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ABSTRACT

The objective of this study was to determine the effects of various dietary animal (casein, bovine
albumin and egg albumin) and vegetable (soy, cottonseed and peanut) proteins on serum and biliary
constituents and gallstone formation in the hamster. Eighty-four hamsters (60+5g) were assigned to
either a control group (Purina rat chow) or to one of the 6 experimental groups, Experimental diets
contained 20.0% protein. With the exception of hamsters fed egg albumin, gallstone incidence was
greater among hamsters fed animal proteins. Hamsters fed egg albumin exhibited a lower concentra-
tion of total serum cholesterol and HDL-cholesterol than most of the other experimental groups.
There were no significant differences between experimental groups for either HDL, -cholesterol con-
centration or VLDL-LDL-cholesterol concentration. Bile acid concentrations within the vegetable
protein-fed groups were significantly higher than within the animal protein-fed groups. Casein- and bovine
albumin-fed hamsters showed a significantly higher percentage of biliary cholesterol in the bile fluid.
As the percentage of biliary cholesterol increased, the percentage of bile acids was found to decrease.

Lipids 20:1-6, 1985.

INTRODUCTION

Cholesterol gallstone disease occurs fre-
quently in European and North American pop-
ulations. Presently the etiology of this disease is
poorly understood. However, it is known that
the formation of gallstones involves supersat-
uration of bile with cholesterol. It is not known
if this gallstone-inducing biliary cholesterol
originates in the serum or if it is synthesized
by the hepatic tissue,

Various dietary factors have been implicated
in gallstone formation. Dietary cholesterol (1,2),
fat (3,4) and carbohydrate (5,6) as well as
excessive caloric intake (7) all have been re-
ported to be involved in the development of
gallstone disease. More recently, emphasis has
been placed on the effects of dietary proteinson
gallstone formation (8,9). In 1979 Kritchevsky
and Klurfeld (8) demonstrated that when ham-
sters were fed the “Dam Diet” (a diet which
contains no essential fatty acids, has sucrose as
a carbohydrate source and uses casein as a pro-
tein source) as compared to a similar diet which
contained soy protein, there was an increased
incidence of cholesterol galistones. Upon admin-
istration of a diet containing vegetable protein
(soybean) to the cholelithic animals, gallstones
were dissolved. More recently, Kritchevsky and
Klurfeld (9) and Kritchevsky et al. (10) further

*To whom correspondence should be addressed.

1Preliminary reports of portions of this work were
presented at the 74th Annual Meeting of the American
Oil Chemists’ Society in May 1983 in Chicago.

documented the lithogenicity of casein as com-
pared to soy protein.

The mechanism by which dietary proteins
infuence cholesterol gallstone formation has
not been determined. However, Kritchevsky
(10) has shown that the lysine/arginine ratio of
the diet can account for at least a portion of
this diet-induced cholelithic effect. Earlier work
by Liepa and Park (11) has shown that the
lysine/arginine ratio of dietary protein has a sig-
nificant impact upon serum cholesterol metab-
olism in rats. However, a relationship between
serum and biliary cholesterol concentrations
has not been studied extensively (12). Dietary
proteins have been shown to alter serum con-
centrations of both total cholesterol (13,14)
and various cholesterol lipoprotein fractions
(15,16). Work done using both humans (13,14)
and experimental animals (17,18) has indicated

" that animal proteins tend to be hypercholester-

olemic, whereas vegetable proteins tend to be
hypocholesterolemic. Although total serum cho-
lesterol levels have not been associated with
gallstone formation, some studies have shown
correlations between various cholesterol lipo-
protein fractions and cholelithiasis. Increased
serum concentrations of very low density lipo-
protein (VLDL) and low density cholesterol
lipoprotein (LDL) have been associated with
gallstone formation (19). Conversely, HDL-
cholesterol concentration has been associated
negatively with gallstone disease (20). Recent
work by Portman et al. (21) showed a relation-
ship between the concentration of the HDL,

LIPIDS, VOL. 20, NO. 1 (1985)



2 M.A, SULLIVAN, A. DUFFY, N. DIMARCO AND G. LIEPA

subfraction of cholestérol and gallstone forma-
tion in squirrel monkeys.

This study was designed to investigate how
various animal (casein, bovine albumin and egg
albumin) and vegetable (soy, cottonseed and
peanut) proteins, with a wide range of lysine/
arginine ratios, affect concentrations of a vari-
ety of serum and biliary lipids and to determine
if these lipid concentrations are correlated to
gallstone incidence.

MATERIALS AND METHODS

Eighty-four golden Syrian hamsters (Mesocri-
cetus auratus; SASCO, Inc., Omaha, Nebraska)
were used in this study. Upon arrival, the ham-
sters were housed in metal cages in groups of
3 animals per cage. The animals were 4 to 6
weeks old and weighed 60 £ 5 grams, Food and
water were provided ad libitum throughout the
study. Animals were weighed weekly. The room
was well ventilated and artificially illuminated
on a 12-hr cycle.

Water bottles and cages were autoclaved
weekly to prevent bacterial contamination,
Animals were fed Purina Chow #5012 (Ralston
Purina Co., St. Louis, Missouri) during a 14-day
equilibration period and then randomly assigned
to either an independent control group or one
of 6 experimental groups (N = 12). The inde-

pendent control group was maintained on the
Purina Chow for the duration of the experiment.
Animals given experimental diets were fed
modifications of the Dam Diet (Table 1) which
were mixed and pelleted by U.S. Biochemical
Corporation (Cleveland, Ohio). The 6 experi-
mental diets contained 20% protein by weight.
Three different animal proteins (casein, bovine
albumin and egg albumin) were used. All animal
proteins were obtained from U.S. Biochemical
Corporation, and contained 85.5%, 95.75% and
80.0% protein, respectively. Three different
vegetable proteins (soy, cottonseed and peanut)
also were used. The soy protein was supplied by
U.S. Biochemical Corporation and contained
approximately 90.0% protein. Cottonseed and
peanut proteins were supplied by the Qilseed
Protein Research Center at Texas A & M Uni-
versity, College Station, Texas, and contained
87.7% and 89.6% protein, respectively. The
non-protein fraction of these experimental diets
consisted of 74.3% sucrose and 5.7% vitamin/
mineral supplements.

Hamsters were maintained on experimental
diets for 63 days and then were fasted for 12 hr
(receiving only water) and killed (9-11 a.m.).
Hamsters were anesthetized with ether, abdom-
inal cavities were opened and blood was aspi-
rated via cardiac puncture. Blood samples were
centrifuged for 20 min at 4,000 rpm at 4 C.

TABLE 1

Composition of Experimental Diets

Protein isolate source 34 Additional dietary components

Diet (20% of diet) of all experimental diets
Experimental

1 Casein 1(3) 74.3% Sucrose

Bovine albunin‘tnl(b) 5.0% Minerat mix

3 Egg albumin ! ©) 0.5% Vitamin mix

a4 Soybean1(d) 0.2% Choline chloride

5 Cottonseed2(a)

6 Peanut2(®
Control

7 Purina Chow (5012)

ISupplied by U.S. Biochemical Corporation, Cleveland, Ohio, and containing the follow-
ing: (a) Casein—protein, 85.5%; moisture, 9.8%; ash, 1.8%; carbohydrate, 1.8%:; fat, 1.0%;
fiber, 0.1%; (b) Bovine albumin—protein, 95.75%; moisture, 2.4%; ash, 1.85%; (c) Egg
albumin-protein, 80.0%; moisture, 8.0%; fat, 0.04%; carbohydrate, 0.1%; fiber-ash, 11.86%.
Note: Biotin added at the rate of 2 mg/kg diet above biotin in vitamin mix;(d) Soy —protein,
86.0%; moisture, 5.5%; ash, 3.8%; carbohydrate, 3.8%:; fat, 0.8%:; fiber, 0.1%.

2Supplied by the Oilseed Protein Research Center, Texas A & M University, College Sta-
tion, Texas, and containing the following: (a) Cottonseed —protein, 84.8%; ash, 6.5%; carbo-
hydrate, 3.8%; moisture, 3.7%; fat, 0.6%:; fiber, 0.6%: (b) Peanut—protein, 89.62%; moisture,
3.78%; carbohydrate, 3.31%; ash, 2.75%; fat, 0.40%; fiber, 0.14%.

3L/A ratios (casein, 2.51; bovine albumin, 1.22; egg albumin, 1.18; soy, 0.81; cottonseed,

0.30; peanut, 0.79; chow, 0.80).

4Glycine as per cent of total diet (casein, 0.30%; bovine albumin, 0.28%:; egg albumin,
0.70%:; soy, 0.84%; cottonseed, 0.91%; peanut, 0.94%; chow, 1.03%).

