acid was secreted into the bile at a 
slower rate than taurolithocholic acid; most 
of the isotope (68.6% and 65.4% in perfusions 
3 and 4, respectively) was found in the bile 
during period C (60-120 min). The remainder 
of the isotope was secreted during periods B 
(9.8% and 8.7%) and D (21.6% and 25.9%), 
respectively. No isotope remained in the liver. 
Deoxycholic acid was extensively 7a-hydrox- 
ylated to cholic acid (Table 2 ) a n d  appeared 
in the bile as taurocholic acid. Taurodeoxy- 
cholic acid comprised a total of 15-16% of the 
total isotope recovered in the bile; the remain- 
der was present as taurocholic acid (averaging 
ca. 85% of the total biliary bile acid, Table 2); 
the remainder of the biliary bile acid was tauro- 
chenodeoxycholic acid. 

DISCUSSION 

in some mammals, such as the prairie dog, 
hamster and guinea pig, secondary bile acids 
are almost completely absent from the bile 
(2,6,7). These animals either fail to absorb 
the bile acids from the intestinal tract or absorb 
them with subsequent hydroxylation in the 
liver. In this report, we examined the fate of 
secondary bile acids in the perfused prairie 
dog liver, an isolated system in which hydrox- 
ylation can be studied without the participation 
of intestinal microorganisms and without 
complications due to differential intestinal 
absorption. 

The major biliary bile acids in the prairie 
dog fed a Purina chow diet are reported to be 
taurocholic acid (85%)and taurochenodeoxy- 
cholic acid (13%) with taurolithocholic acid 
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and taurodeoxycholic acid comprising the 
remaining 2% of the bile acids (2). When prairie 
dogs were fed chenodeoxycholic acid, 90% of 
the biliary bile acids was taurochenodeoxycholic 
acid with the remainder being tauroeholic acid 
9-10%) and taurolithocholic acid (0-1%). 
Our experiments were designed to determine 
why taurolithocholic acid was essentially absent 
from the bile. We found that, in the perfused 
prairie dog liver, taurolithochohc acid was 
hydroxylated at the 7a-position; chenodeoxy- 
cholic acid was formed and excreted into the 
bile as its taurine conjugate. Thus, detoxifica- 
tion of lithocholic acid in the prairie dog 
occurs via 7r Hydroxylation of 
lithocholic acid at the 7a-position has pre- 
viously been reported in the hamster. In this 
species, lithocholic acid was converted to 
ehenodeoxycholic acid (9), whereas, in the 
rat, lithocholic acid underwent 6/~-hydroxyla- 
tion (I 0). Thus, we postulate that, in the prairie 
dog, lithocholic acid was detoxified via "re- 
hydroxylation" to chenodeoxycholic acid. It 
is unknown whether the 7~-hydroxylation of 
conjugated lithocholic acid is carried out by 
the same 7a-hydroxylase enzyme which con- 
verts cholesterol to bile acids. 

The 7a-hydroxylation of deoxycholic acid 
has been previously reported in the rat (10,11). 
We have now observed a similar transformation 
in the prairie dog. Following the infusion of 
[24-14C]deoxychohc acid, the major product 
was [24-14C]taurocholic acid. Most of the 
labeled taurocholate appeared in the bile 
during the second hour of the perfusion. 
Presumably, deoxycholic acid had to be con- 
jugated with taurine before hydroxylation took 
place. This conclusion is based on the results 
of in vitro studies demonstrating that, in the 
rat, the microsomal 7a-hydroxylase is relatively 
inactive with unconjugated deoxycholic acid 
(I1). Nevertheless, hydroxylation of deoxy- 
cholic acid was more efficient than that of 
taurolithocholic acid (ca. 85-86% of the [24- 
14C] deoxycholic acid was recovered as tauro- 

cholic acid). These results explain why there 
are minimal quantities of deoxycholic acid 
detected in prairie dog bile. At present, it is 
not known whether 7a-"rehydroxylation" of 
the two secondary bile acids is catalyzed by the 
same hydroxylase. The prairie dog is the 
only mammalian species studied to date which 
efficiently 7a-hydroxylates both lithocholic 
acid and deoxycholic acid to the corresponding 
primary bile acids. 
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LETTER TO THE EDITOR 

Sir: 

In recent years there have been a number of papers in which the name "vac- 
cenic" has been applied to cis-11-octadecenoic acid, and "trans-vaccenic" used 
to refer to trans-1 l-octadecenoic acid. Examples of this usage may be found in a 
number of issues of Lipids, and several of the major suppliers of lipid standards 
list vaccenic as the cis isomer. Vaccenic acid was the trivial name originally given 
by Bertram (1) to the trans form, and is so used in ChemicalAbstracts. The cis 
isomer is commonly termed cis-vaccenic, although Pryde (2) lists the trivial name 
of asclepic acid. 

This simple transposition of trivial names may seem itself somewhat trivial, 
but when it obscures the identity of the compound meant, it adds to the diffi- 
culty of an already complex subject. Lipids reviewers and editors should be 
made aware of this problem, and authors encouraged to use some less ambiguous 
nomenclature at least once to remove any uncertainty regarding identity. If 
trivial names are used, vaccenic should be used only for trans-I 1-octadecenoic 
acid, and cis-vaccenic (or possibly asclepic) for cis-11-octadecenoic acid. 

HAL T. SLOVER 
Nutrient Composition Laboratory 
Beltsville Human Nutrition Research Center 
United States Department o f  Agriculture 
Beltsville, MD 20705 
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ERRATUM 
In the article "Reduced Plasma Lecithin 

Cholesterol Acyl Transferase Activity in Rats 
Fed Iron-Deficient Diets" by G.A. Rao, R.T. 
Crane and E.C. Larkin (Lipids 18:673-676, 
1983), a portion of text was misplaced. The 
first column on page 674 and the top three 
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in the second paragraph under Results and 
Discussion on page 675. On the following two 
pages are reproduced pages 674 and 675 as 
they should have appeared. 
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washed syringes and needles. Whole blood was 
centrifuged at 1500 rpm at room temperature 
in a Dynac centrifuge for 7 min, and plasma 
was removed. Red cells were washed 3 times 
with resuspension in standard incubation 
medium (10) and centrifugation at 1500 rpm 
for 7 rain. 

Lipids were extracted from 1-ml aliquots of 
plasma and red cells as described by Folch et al. 
(11) and by Rose and Oklander (12), respec- 
tively. Free cholesterol (CH) and CE contents 
were analyzed by the O-phthalaldehyde method 
(13). Plasma triglyceride and phospholipid 
contents were determined by analyzing their 
fatty acid composition by gas liquid chromato- 
graphy and using methyl pentadecanoate as 
an internal standard (14). 

Assay of LCAT was carried out according 
to the procedure by Stokke and Norum (15). 
Plasma (100 /J1) was incubated at 37 C with 
albumin-J4 J4 C] cholesterol emulsion (100/J1) 
and Ellman reagent (1.4 mM in 0.2 M phos- 
phate buffer, pH 7.1, 20/al) for 2 hr to allow 
the equilibration of added labeled CH with the 
plasma lipoprotein cholesterol. Mercaptoethanol 
(0.1 M, 20 /al) was then added and incubation 
was continued for an additional 2-hr period. 
The reaction was stopped by the addition of 
5 ml chloroform/methanol (2:1, v/v), lipids 
were extracted, separated by thin layer chrom- 
atography and the (14C) activities in the CH 
and CE fractions were quantitated. [4-14C] 
Cholesterol (52.5 mCi[mmol, 0.01 mCi) was 
purchased from New England Nuclear, Boston, 
MA. 

RESULTS AND DISCUSSION 

In the present study, although rats were 
fed different iron-deficient diets, only those 
in the CO-Fe group became moderately iron- 
deficient as indicated by their reduced blood 
Hb and Hct levels (ca. 8.4 g % and 34%, respec- 
tively; as compared to ca. 14 g % and 44% 
in other + Fe groups) (8). In humans, the CH 
content of red blood cells (RBC) has been re- 
ported to be increased markedly due to anemia 
(16,17). We found that the CH content of RBC 
was significantly (p< 0.01) increased only in the 
CO-Fe group (1.41 -+ 0.13 mg/ml as compared 
to 1.10 -+ 0.18 mg/ml in the CO+Fe group). The 
cholesterol content of RBC of rats in the other 
groups was not altered significantly (FF+Fe, 
1.0 + 0.18; FF-Fe, 1.13 + 0.09; HCNO + Fe, 
1.13 + 0.16; HCNO-Fe, 1.0 + 0.22). 