SMineral and vitamin mixtures were identical to those used in Reference 12.
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Serum was collected after centrifugation and
was then refrigerated. Analysis of serum lipo-
protein fractions was performed within 24 hr
following collection, whereas analysis of total
cholesterol concentration was performed within
72 hr. The gallbladder was examined visually
for the presence of gallstones. Gallbladder bile
was aspirated from the gallbladder, frozen and
stored at -20 C for later chemical analysis. Total
biliary bile acids, phospholipids and cholesterol
were analyzed using the methods of Turley and
Dietschy (22), Trudinger (23), and Reyes and
Kern (24), respectively. Total serum cholesterol
concentration was determined using the enzy-
matic technique described by Allain et al. (25).
Serum lipoprotein cholesterol fractions were
analyzed using the method of Warnick and
Albers (26), whereas lipoprotein subfractions
were determined using a modification of the
method of Gidez et al. (27) which involved
ultracentrifugation with a Beckman Airfuge
(18 degree rotor).

Data were analyzed with a one-way analysis
of variance for each variable examined. The error
mean square was used as the basis for variability
in subsequent tests. When a significant effect of
dietary treatment was detected, the Scheffe
procedure was used for selected contrasts be-
tween dietary groups, while the Newman-Keuls
test was used for pairwise comparisons among
groups (28).

RESULTS

Effects of Diet on Gallstone Incidence

In this study, gallstone incidence was not

TABLE 2

Effect of Various Dietary Proteins on Animal
Survival and Incidence of Gallstones

Gallstone incidence

Group Protein source Survival (%)
1 Casein * 12/12 25.0
2 Bovine albumin  12/12 33.3
3 Egg albumin 12/12 0.0
4 Soy 12/12 0.0
H Cottonseed 12/12 8.3
6 Peanut 12/12 0.0
7 Control 12/12 0.0

found to be strictly related to the source
(animal vs vegetable) of the dietary protein.
Among animal protein-fed groups, both bovine
albumin- and casein-fed hamsters exhibited a
significantly greater incidence (33% and 25%,
respectively) of gallstones than any other groups
of animals (Table 2). Hamsters fed either egg
albumin, vegetable proteins or the control diet
rarely exhibited gallstones (only one animal in
all of these groups developed gallstones). There
was no apparent relationship observed between
weight gain and incidence of gallstone for-
mation. -

Effects of Diet on Serum Lipid Levels

When the effect of the various dietary pro-
teins on total serum cholesterol and a number
of cholesterol fractions and subfractions was
analyzed, only hamsters fed egg albumin had a
significantly lower (P < 0.05) concentration of
total cholesterol (Table 3), When cholesterol

TABLE 3

Effect of Dietary Protein on the Concentration of Serum Cholesterol Constituents in Hamsters

Total serum Total HDL HDL, HDL, VLDL-LDL
cholesterol cholesterol cholesterol cholesterol cholesterol
Group Protein source (mg/d1) (mg/dl) (mg/dl) (mg/dl) (mg/di)
1 Casein 137.4 £ 7,93 97.8 + 5,58 63.9 t 5.53,b,¢ 33.9+49 39.7t 6.9
(N=12) (N=12) (N =12) (N=12) (N=12)
2 Bovine albumin  124.0 * 8.12  103.5 + 7.22 75.2 £ 7.4b,¢ 29.1+5.5 22.4 4.0
N=12) (N=11) (N=11) (N=11) (N=11)
3 Egg albumin 95,7 + 450 746 + 6.80¢ 534 :4.73bd 24.4 £ 6.0 202+ 5.3
N=11) (N=9) (N =11) (N=9) (N=9)
4 Soy 1240 £ 6,28 101.4 + 5.62 69.7 + 4.7b,¢ 31.7+ 3.4 22.6 5.7
(N = 10) (N=9) (N=9) (N=28) (N =38)
s Cottonseed 1376 + 6.8  107.1 t 5.32 73.3 + 8.3b,¢ 36.4%5.9 29.9 + 6.4
(N = 10) (N =10) (N = 10) (N = 10) (N =10)
6 Peanut 127.0 £ 7,23 92.2 + 5.58¢ 4651+ 5.734d 4541 5.9 34.8+ 5.0
(N=11) (N=11) (N = 10) (N = 10) (N=11)
7 Control 96.3 + 5.2b 65.0 + 6.2V 36.6 + 5.99 29.5+ 5.1 31.3:7.6
(N=12) (N=11) (N =10) (N =10) (N=11)

Values are means + SE.

Means followed by different superscripts within a column are significantly different (p < 0.05).
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TABLE 4

Effect of Dietary Protein on Biliary Composition of Hamsters

Absolute concentration (umol/ml)

Relative concentration (molar %)

Protein
Group source Bile acid! Phospholipid’  Cholesterol! Bile acid!  Phospholipid! Cholesterol®
1 Casein  151.8 + 978  17.1 + 28 6.0 + .98 868 £ 0.48 98 : 043 3.3 +0.32
(N =12) (N =12) (N =10) (N = 10) (N = 10) (N=10)
2 Bovine 107.0 + 7.5b 17.4 + 63 43 + .68 826 + 0.6b 14.0 £ 07 32 :o.32
albumin (N = 11) N =11) (N=10 (N = 10) (N =10) (N = 10)
3 - Egg 155.3 + 7.02 123 b 2.3 £.3 91.3 + 0.4 7.3 t 0.4¢ 1.3 % 0.2b,C
albumin = (N =11) (N = 10) (N=9) (N=09) (N = 9) (N = 9)
4 Soy 232.6 * 17.9¢  16.6 * 43 43 t.58b 91,8 x 0.4¢d 65 : 0.56d 1.5 +0.1b:C
(N =12) (N = 12) (N = 10) (N = 10) (N = 10) (N =10)
5 Cotton- 241.1 * 13.8¢ 144 £ 9b 47 + 43D 925+ 0.6cd 54 x 04de 1.8+ 0.2b
seed (N= 12) (N =12) (N = 10) (N = 10) (N=10) (N = 10)
6 Peanut 232.6 + 14.5¢ 12.6 * .7b 3.9 +.68b 0933 x 044 " 51 £ 0.3d 1.6 +0.2bC
(N =11) (N =11) (N = 11) (N=11) (N=11) (N=11)
7 Control 279.3 t 944 12,5 + b 2.8 +.40b 947 + 04® 43 t 03° 0.9 *0.1¢
(N=12) (N =12) (N=11) (N =11) (N=11) (N=11)

Values are means + SE,

Means followed by different superscripts within a column are significantly different (p < 0.05).
1Compax'ison between Groups 1-3 and Groups 4-6 is significant at p < 0.01 within a column.

fractions and subfractions were analyzed, both
egg albumin- and peanut protein-fed hamsters
had significantly lower (P < 0.05) total HDL-
cholesterol and HDL;-cholesterol concentra-
tions than any of the other experimental groups.
Although the casein- and chow-fed groups had
decreased percentages of their total cholesterol
in HDL, no relationship was apparent between
per cent HDL (of total cholesterol) and gallstone
incidence. There were no significant differences
in VLDL-LDL or HDLj; concentrations be-
tween experimental groups.

Effects of Diet on Biliary Lipid Levels

Bile fluid was analyzed quantitatively for the
3 primary lipid components, bile acids, phos-
pholipids and cholesterol. Values were reported
in absolute concentrations (4mol/ml) as well as
in relative concentrations (molar %, Table 4).
Bile acid concentrations within the vegetable
protein-fed groups were significantly higher
than within the animal protein-fed groups (P <
0.05). The bovine albumin-fed hamsters exhib-
ited a significantly lower (P < 0.05) bile acid
concentration than any of the other groups.
The cottonseed protein-fed hamsters exhibited
the highest concentration of bile acid of any of
the experimental groups. The relative bile acid
concentrations of bovine albumin- and casein-
fed hamsters were significantly lower (P < 0.05)
than the bile acid concentrations of any of the
other groups.

The hamsters fed casein, bovine albumin and
soy protein exhibited a significantly higher
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(P < 0.05) concentration of phospholipid than
other experimental groups. The bovine albumin-
and casein-fed hamsters exhibited the highest
per cent phospholipid concentration (P < 0.05).
The casein-fed hamsters exhibited the highest
absolute and relative biliary cholesterol con-
centrations. Casein- and bovine albumin-fed
hamsters showed the highest per cent biliary
cholesterol concentration.

As the percentage of biliary cholesterol in-
creased, the percentage of bile acids was found
to decrease. A strong negative correlation (r =
-0.74) existed between per cent biliary choles-
terol and per cent bile acids. A stronger negative
correlation (r = -0,98) existed between the
molar % phospholipid concentration and the
molar % concentration of bile acids.

DISCUSSION

Early work by Dam (29) indicated that
hamsters fed dietary casein as part of the Dam
Diet f{requently developed gallstones. The
present study did not completely support Dam’s
finding in that the incidence of gallstones in
casein-fed animals was substantially lower than
reported by Dam (28). The lower incidence of
gallstones reported in the present study also has
been observed by Kritchevsky et al. (9,10). The
reasons for this are not absolutely clear. Opti-
mum conditions for stone formation did exist
(29). It is possible that provision of an infection-
free environment through the research period
altered stone formation since Dam had reported
an increased incidence of intestinal disorders
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and mortality in his study (29).