Rats maintained on the FF-Fe or HCNO-Fe 
diets were deprived of essential fatty acids and 
iron. On the other hand, those fed the CO-Fe 
diet were exposed only to a low intake of dietary 

iron. In rats on the FF-Fe and HCNO-Fe 
diets, the plasma lipids contained appreciable 
levels of eicosatrienoic acid, a sign of essential 
fatty acid deficiency, although they were less 
depleted of 18:2 and 20:4 as compared to the 
iron-supplemented controls (7). 

As reported previously (7), when rats were 
fed the FF-Fe diet, their growth was not re- 
duced markedly as compared to those fed the 
FF+Fe diet. The final body weights of rats on 
the FF-Fe and FF+Fe diets were 300 + 28 g 
and 326 + 36 g, respectively. A marked effect 
on growth by dietary deprivation of iron was 
also not observed in rats maintained on the 
HCNO diet. On the contrary, in the case of 
rats fed the CO diet, omission of iron caused 
a significant reduction in growth (7). The 
weights of rats fed the CO-Fe and CO+Fe 
diets were 379 + 24 g and 484 + 11 g, res- 
pectively. 

Plasma LCAT Activity 

In previous studies which reported that the 
LCAT activity was reduced in severely but not 
moderately iron-deficient rats (9), for the 
enzyme assays, labeled CH was not preincubated 
with plasma to allow for its equilibration with 
endogenous cholesterol. Such preincubations 
are vital to obtain optimal LCAT activity (15). 
Furthermore, the evaluation of LCAT was 
based only on the radioactivity of CE and not  
on the amount of CE produced (9). In the pre- 
sent study, the amount of CE produced was 
measured after the substrate CH and plasma 
CH were allowed to equilibrate. Our results 
show that when rats consumed low iron diets, 
their plasma had reduced LCAT activity regard- 
less of whether they were iron-deficient or not  
(Table 1). It is possible that in earlier experi- 
ments, plasma LCAT would have been found to 
be decreased in severe as well as moderate iron- 
deficient rats if the enzyme activity was mea- 
sured based on the amount of CE produced. 
Significant differences in the specific activity 
of labeled CH can occur due to the variations in 
the cholesterol content of plasma in rats fed 
the various diets (Table 2). These observations 
also suggest that the reduction of LCAT found 
in severely anemic rats would have been further 
amplified if the dilution effect of CH was 
taken into consideration (9). 

Plasma CH and CE Levels 

It is not known whether the CE/CH ratio in 
plasma is altered as would be expected by the 
reduction of LCAT activity since these parame- 
ters have not been examined previously in the 
same iron-deficient rat. It would be logical to 
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TABLE 1 

Lecithin Cholesterol Acyl Transferase 
Activity in Plasma of Rats Fed Iron-Deficient 

or Iron.Supplemented Diets 

Diet a LCAT Activity b 

FF-Fe 560 +- 79 c 
FF+Fe 1047 -+ 151 

HCNO-Fe 668 +- 43 c 
HCNO+Fe 1041 -+ 72 

CO-Fe 689 -+ 97 d 
CO+Fe 1096 *- 116 

aDiet  abbreviat ions  are: FF. fat-free; HCNO, 
14% hydrogenated coconut oil diet; CO, 14% corn oil 
diet .  Iron-deficient and iron-supplemented diets are 
given as -Fe and +Fe, respectively. 

bLCAT activity is given as nmol cholesterol esteri- 
fied/min/I plasma. Values are mean -+ SE from duplicate 
determinations with plasma sample from each of the 
6 rats in the diet groups. 

CSignificantly different with p<O.01 using 2-tailed 
t-test as compared to the value in the corresponding 
+Fe group. 

dSignificantly different with p<0.02 as compared 
to the value in the CO+Fe group. 

expec t  that ,  when LCAT activity is reduced  in 
animals fed i ron-def ic ient  diets (Table 1), the  
relative level o f  CE to CH in plasma would  
also be reduced as compared  to the  levels in 
i ron- supp lemented  controls .  However,  our  
results showed tha t  CE/CH rat io was increased 
significantly ra ther  than  decreased when com- 
pared to the  cont ro ls  (Table 2). It would  appear  
that  the LCAT activity is low under  cond i t ions  
when the relative level of  CE to CH in the  
plasma is already high. On the o the r  hand,  
enzym e  activity is high in i ron-supp lemented  
animals when CE/CH ratio is reduced.  An 
evaluation of  the  data f rom earlier s tudies also 

suggests that  it is difficult  to correlate plasma 
LCAT and CE/CH levels in i ron-def ic ient  ani- 
mals. The relative level o f  CE to  CH in plasma 
lipids had been found  to be ei ther  decreased 
(2, 18, 20) or  unchanged (3, 19) in iron- 
def ic ient  rats. Fu r the rmore ,  the  values for  CE/ 
CH decreased most ly  due to  increased levels o f  
CH and not  due to decreased levels of  CE (2, 
18, 20). In some exper iments ,  even though  the 
b lood Hb levels were decreased to 4.1 g % (vs 
15.9 g % in controls) ,  plasma choles terol  con- 
ten ts  have remained unchanged (6). Hence,  
fu r ther  expe r imen t s  are needed  to  unders tand  
the relat ionship be tween  iron def ic iency,  
plasma CE/CH levels and LCAT activity. 

Hyperlipidomia 

A n o t h e r  r epor ted  effect  of  iron def ic iency is 
the  p roduc t ion  of  hyper l ipidemia.  However,  
iron def ic iency during both  pregnancy and 
lac ta t ion  causes hyper l ip idemia  in 18-day-old 
offspr ing but  no t  in maternal  rats (1). When 
male weanling rats were fed i ron-def ic ient  diets  
for 5 weeks, their  blood triglyceride levels were 
5-fold greater  than in those  in animals fed an 
i ron-supp lemented  diet  (6). Marked l ipemia was 
also observed in weanling male and female 
rats and chicks when  they were fed iron- 
def ic ient  diets (4). However,  hyper l ip idemia  
appears to  be d e p e n d e n t  on the amo u n t  and 
type  of  dietary fat fed and also on the  strain 
of  rat used (5). In some exper iments ,  hyper-  
l ipidemia was not  p roduced  and instead the  
serum triglyceride levels were depressed mar- 
kedly (60-75%) by iron def ic iency (3,5). The 
present  s tudy  suppor t s  this f inding since the  
analysis o f  the plasma lipid co n t en t s  showed  
tha t  the  tr iglyceride levels were significantly re- 
duced in rats fed i ron-def ic ient  diets as com- 

TABLE 2 

Cholesterol and Cholesteryl Ester Contents of Plasma 
from Rats Fed Iron-Deficient or Iron-Supplemented Diets a 

Cholesteryl ester 

Diet b Cholesterol Chotesteryl ester Cholesterol 

FF-Fe 17.6 +- 1.3 30.4 -+ 1.8 1.76-+ 0.1 c 
FF+Fe 23.4 -+ 1.6 21.4 -+ 4.4 0.97 + 0.23 

HCNO-Fe 18.6 -+ 0.4 23.9 +- 2.5 1.40 -+ 0.11 c 
HCNO+Fe 26.3 -+ 3.6 15.7 + 4.9 0.72 _+ 0.24 

CO-Fe 19.0 +- 2.7 31.5 + 4.0 1.64 -+ 0.26 c 
CO+Fe 27.8 -+ 6.4 29.8 -+ 5.2 0.82 "2"- 0.10 

aplasma cholesterol and cholesteryl ester contents are given as mg %. these are mean - 
SE obtained from duplicate analysis with plasma sample from each of the 6 rats in the diet 
groups. 

bSee Table 1 for diet designation. 
CSignificantly different from the corresponding value in the +Fe group with p<0.O01 

using the  2-tai led t-test .  
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cenic" has been applied to cis-11-octadecenoic acid, and "trans-vaccenic" used 
to refer to trans-1 l-octadecenoic acid. Examples of this usage may be found in a 
number of issues of Lipids, and several of the major suppliers of lipid standards 
list vaccenic as the cis isomer. Vaccenic acid was the trivial name originally given 
by Bertram (1) to the trans form, and is so used in ChemicalAbstracts. The cis 
isomer is commonly termed cis-vaccenic, although Pryde (2) lists the trivial name 
of asclepic acid. 

This simple transposition of trivial names may seem itself somewhat trivial, 
but when it obscures the identity of the compound meant, it adds to the diffi- 
culty of an already complex subject. Lipids reviewers and editors should be 
made aware of this problem, and authors encouraged to use some less ambiguous 
nomenclature at least once to remove any uncertainty regarding identity. If 
trivial names are used, vaccenic should be used only for trans-I 1-octadecenoic 
acid, and cis-vaccenic (or possibly asclepic) for cis-11-octadecenoic acid. 
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