Effects of Dietary Proteins on Serum
Cholesterol Profiles

A variety of studies (13,14,17,18) haveshown
that plant protein tends to have cholesterol-
lowering properties in blood when compared to
animal protein. In this study this was not found
to be true. However, hamsters fed egg albumin
had significantly lower serum cholesterol levels
than those fed other dietary proteins. This egg
albumin-induced hypocholesterolemia also has
been shown to occur in rabbits fed egg white
protein (30). In both animal (19) and human
(20) studies, dietary animal protein (casein) also
has been associated with increased concentra-
tions of LDL- and VLDL-cholesterol, whereas
diets containing vegetable (soy) protein have
been associated with decreased concentrations
of LDL-cholesterol and increased concentrations
of HDL-cholesterol. Qur study showed no dif-
ferences in VLDL-LDL or HDL3 concentrations
between experimental groups. Although two
dietary proteins (egg albumin and peanut) had
significantly lower total HDL and HDL, choles-
terol concentrations, no patterns were noted
between lipoprotein differences and origin of
dietary protein (animal vs vegetable). It is pro-
posed that dietary protein-induced serum lipid
changes observed in this study disagree with
data presented in the literature possibly because
of the uniqueness of the animal model (hamster)
used. Data regarding effects of dietary proteins
on serum lipid profiles of hamsters are not
presently available for comparison.

Effects of Dietary Proteins on Biliary Lipids

According to Redinger and Small (31),
gallstone formation is initiated when biliary
cholesterol concentration is increased (above
5 molar %) in relation to the other biliary lipids.
In this study the casein- and the bovine albumin-
fed groups exhibited the highest relative con-
centrations of biliary cholesterol (3.3 molar %
and 3.2 molar %, respectively) and also had the
highest incidence of gallstones. Redinger and
Small (31) further propose that should the con-
centration of biliary cholesterol cause the
concentration of bile acids to fall below 80%,
gallstone formation is injtiated. The casein-fed
hamsters as well as the bovine albumin-fed ham-
sters exhibited molar % concentrations of biliary
bile acids (86.8 molar % and 82.7 molar %, re-
spectively), which most closely approached the
80% limit proposed by Redinger and Small (31).
Heaton et al. (32) proposed that gallstone for-
mation is initiated by an elevation in the con-
centration of both biliary phospholipid and
cholesterol. In the present study the casein- and

bovine albumin-fed hamsters also exhibited the
highest absolute and relative concentrations of
biliary phospholipid.

Effects of Dietary Protein
on Gallstone Formation

Recent work by Kritchevsky et al. (10) has
shown that the lysine/arginine (L/A) ratio of
experimental diets alters their lithogenicity.
Casein was shown to be lithogenic in their
study, but when arginine was added to the diet
there was a significant decrease in gallstone
incidence. Dietary soy protein, which was asso-
ciated with a much lower incidence of gallstones,
became more lithogenic when lysine was added
to the diet. Although all of the animal protein
diets used in our study had L/A ratios above 1.0
and vegetable protein diets had ratios below
1.0, egg albumin had a L/A ratio (1.18) which
most closely approached vegetable protein
ratios. Gallstones were found most frequently
in hamsters fed diets containing either casein or
bovine albumin. This pattern of stone incidence
might be expected if the L/A ratio hypotheses
proposed by Kritchevsky et al. (10) were true,
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Phospholipid Composition of Guinea Pig Lung Lavage

ARSHAD Q. KHAN, MATTHEW O. SIKPI and SALIL K. DAS,* Department of
Biochemistry, Meharry Medical College, Nashville, TN 37208

ABSTRACT

Phospholipids from guinea pig lung lavage were analyzed. The total lavage phospholipid content
was 2.65 +0.67 mg per gram of lung, which accounted for 85% of the total lipids in lung wash. Phos-
phatidylcholine (PC) accounted for over 60% of the total phospholipids. The other phospholipid
fractions, in order of predominance, were phosphatidylinositol (PI), phosphatidylserine (PS), sphin-
gomyelin (SPH), phosphatidylethanolamine (PE), phosphatidylglycerol (PG) and lysophosphatidyl-
choline (LPC). Disaturated phosphatidylcholine (DSPC) comprised 80% of the total PC, and it con-
tained mostly palmitic acid. The DSPC content of the lung lavage fluid per square meter of alveolar

surface area was 5.76 + 0.42 mg.
Lipids 20:7-10, 1985.

INTRODUCTION

The lung becomes functional at birth, when
it undergoes a transition from a liquid to a gas
filled environment. The transition cannot occur
successfully in the absence of a surface-active
material, commonly known as pulmonary
surfactant, which promotes alveolar stability.
Pulmonary surfactant is a complex, water-
insoluble material consisting principally of
lipids (85%), proteins (13%) and carbohydrates
(3%) (1). Surfactant from several species
studied (2-6) contains a large quantity of
saturated PC (41-58% by weight of the total
lipid), particularly dipalmitoylphosphatidyl-
choline (DPPC) (1). PG is also an essential
component ,of pulmonary surfactant (7,8).
Smaller amounts of other lipids, such as acidic
phospholipids, PE and cholesterol are also
present in the surfactant system. The surfactant
lipids are believed to be synthesized in rough
endoplasmic reticulum, stored in the lamellar
bodies of the Type II alveolar epithelial cells
and secreted into the alveoli as part of a com-
plex mixture of lipids and proteins (5,9-11).
Surfactant lipids from the alveoli and from cells
can be isolated separately, the former by lavag-
ing alveoli and the latter by analyzing lung
tissue post-lavage (12) or by studying purified
type II cells (13). Since the phospholipid com-
position of lung wash resembles that of lamellar
bodies and surface-active material (3,14-18),
the efficiency of the pulmonary surfactant
system can be evaluated by the study of the
lavage material.

In view of the difficulties in conducting such
studies in man, a suitable animal model for
surfactant secretion is essential. We have devel-
oped an animal model using the guinea pig in

which to study the lung surfactant bjiosynthesis -

#To whom correspondence should be addressed.

(19-22). It has been established that guinea pig
lung is more like human lung tissue than other
frequently-used animal lung tissues in the regu-
lation of surfactant phospholipid synthesis and
in fetal lung maturity (22). Unfortunately, no
information is available on the composition of
surfactant lipids in this species. This study pre-
sents a quantitative analysis of phospholipids
from alveolar washings in the guinea pig.

EXPERIMENTAL PROCEDURES

Preparation of Lavage

Three-week-old male Hartley guinea pigs
weighing 250-275 g each were obtained from
Camm Research Laboratories, New Jersey.
Each animal was injected intraperitoneally with
400 U heparin and 10 mg pentobarbital/100 g
b. wt. After the animals were anesthetized, the
chest cavity was opened and the lungs per-
fused by gravity with a solution composed of
136 mM NaCl, 5.3 mM KCl, 5.6 mM glucose,
2.6 mM sodium phosphate buffer, 10 mM
Hepes buffer, pH 7.4 (23). A cannula was in-
serted into the pulmonary artery via the right
ventricle and the left auricle was cut to allow
the blood to wash out of the lungs. During the
perfusion, the lungs were ventilated manually
with air through a cannula inserted into the
trachea. Following thorough perfusion the
lungs were removed intact from the thorax and
lavaged 6 times via the cannulated bronchus,
each time with 10 ml of cold perfusion solu-
tion, Preliminary experiments showed that
approximately 99% of the saturated PC re-
covered after 6 separate lavages was found in
the first 4 lavage returns. If blood was detected
by gross examination in lavage fluid, the sample
was rejected. Cellular components, chiefly
alveolar macrophages, were removed by centri-
fugation at 800 x g for 10 min, and the super-
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natant was stored in a freezer at —20 C until
analysis. Lavaged lung was weighed after all
extrapleural vessels and bronchi were carefully
trimmed away. Protein contént of lavage fluid
was measured by the procedure of Lowry et al.
(24).

Lipid Extraction, Fractionation and Analysis

Lipid was extracted from lung lavage fluid
by the procedure of Bligh and Dyer (25).
Crude lipid extracts were washed with potas-
sium chloride (26) and freed from non-lipid
contaminants by Sephadex column chromatog-
raphy (27). A known aliquot of eluate from the
Sephadex column was evaporated to dryness in
a tared flask, and the weight of the lipid residue
was determined.

Lipids were separated into neutral lipid,
glycolipid and phospholipid fractions on a
silicic acid column by the successive use of
chloroform, acetone and methanol as the elut-
ing solvents (28). To isolate DSPC, the phos-
pholipids were reacted with osmium tetroxide
dissolved in carbon tetrachloride and fraction-
ated on 'a column of neutral alumina by the
procedure of Mason et al. (29). Phospholipids
were separated into individual components by
thin-layer chromatography (TLC) (30). Phos-
phomolybdate sprays (31) were used as the
visualizing agents to detect separated phospho-
lipids. The quantity of total phospholipids in
the methanol eluate and individual phospho-
lipids isolated from the TLC plates was deter-
mined by measuring the amount of phosphorus
according to the procedure of Bartlett (32). To
determine the fatty acid composition of PC and
DSPC, the lipids were saponified and the iso-
lated fatty acids converted to methyl esters by
heating for § min at 75 C with 14% boron tri-

A.Q. KHAN, M.O. SIKPI AND S.K. DAS

fluoride in methanol, according to the method
of Metcalf and Schmitz (33). The methyl esters
of fatty acids were separated on a 6 ft X % in.
column of 10% diethylene glycol succinate on
Chromosorb W AW (80-100 mesh) in a Packard
Model 7400 gas chromatograph equipped with
flame ionization detector (34).

RESULTS

The mean weight of the animals was 265.2
3.3 g. The mean wt of lung was 2.67 + 0.32 g.
Table 1 presents quantitative data for the total
lipids, total and individual phospholipids and
total protein in lung lavage fluid. The total lipid
and protein content was 3.31 ¢ 0.53 mg and
0.36 + 0.09 mg respectively, expressed as per
gram of lung. Phospholipid, the major compo-
nent of the total lipids, constituted 58% of the
total lipids. PC constituted the largest fraction
of lipids, comprising 64.5% of the total phos-
pholipids. In order of predominance, PI, PS,
SPH, PE, PG and LPC were the other major
lipids, and comprised 6.4%, 6.1%, 6.1%, 5.2%,
4.0% and 4.0% of the total phospholipids,
respectively. DSPC made up 79.9% of the total
PC in lavage fluid.

Table 2 presents the composition of fatty
acids of PC and DSPC from lavage fluid. Palmitic
acid accounted for 68.0% and 88.1% of the
total PC and DSPC, respectively, and there were
few fatty acids with more than 18 carbon
atoms. They contained relatively little stearic
acid (5.1% for PC and 3.8% for DSPC). Satu-
rated fatty acids accounted for 79.5% of the
total in PC.

DISCUSSION
The composition of the phospholipids in

TABLE 1

Composition of Phospholipids and Proteins of Lung Lavage Fluid

(Mean £ SD, N = 8)

mg per g of wet
lavaged lung

mg per sq meter of
alveolar surface area
(Mean + SD, N = g8)2

Total lipids

Total phospholipids
Phosphatidylcholine
Disaturated phosphatidylcholine
Phosphatidylinositol
Phosphatidylserine
Sphingomyelin
Phosphatidylethanolamine
Phosphatidylglycerol
Lysophosphatidylcholine

Total protein

3.3110.53 14.02 + 2.2

2.65 £ 0.67 11.23 = 2.63
1.71 £ 0.23 7.24 £ 0.97
1.36 £ 0.19 5.76 + 0.80
0.17 £ 0.04 0.72 + 0.16
0.16 £ 0.04 0.67 % 0.15
0.16 + 0.05 0.67 = 0.16
0.14 £ 0.03 0.59 £ 0.09
0.11 £ 0.01 0.46 *+ 0.09
0.10 £ 0.01 0.42 * 0.04
0.36 + 0.09 1.52 + 0.38

2The alveolar surface area value is obtained from the literature (Tenney and

Nature, 197, 54-56).
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TABLE 2

Fatty Acid Composition of Phosphatidylcholine and Disaturated
Phosphatidylcholine of Lung Lavage Fluid

% of Total Fatty Acids (means + S.D., N = 8)

Fatty acid Phosphatidylcholine Disaturated phosphatidylcholine
14:0 54104 6.8 0.7
15:0 1.0 £ 0.1 1.3+0.1
16:0 68.0 £ 3.9 88.1 +4.8
16:1 4.2 +0.5
18:0 5.1+0.7 3.8+0.6
18:1 9.2+1.2
18:2 6.1 +0.9
18:3 0.4 0.0
20:4 0.6 £ 0.1

guinea pig lung washings are similar to those
reported in other species, such as bovine (6),
rabbit (7,35), dog (23,24,36), human (37), and
mouse and rat (38,39). However, there is a
significant quantitative difference in the phos-
pholipid composition between guinea pig and
other species, particularly bovine (6) and rabbit
(35). Rooney, Page-Roberts and Motoyama
(35) reported that PC and PG account for
86.2% and 6.2% of the total phospholipids,
respectively, in adult rabbit lung wash; PE, PI,
PS and SPH account for a total of only 6%.
Similar results were obtained for bovine (6).
However, in guinea pig lavage, PC and PG ac-
count for only 64.5% and 4.0% of the total
phospholipids, respectively. PE, PI, PS and SPH
account for more than 23% of the total phos-
pholipids. The striking difference is that PG is
the second major phospholipid in rabbit and
bovine, whereas in guinea pig PI is the second
major phospholipid.

The significance of this difference is not
clear at this time. However, it may be noted
that CDP-diglyceride serves as a common pre-
cursor for both PI and PG, and the latter com-
pound seems to be an end product rather than a
precursor (40). In the fetal rabbit, PI is the
most abundant acidic surfactant phospholipid,
but its level decreases after birth. On the other
hand, PG is absent in surfactant from the fetal
rabbit, appears at term and increases after birth
(41). We do not know at this time what kind of
developmental changes occur in the amount of
these two acidic phospholipids in guinea pig
lung. However, it should be noted that recently
Beppu et al. (42) have reported that the pres-
ence of PG is not essential in the adult rabbit
for normal in vitro surfactant properties. Their
results suggest that PI may substitute for PG for
maintaining normal surfactant structure.

Gail, Steinkamp and Massaro (39) reported
that the amount of saturated PC in lung lavage
shows a direct log linear correlation with
species alveolar surface area at functional
residual capacity. The saturated PC content of
lung lavage fluid per square meter of alveolar
surface area varies in the sequence: mouse
(12.6 mg) > rat (6.2 mg) > rabbit (5.4 mg) >
dog (4.6 mg) > cat (3.1 mg). Their data indi-
cate that the amount of lavage saturated PC per
square meter of alveolar surface is larger in
small animals with small alveoli than in larger
animals with larger alveoli. Tenney and Rem-
mers (43) have measured the alveolar surface
area of various species and, according to their
data, the alveolar surface area varies in the
squence: dog (46.41 m?) > cat and rabbit
(7.29 m?) > guinea pig (0.63 m?) > rat (0.46
m?) > mouse (0.06 m?). If the DSPC content
of guinea pig lavage is calculated on the basis of
alveolar surface area data of Tenney and Rem-
mers (43), then the guinea pig lavage contains a
total of 5.76 mg DSPC per square meter of
alveolar surface area. It is not surprising that
DSPC in the lavage returns of guinea pig is
closer to that of rabbits and rats as compared to
larger animals (39). It is suggested that the
curve established by Gail et al. (39) in relating
lavage saturated PC and alveolar surface area
can be applied successfully in computing the
saturated PC content of lavage of any species of
known alveolar surface area.

ACKNOWLEDGMENT

This work was supported by NIH Grant RR-08037
funded by the Division of Research Resources and the
National Heart, Lung and Blood Institutes. Dr. D. B.
Gail, National Heart, Lung and Blood Institute, pro-
vided helpful discussions concerning lung lavage sur-
factant composition. Mrs. Anita Frierson typed the
manuscript.

LIPIDS, VOL. 20, NO. 1 (1985)



10

11.

12.

13.
14,

1s.
16.

17.

18.

19,

20.

21.

22.

23.

A.Q. KHAN, M.O. SIKPI AND S.K. DAS

REFERENCES

Farrell, P.M,, and Avery, M.E, (1975) Am. Rev.
Respir. Dis. 111, 657-688.

Klaus, M.M., Clements, J.A., and Havel, R.J.
(1961) Proc. Natl. Acad. Sci. U.S.A. 47, 1858-
1859.

Frosolono, M.F., Charms, B.L., Pawlowski, R,,
and Slivka, S. (1970) J. Lipid Res. 11, 439-457.
King, R.J., and Clements, J.A. (1972) Am. J.
Physiol. 223, 707-714.

Gil, J., and Reiss, O.K. (1973) J. Cell Biol. 58,
152-171.

Yu, S.,, Harding, P.G.R., Smith, N,, and Poss-
mayer, F. (1983) Lipids 18, 522-529.

Rooney, S.A., Canavan, P.M., and Motoyama,
E.K. (1974) Biochim. Biophys. Acta 360, 56-57.
Hallman, M., and Gluck, L. (1975) Biochim. Bio-
phys. Acta 409, 172-191.

Chevalier, G., and Collet, A.J. (1972) Anat. Rec.
174, 289-310.

Darrah, H.K., and Hadley-White, J. (1973) J.
Appl. Physiol. 34, 205-213.

Smith, F.B., Kikkawa, Y., Diglio, C.A.,
Dalen, R.C. (1980) Lab. Invest. 42, 296-301.
Pawlowski, R., Frosolono, M.F., Charms, B.L.,
and Pryzbylski, R. .(1971) J. Lipid Res. 12, 538-
544,

Smith, F.B., and Kikkawa, Y. (1978) Lab. Invest.
38, 45-51.

Morgan, T.E., Finley, T.N., and Fialkow, H.
(1965) Biochim. Biophys. Acta 106, 403-413.
Body, D.R. (1971) Lipids 6, 625-629.

Pfleger, R.C.,, and Thomas, H.G. (1971) Arch.
Intern. Med. 127, 863-872.

Toshima, R.N., and Akino, T. (1972) Tohoku J.
Exp. Med. 108, 253-263.

King, R.J., and Clements, J.A. (1972) Amer. J.
Physiol. 223, 715-726.

Stith, LE., and Das, S.K. (1981) Indian Biologist
13, 120-128.

Das, S.K. (1981) Biochem. Biophys. Res. Com-
mu. 103, 1145-1148.

Das, S.K., McCullough, M.S,, and Haldar, D.
(1981) Biochem. Biophys. Res. Commun. 101,
237-242. '

Stith, L.E.,, and Das, S.K. (1982) Biochim. Bio-
phys. Acta 714, 250-256.

Mason, R.J., Williams, M.C., Greenleaf, R.D.,

and

LIPIDS, VOL. 20, NO. 1 (1985)

24.
25.
26.
217.

28.

29.

30.

31.

32.

33.

34.

3s.

36.

37.

38.

39.

40.

a1,

42.

43,

and Clements, J.A. (1977) Am. Rev. Respir. Dis.
115, 1015-1026.

Lowry, O.H., Rosebrough, N.J., Farr, A.L., and
Randall, R.J. (1951) J. Biol. Chem. 193, 267-275.
Bligh, E.G., and Dyer, W.J. (1959) Canad. J.
Biochem, Physiol. 37, 911-917.

Folch, J., Lees, M., and Sloane Stanley, G.H.
(1957) J. Biol. Chem. 226, 497-509.

Wells, M.A., and Dittmer, §.C. (1963) Biochemis-
try 2, 1259-1263.

Rouser, G., Kritchevsky, G., and Yamamoto, A.
(1967) Lipid Chromatographic Analysis, Vol. 1,
pp- 99-161, Marcel Dekker, New York.

Mason, R.J., Nellenbogen, J., and Clements,
J.A. (1976) J. Lipid Res. 17, 281-284,
Touchstone, §.C., Chen, J.C., and Beaver, K.M.
(1980) Lipids 15, 61-62.

Rouser, G., Siakotos, A.N., and Fleischer, S.
(1966) Lipids 1, 85-86.

Bartiett, G.R. (1959) J. Biol. Chem. 234, 466-
468.

Metcalf, L.D., and Schmitz, A.A. (1961) Anal
Chem. 33, 363-364.

Das, S.K., Scott, M.T.,
(1975) Lipids 10, 584-590.
Rooney, S.A., Page-Roberts, B.A., and Moto-
yama, E.K. (1975) J. Lipid Res. 16, 418-425,
1975.

Ryan, S.F., Hashim, S.A., Cernansky, G., Barrett,
C.R.,, Bell, A.L.L.,, and Lian, D.F. (1980) J.
Lipid Res. 21, 1004-1014.

Gluck, L., Kulovich, M.V., Eidelman, A.L,
Cordero, L., and Khazin, A.F. (1972) Pediatr.
Res. 6, 81-99,

Clements, J.A., Nellenbogen, J., and Trahan,
H.I. (1970) Science 169, 603-604.

Gail, D.B., Steinkamp, H., and Massaro, D.
(1978) Resp. Physiol. 33, 289-297.

Hallman, M., and Gluck, L. (1976) J. Lipid Res.
17, 257-262,

Hallman, M., and Gluck, L. (1975) Fed. Proc.
34,274,

Beppu, O.S., Clements, J.A., and Goerke, J.
(1983) J. Appl. Physiol. §5, 496-502.

Tenney, S.M., and Remmers, J.E. (1963) Nature
197, 54-56.

and Adhikary, P.K.

[Received March 15, 1984}



11

Lipids of Dermatophytes |l. Effect of Growth Condition on the
Lipid Composition and Membrane Transport of Microsporum

gypseum

SAROJ LARROYA and GOPAL K. KHULLER,* Department of Biochemistry,
Postgraduate Institute of Medical Education and Research, Chandigarh - 160012, India

ABSTRACT

Supplementation of glucose-containing medium with ethanol and replacement of glucose by
glycerol in the Sabouraud’s growth medium of Microsporum gypseum altered the levels of total phos-
pholipids as well as their apolar and polar head groups. The levels of phosphatidylcholine (PC) and
phosphatidylethanolamine (PE) increased under these growth conditions; also, the ratio of unsatu-
rated/saturated phospholipid fatty acids decreased on ethanol supplementation but increased in the
presence of glycerol. Steady state accumulation of labelled amino acids (glycine, lysine and aspartic

acid) was affected under these conditions.
Lipids 20:11-15, 1985.

INTRODUCTION

Dermatophytes are a group of pathogenic
fungi infecting keratinized surfaces of animals
including man. Since recognition that dermato-
phyte lipids are allergens to the host (1), work
has been initiated to examine dermatophyte
composition (2-5) and lipid metabolic pathways
(6,7). Earlier studies from our laboratory have
reported the lipid composition of these fungi
(8) as well as their characterization and purifi-
cation of key phospholipid metabolizing en-
zymes (9-12). In continuation of our studies on
the lipid biochemistry of dermatophytes, we
now have focussed our attention on the role of
lipids in membranes. Investigations have not
been undertaken to explore the effects of dif-
ferent growth conditions on dermatophyte lipids
and the subsequent effects on membrane prop-
erties. In this study, Microsporum gypseum, a
dermatophyte, was exposed first to Sabouraud’s
medium, supplemented with one per cent
ethanol, a disinfectant-cum-membrane perturb-
ant (13). Second, glycerol was substituted for
glucose, the main catbon source in the growth
medium. Glycerol was chosen because it is a
natural carbon source available to the fungus
during infection (14). The alterations produced
in lipid species under these conditions have
been shown to influence membrane transport
functions of M. gypseum.

MATERIALS AND METHODS

Materials

Labelled amino acids (l-“‘C—glycme sp.
activity 144 mCi/mmol; u-! 4C-lysine of sp.

*To whom correspondence should be addressed.

activity 230 mCi/mmol and U-'*C-aspartic acid
of sp. activity 152 mCi/mmol) were procured
from BARC, Bombay, India. Malonyl- (2-14C)
coenzyme A (sp. activity 50.7 mCi/mmol) and
Oleoyl-(1-¥*C)coenzyme A (sp. activity 60 mCi/
mmol) were obtained from NEN, Massachusetts,
USA. NADPH, ATP, oleoyl CoA, malonyl CoA,
cycloheximide, glycine, aspartic acid, lysine
were the products of Sigma Chemical Co.,
St. Louis, Missouri, USA. Ficoll paque was pur-
chased from Pharmacia Fine Chemical Co.,
Sweden. Novozym and Cellulase ‘CP’ were gifts
sent by M/s Novo Industrie, Bagswaerd, Den-
mark, and John & E. Sturge Ltd., Selby, North
Yorkshire, England, respectively.

Growth of Culture

Microsporum gypseum, obtained from the
Mycological Reference Laboratory, School of
Hygiene and Tropical Medicine, London,
England, was grown in Sabouraud’s broth (4%
glucose, 1% peptone, pH 5.4-5.6). Where indi-
cated, one per cent ethanol was supplemented
into the autoclaved medium under sterile condi-
tions. However, for other experimental cultures
glucose was replaced equivalently by glycerol
(4%, w/v) in the Sabouraud’s medium. The
fungus was grown as surface cultures at 27 C
until the logarithmic phase of growth was com-
plete. The cells were harvested after 18 days of
cultivation and were then processed for lipid
extraction and enzyme assays, as per the
following methods.

Quantitation of Lipids

Total lipids of the cells were extracted and
purified by the method of Folch et al. (15).
Total phospholipids were quantified by the

LIPIDS, VOL. 20, NO. 1 (1985)
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standard method of Bartlett as modified by
Marinetti (16). Two dimensional thin layer
chromatography was used to separate total
phospholipids into individual species by using
the solvent systems: chloroform-methanol-
water, 65:25:4 (v/v/v for the first dimension)
and chloroform-methanol-water-acetic acid, 50:
35:1:8 (v/v/v[v for the second dimension).
Total phospholipids, separated from the neutral
lipids, were analyzed for their fatty acyl com-
position by gas liquid chromatography (Pye
Unicam Model 104) following their conversion
into methyl esters as described by Khuller
etal (17).

Enzymes of Fatty Acid Biosynthesis (Fatty Acid
Synthetase and Desaturase)

A 15 per cent homogenate from various
cultures was prepared by crushing, homogeniz-
ing and sonicating the cells (at 4 C) suspended
in 10 mM Tris-HC1 buffer (pH 7.0). The homo-
genate was spun at 1000 x g for 15 min and the
pellet, containing mainly cell debris, was dis-
carded. The supernatant was centrifuged fur-
ther for removal of mitochondria. The resulting
supernatant was subjected to ultracentrifuga-
tion at 100,000 x g for 90 min. The superna-
tant was the source of fatty acid synthetase,
whereas the pellet was the source of desaturase.
The pellet was resuspended in 10 mM phos-
phate buffer (pH 7.1) prior to use.

Fatty Acid Synthetase

The method of Klein (18) was followed for
assay of fatty acid synthetase. Following incu-
bation at 30 C for 20 min, the reaction was
terminated with 1 ml of 10% methanolic KOH.
The mixture was saponified for one hr at 70 C
and subsequently supplemented with 15 ug of
middle and long chain fatty acids. Both cold
and labelled fatty acids were extracted with
pentane, The pentane extract was dried and
the residue dissoived in a minimal volume of
chloroform. Samples were counted in a Packard
Scintillation Counter using toluene based scin-
tillation fluid. Protein was determined by the
method of Lowry et al. (19).

Desaturase Assay

The assay mixture was the same as described
by Baker and Lynen (20). Incubation and
termination of the reaction was the same as for
the fatty acid synthetase assay. Fatty acids
were extracted with pentane; the product and
the substrate were separated by argentation
chromatography (21). The spots, identified by
spraying with Rhodamine 6G and visualized
under an uitraviolet lamp, were scraped directly

LIPIDS, VOL. 20, NO. 1 (1985)

into counting vials and toluene scintillation
fluid was added (10 ml/vial). Counts incorpo-
rated were measured in a liquid scintillation
counter,

Preparation of Spheroplasts

After harvesting various types of cells under
sterile conditions, a known portion (1-2 g) of
the mycelium was added to a flask containing
autoclaved solution A (consisting of 3 mM
B-mercaptoethanol in 20 mM citrate phosphate
buffer, pH 6.5). After incubation at 30 C for
60 min, solution A was decanted and 10 mi
sterile solution B (3 mM dithiothreitol, 0.7 M
NaCl and 10 mM citrate phosphate buffer,
pH 6.5) and lytic enzymes (Novozym and
cellulase ‘CP,” 30 mg each) added. The incuba-
tion was carried out for 20 hr at 30 C, and the
formation of spheroplasts was checked micro-
scopically. The incubation mixture containing
solution B and the enzymes was discarded.
Solution B (20 ml) was added and the mixture
was centrifuged at 1000 x g for 10 min. The
spheroplast pellet was washed twice similarly
with solution B for complete removal of the
enzymes. The final suspension of spheroplasts
was put on Ficoll paque gradient and centri-
fuged at 400 x g for 30-40 min at 18 C. The
purified spheroplasts obtained were used for
transport studies.

Transport Studies

Spheroplasts containing 100-150 ug protein
were preincubated with 100 ug cycloheximide
at 28 C for 10 min in solution B lacking dlthlo-
threitol. 08 mM labelled ammo acid (1-%
glycine/U-* C-aspartic acid/U-*C 1lysine) was
added and the specific activity adjusted to
0.2 uCi/mmole in a total volume of 0.2 ml. The
reaction was stopped after 5 min of incubation
at 28 C by diluting it with chilled normal saline
followed by filtration through 0.22 um Milli-
pore membrane filters. After 2-3 washes with
chilled normal saline, the filter was dried com-
pletely and counted in toluéne based scintilla-
tion fluid.

Statistical Analysis

Differences between various types of cells
were calculated by Student’s t-test.

RESULTS AND DISCUSSION

Phospholipids are constituents of biomem-
branes that affect diverse vital phenomena
including membrane polarity, membrane fluid-
ity and metabolite transport (22,23). Altera-
tions in membrane properties following changes
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in phospholipid composition, produced either
by genetic manipulations or by changes in
growth conditions, indicate a relation between
structure and function of biomembranes.

As is evident from Table 1, content of total
phospholipids (TPLs) increased appreciably
both in ethanol supplemented and in glycerol
grown cells. The enhancement was nearly two-
fold in the latter type of cells compared to the
control cells, which were grown in normal
Sabouraud’s medium devoid of any supple-
ment. The changes observed in the total phos-
pholipid levels also were reflected in their
individual components (Table 1). The levels of
both PC and PE were raised under both of the
test culture conditions. The augmentation was
1.4- and 1.6-fold in PC and PE levels respec-
tively, in the ethanol supplemented cells.
However, the increase was more pronounced in
the glycerol grown cells, where PC and PE
levels were raised by 2.2- and 2.8-fold, respec-
tively. Phosphatidylserine (PS) plus phospha-
tidylinositol (PI) levels were increased signifi-
cantly in the glycerol grown celis (Table 1).
Since a major proportion of the total cellular
content of phospholipids generally is present in
the membranes (24), the enhancement observed
in the level of total phospholipids and the
major phospholipid components (PC and PE)
suggests adaptation of the dermatophyte mem-
branes to their environment. Further, the ratio
between zwitterionic (LPC + PC + PE) and
anionic (PS + PI) species of lipids also was
altered (Table 1) in both ethanol supplemented
and glycerol grown cells of M, gypseum. Since
charge on polar head groups of phospholipids
is crucial for binding or neutralization of other
polar membrane components (25), alterations
in membrane polarity implicate changed mem-
brane properties of M. gypseum.

Fatty acyl chain composition of phospho-
lipids was altered markedly on ethanol supple-
mentation (Table 2). Ethanol addition caused a
4-fold decrease in the content of linoleate
(Cis:2) and an increase of 2- and 4-fold in the
levels of palmitate (Ci6.0) and stearate (Cy3.0),
respectively, resulting in a sharp decline in the
ratio of unsaturated/saturated phospholipid
fatty acids in ethanol exposed cells compared
to the control. However, on substitution of
glucose by glycerol, a significant increase was
observed in the unsaturated/saturated fatty acid
ratio (Table 2). This increase was accomplished
by an increase in the levels of linoleate with a
simuitaneous decrease in palmitate in these
cells, compared to the control. Since fatty acyl
chains of phospholipids are known to regulate
membrane fluidity and membrane functions
(22), the alterations manifested following culti-

TABLE 1

Effect of Stress Conditions on Phospholipid Composition of M, gypseum
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vation under different growth conditions

* %
% © :O;\D appear to be obligatory for survival of the
s o g z g fungus under‘ these conditions. )
5 o To examine the effect of different growth
- qge conditions on the enzymes of fatty acid biosyn-
= - - thesis, activities of fatty acid synthetase and

desaturase were determined in ethanol supple-
mented and glycerol grown cells. The results are

* presented in Table 3.
ok Because fungi possess fatty acid synthetase
o j 32 type I complex (27), responsible for synthesis
33 HOHH of only saturated fatty acids, the stimulation
IRQ observed in the specific activity of fatty acid
g = :;' synthetase from ethanol supplemented M.

gypseum (Table 3) suggests it was responsible
for decreasing the unsaturated/saturated fatty
acids ratio in these cells. In spite of the en-
hancement of unsaturated phospholipids noted

wn

o)

o

g %

3 * 2

L * Z A

§ - 3S8 in glycerol grown cells, the unaffected activities

% s SRR of fatty acid synthetase and desaturase in such

= © oo cells indicate probable participation of either

o < v . 3 o

g oS = acyltransferase (28,29) or direct phospholipid

S - o desaturase (30) in controlling the fatty acyl
2 composition, as has been reported for other

£ o " P s

i . g microorganisms.

-2 #x S Because alterations in lipid composition

S e SRR s often have been documented to regulate mem-

5 5 —es 2 brane transport functions (31,32), membrane

- I Tt oo E properties of various M. gypseum cultures were

9 3%1% R & examined by studying the uptake of amino

2 =1z - g acids. It is pertinent to mention that the non-

Rl o g . - .

a 5 S ° specific barrier, i.e. cell wall, of densely inter-
- | 8 § woven dermatophyte mycelia was removed
£ go 3 e w v enzymatically and that the resulting round,
Slglv o protoplasmic spheroplasts were used for the
2|2 : transport function studies. Three amino acids,
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s | 2 HEE I the non-polar, basic and acidic category of
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8| 2 w57 €sp ,
2| x| 3 A =X transport studies.

2 J oo 2 Tn As is evident from Table 4, spheroplasts
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TABLE 4

UptakeT of Amino Acids by Spheroplasts Prepared
from Variously Cultured M. gypseum Cells

Cell type Glycine Aspartic acid Lysine
Control 54,19 + 3,58 33.22 £ 2.14 33.04 £ 1.04
1% Ethanol 31.69 + 1.54*%* 24,15 + 1.21%** 30.30 + 0.34*
Glycerol 32.56 £ 1.39%** 23.18 £ 1.19%% 26.76 £ 0.97%*

TUptake = n moles a.a/mg protein/5 min. The values are Mean + S.D. of 3 independent

determinations.
*P < 0.05;**P <.01; ***P < .001,

NS = Non-significant compared to the control.

from both ethanol supplemented and glycerol
grown cells showed significant decrease in
steady state accumulation of all three amino
acids compared to the control spheroplasts. The
changes may be attributed to alterations ob-
served in phospholipid composition, inciuding
those in the ratio between zwitterionic and
anionic lipid species in ethanol supplemented
and glycerol grown cells. Dependence of trans-
port functions on lipid composition also has
been shown for bacteria (33) and yeasts (34).

In conclusion, this study demonstrates that
growth conditions have a marked effect on the
levels of phospholipids as well as their sub-
molecular species, which in turn influence the
transport functions of M. gypseum.
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Incorporation of trans Fatty Acids into Submandibular

Salivary Gland Lipids

SYED Q. ALAM*, BASSIMA S. ALAM and ARNOLD BANERJt, Department
of Biochemistry, Louisiana University Medical Center, 1100 Florida Avenue,

New Orleans, LA 70119

ABSTRACT

Three groups of rats were fed diets containing 20% corn oil, 20% margarine stock (MS) or 19% MS
+ 1% corn oil. Diets were fed for 12 weeks, 1 week of pregnancy, 3 weeks of lactation and 8 weeks
post-weaning. The incorporation of trans-octadecenoate into various lipids of the submandibular
salivary gland (SMSG) homogenates and plasma membranes was studied. Trans octadecenoate was
incorporated into all the lipid fractions studied. Its levels were the highest in phosphatidylethanolamine.
The double bond index of phospholipid fatty acids in the plasma membranes of the SMSG was sub-
stantially fower in the group fed 20% MS. The fluorescence polarization of 1,6-diphenyl-1,3,5-hexatriene
(DPH) was generally higher in the membranes of SMSG from rats fed MS than that of the other two
groups, thus indicating lower fluidity. Also, the breakpoints in fluorescence polarization were at a
higher temperature in the membranes from rats fed MS as compared with those fed corn oil. Lower
fluidity of plasma membranes of SMSG observed in rats fed 20% MS may result in modification of the

activities of membrane-bound enzymes.
Lipids 20:16-23, 1985.

INTRODUCTION

The consumption of fats of vegetable origin
has more than tripled between 1909-13 and
1980 (1). Partially hydrogenated vegetable oils
contain large amounts of positional and geo-
metric isomers of fatty acids. These fatty acids
are known to be incorporated into the tissues
of experimental animals and man fed diets con-
taining partially hydrogenated oils. The extent
of their incorporation depends upon the type
of isomer, dietary level, length of the feeding
study and the type of tissue and lipid being
analyzed. Studies concerning the incorporation
of trans fatty acids in animal tissues (2) and
man (3), their metabolism. (4,5), biological (6)
and nutritional effects (7-9) have been reviewed.
Most of the evidence indicates that trans fatty
acids which occur most commonly in foods do
not have any adverse effects provided the diet
contains adequate amounts of the essential
fatty acids (6,8).

The mechanism whereby the type and the
level of the dietary fats can affect the structure
and function of the salivary glands has been
studied in ourlaboratory. Previous investigations
have shown that the level of dietary fat (10)
and essential fatty acid deficiency (11,12) have
a profound influence on the fatty acid compo-
sition of SMSG lipids. These changes in fatty

*To whom correspondence should be addressed.

1part of this work was presented at the Federation
of American Societies for Experimental Biology
(FASEB) 68th Annual Meeting, St. Louis, Missouri,

April 1984, Alam, S.Q., Alam, B.S,, and Banerji, A.
Fed. proc. 43,317 (1984).
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acid composition were associated with altered
gland function (11) and increased (Na* + K*)-
ATPase activity (12).

In the present study we report the effects of
feeding diets containing margarine stock which
has high levels of trans octadecenoate on the
fatty acid composition of homogenates and
plasma membranes of SMSG. Since the fluidity
of membranes is considered to be important in
regulating a number of physiological processes
including cellular transport, we also investigated
the effects of feeding trans fatty acids on mem-
brane fluidity using the fluorescence polar-
ization of 1,6-diphenyl-1,3,5-hexatriene (DPH)
as a probe.

MATERIALS AND METHODS

Casein (vitamin-free) was purchased from
TEKLAD (Madison, Wisconsin). The remaining
dietary ingredients were purchased from ICN
(Cleveland, Ohio). Margarine stock was supplied
by Kraft Inc., (Glenview, Illinois). Corn oil
and sucrose were purchased from a local super-
market,

All organic solvents were of analytical reagent
grade and were glass-distilled prior to use, Bio-
chemical reagents were purchased from Sigma
Chemical Co. (St. Louis, Missouri). Standards
for fatty acid methyl esters, including trans
16:1 and cis 20:1, were obtained from Applied
Science (Deerfield, Illinois). Purity of the stan-
dards was greater than 99% by GC analyses,
Silicic acid (Biosil-A) used for column chroma-
tography was a product of Bio-Rad Laboratories
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(Richmond, California).

Animal Study

Fifteen-day pregnant, Sprague-Dawley rats
(Holtzman Co., Madison, Wisconsin) were
divided into 3 groups of 3-4 rats each and were
fed ad libitum semipurified diets containing
20% corn oil (CO), Group I, control; 20% mar-
garine stock (MS), Group II, experimental, or
19% MS + 1% CO, Group III, experimental. The
basal diet contained (in weight per cent):
casein, 20.0; sucrose, 50.8; cellulose, 4.0; fat or
oil, 20.0; mineral mixture (AIN-76), 4.0; vitamin
mixture (AIN-76), 1.0; choline chloride, 0.2,
and butylated hydroxytoluene, 0.002%, added
as an antioxidant. Diets were prepared fresh
every 2-3 weeks and were stored at 4 C.

Within 24 hr after delivery, the pups within
each dietary group were randomized so there
were 8-9 in each foster-litter. Throughout lac-
tation the dams continued feeding on the same
respective diets. The pups were weaned at 3
weeks, housed individually in wire-bottomed
galvanized cages and fed ad libitum the same
diets previously fed to their mothers. Rats were
weighed once a week and the food intake was
measured 3-4 times during the study. After a
total of 12 weeks on their respective diets
(1 week of pregnancy, 3 weeks of lactation and
8 weeks post-weaning), rats from each group
were decapitated and SMSG were dissected out,
rinsed with physiological saline and weighed.
Glands from 5-6 rats within each group were
pooled (3-4 g wet weight) and minced finely
with scissors. Homogenates were prepared in a
Potter-Elvejhem tissue homogenizer by homog-
enizing with 20-25 strokes at 3000 rev/min in
9 volumes (w/v) of a medium containing 0.32 M
sucrose in 0.05 M Tris-HCL, pH 7.4 (at 25 C),
0.025 M KC1, 0.003 M MgCl, and 0.002 M
CaCl,. The homogenates were filtered through
4 layers of cheesecloth to remove the con-
nective tissues, The filtered homogenates were
used for the preparation of plasma membranes
by the differential centrifugation method of
Durham et al. (13).

Analytical Procedures

Aliquots of plasma membranes and tissue
homogenates were used for lipid extraction
using Bligh and Dyer’s method (14). The lipid
extracts were diluted to a volume of 5 ml with
chloroform, and portions were used for the
fatty acid determination after transesterification
with boron trifluoride-methanol (15). Aliquots
of total lipid extracts were separated by silicic
acid column chromatography (1 g Biosil-A,
100-200 mesh in a 1 cm, ID column) to remove

the phospholipid fraction from neutral lipids
and glycolipids (16). Total cholesterol was
determined after saponification of the total
lipid extract as previously described (17). Stig-
masterol was added as an internal standard
prior to saponification. Lipid phosphorus was
determined by Bartlett’s procedures (18). The
composition of fatty acid methyl esters of total
lipids and phospholipids was determined by gas-
liquid chromatography on a Perkin-Elmer 900
gas chromatograph with FID using a glass col-
umn (3.8 m x 2 mm) packed with 15% Silar-10C
on Gas-Chrom Q 100/200 mesh (Applied Sci-
ence, Deerfield, Illinois). The column temper-
ature was 230 C, the detector and injection port
temperatures were 275 C. Under these exper-
imental conditions t-16:1 and c-16:1 isomers
were completely resolved, whereas methyl
oleate and methyl elaidate were not. The latter
eluted prior to methyl oleate as a shoulder.
Since cis-trans isomers of 18:1 could not be
completely resolved using this column, argen-
tation thin layer chromatography (TLC) was
used for this purpose. Glass plates (30 cm X
20 cm, 0.25 mm thick) were prepared by
spreading a slurry containing 30 g of silica gel G,
mixed with 60 ml of water containing 2.55 g of
AgNOj; and 0.1 ml of dichlorofluoroscein (0.2%
methanol solution). After drying at room tem-
perature, the plates were activated at 110 C for
1 hr. For the quantitation of trans and cis
isomers of 18:1, internal standards of t-16:1
and c-20:1 (25 u g each) were added to each
sample containing methyl esters of total lipids
or phospholipids, and these were spotted on the
TLC plates along with the internal standards,
The plates were developed in the dark in
the 30-cm direction using chloroform-ethanol
(99.25:0.75, v/v). Bands were visualized under
ultraviolet light. The fluorescent spots con-
taining cis and trans isomers of monoenoic
fatty acid methyl esters were scraped off the
plates and extracted twice with methylene
chloride-1N anhydrous methanolic HCI (99:1)
to elute the esters from the silica gel (19). The
solvents were evaporated under nitrogen, the
residue was dissolved in 50 u 1 of hexane, and
aliquots were injected into the gas chromato-
graphic column as described above for the
separation of fatty acid methyl esters. The cis
and trans isomers of 18:1 were quantitated by
comparison with the internal standards, t-16:1
for t-18:1 and ¢-20:1 for c-18:1. The values
were corrected for slight differences in the
detector response for methyl esters of t-16:1
and c-20:1 and for the endogenous levels of
t-16:1. The latter were determined from the
GLC analyses prior to the addition of the inter-
nal standard and constituted 0.7-1.5% of the
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TABLE 1
Dietary Fatty Acid Composition
Diet fed

Fatty acid 20% CO 20% MS 19% MS + 1% CO
16:0 10.5 10.2 10.1
18:0 2.3 10.2 104
t-18:1 - 51.3 . 49.4
c-18:1 25.9 22.7 20.8
c,t-18:2* - 2.0 2.1
c,c-18:2 60.4 1.9 5.8
18:3 0.7 - -

Values are area per cent, average of 2 determina-
tions.

* includes some t,c and t,t.

CO = corn oil, MS = margarine stock.

total fatty acids.

Duplicate samples of the diets also were
extracted for total lipids, and the fatty acid
composition was determined using argentation
TLC and gas chromatography as described
above, The data are presented in Table 1,
Trans octadecenoate constituted about 50%
of the total fatty acids in the two diets con-
taining MS. About 2% of octadecadienoate
(t,t plus t,c plus c,t) was also present in the
MS diets. The levels of linoleic acid (expressed
as % of the total fatty acids) were 1.9 in the
20% MS diet, 5.8 in the 19% MS + 1% CO
diet, and 60.4 in the 20% CO diet.

Fluorescence Polarization Studies
with Plasma Membranes from SMSG

Fluorescence polarization was measured
according to the procedures of Shinitzky and
Inbar (20) and Shinitzky and Barenholz (21).
A solution of 2 x 1073M diphenyl hexatriene
(DPH) in tetrahydrofuran was diluted 1000 fold
by injection into vigorously stirred phosphate-
buffered saline (137 mM NaCl, 2.7 mM KCI,

S.Q. ALAM, B.S. ALAM AND A. BANERJI

12.2 mM Na, HPO,4, 1.5 mM NaH,PO,,pH 7.2).
The resulting DPH solution (2 x 107°M) was
mixed 1:1 (v/v) with the membranes (about
0.5 mg protein), and incubated at 37 C for
1 hr, The incorporation of DPH into the mem-
brane was followed by a steep increase in fluor-
escence intensity, measured on a SLM 4800
fluorescence polarization spectrophotometer
(SLM Instruments, Inc.) with two cross polarized
channels. The Excitation A was 366 nm. Scatter-
ing of the emitted light was reduced by using
a 389 nm cut off filter. Fluorescence polar-
ization was measured at different temperatures
using a water circulating bath (NESLAB Model
RTE-9, Portsmouth, New Hampshire). The
results are the average of two determinations on
a pooled sample within each group. The dupli-
cate values varied from 5-10%.

RESULTS

There was no significant difference in weight
gains of rats among the three dietary groups. The
concentrations of total lipids, proteins, phospho-
lipids, cholesterol and cholesterol to phos-
pholipid ratios in the SMSG are shown in
Table 2, There was no significant difference in
any of these parameters except in phospholipid
phosphorus, which was higher in the group fed
20% MS when compared with the control group.

The fatty acid composition of total lipids in
the SMSG of rats fed the three diets is shown in
Table 3. Trans 18:1 constituted 17.8% of the
total fatty acids in the group fed the 20% MS
and 13.9% in the group fed the 19% MS +
1% CO. This difference was significant (P <
0.05). There was also some incorporation of
c,t-18:2 (plus t,c plus t,t) in the total lipids of
the SMSG of the two groups fed MS. A small
amount (less than 1%) of the t-16:1 fatty acid
was also present.

TABLE 2

Total Lipids, Phospholipids and Cholesterol Content in SMSG
of Rats Fed Diets Containing Trans Fatty Acids

Dietary Total lipids? Proteins?

Phospholipid P

Total cholesterol Cholesterol

group (%) (%) (nmol/mg protein)  (nmol/mg protein) Phospholipid
20% CO 2.84 13.05 165.7 59.0 0.356
+ 0.33 + 0.61 + 107 + 44 +0.014
20% MS 2.41 12.21 205.7b 66.1 0.321
+0.12 * 0.79 + 11.6 + 3.6 + 0.008
19% MS + 2.88 12.01 191.3 68.5 0.358
1% CO +0.22 + 0.53 + 113 + 6.1 + 0.021

Values are mean * SE (5 rats/group).

aExpressed as % of the wet weight of the gland.
bgignificantly different from the control group (20% CO), P < 0.05.

CO = corn 0il, MS = margarine stock.
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TABLE 3

Fatty Acid Composition of Total Lipids of SMSG
of Rats Fed Diets Containing Trans Fatty Acids

Fatty acid 20% CO Diet fed 20% MS 19% MS + 1% CO
14:0 1.0 + 0,143 1.0 + 0.058 1.2 +0.158
16:0 26.6 + 1,222 17.4 * 0.60b 20.9 +0.314
t-16:1 o 0.9 £ 0,090 0.7 +0.07Y
c-16:1 1.3 £ 0.133 4.6 +0.,12b 2.3 +0.274
18:0 15.6 + 0.738 7.6 + 0.24b 9.9 +0.17d
t-18:1 -2 17.8 ¢ 0.82b 13.9 +0.644
c-18:1 14.6 + 0.632 34.8 * 0.78P 20.9 +0.53d
t,c-18:2* —a 2.9 + 0.12b 1.3 #0.17
c,c-18:2 21.0 + 1.053 2.8 + 0.57P 9.6 £0,37d
20:2 1.0 £ 0.172 1.3 ¢ 0.182 0.4 xob
20:3 w9 ;) 3.6 + 0.65b 0.6 =0.063d
20:3 w6 3.1 + 0.162 1.3 + 0.28P 2.0 +£0.31b
20:4 15.0 + 1.188 3.2 + 0.80P 11.5 £0.544

Values are area per cent (mean t SE, 5 rats/group).
Means within the same line with a superscript letter in common are not significantly
different. Means with different superscripts are significantly different (P <0.05), using

analysis of variance, Neumann-Keul’s test.

¢ designates fatty acid containing cis double bond.
t designates fatty acid containing a trans double bond.

* or c,t or t,t. — indicates trace.
CO = corn oil, MS = margarine stock,

TABLE 4

Fatty Acid Composition of Neutral Lipids, Free Fatty Acids and Triglycerides
of SMSG of Rats Fed Diets Containing Trans Fatty Acids

Group no. 14:0 16:0 t-16:1 c-16:1 18:0 t-18:1 c¢-18:1 t,c-18:2% ¢,c-18:2 20:3 w9 20:3 w6 20:4
Neutral
lipids
1 1.6 25.1 - 2.9 11.1 17.3 - 25.0 - 1.4 9.9
I 1.9 18.1 1.4 6.6 §3 21.8 29.5 3.1 3.0 2.9 - 3.2
II1 1.7 18.0 1.1 3.7 7.2 1341 23.3 1.7 8.0 0.7 2.1 153
Free fatty
acids
1 1.3  26.0 — 1.6 14.8 - 14.9 - 22.8 - 1.9 12.2
i1 1.1 12.3 1.3 5.1 62 179 31.2 2.8 3.8 5.7 — 5.1
i 1.2 164 1.1 3.3 9.2 136 23.1 1.7 9.9 0.7 2.1 15.2
Triglycerides
I 2.9 305 1.3 4.7 4.6 - 25.3 - 25.9 — - 0.8
I 2.7 267 1.5 8.2 39 174 33.6 2.3 1.2 2.5 - -
iy} 2.5 26.7 14 5.8 54 20.0 29.8 24 4.0 1.0 — 0.9

Values are area per cent of pooled samples within each dietary group.
¢ designates fatty acid containing cis double bond; t designates fatty acid containing a #rans double bond.

* or c,t or t,t.
~— indicates trace.
1=20% CO; Il = 20% MS; 11 = 19% MS + 1% CO.

The fatty acid composition of total lipids in
the SMSG of rats fed 20% MS diet was similar
to that observed in essential fatty acids (EFA)
deficiency. An increase in the levels of ¢-16:1
and c-18:1, a decrease in c¢,c18:2 and 20:4 and
an increase in 20:3w?9 were observed. The addi-
tion of 1% corn oil to the diet tended to restore
the normal fatty acid patterns of total lipids in

the SMSG.

The fatty acid composition of neutral lipids,
free fatty acids and triglycerides in the SMSG
of rats fed the three diets is shown in Table 4.
The patterns typical of EFA deficiency such as
an increase in c¢-16:1, ¢c-18:1 and 20:3w9, and a
decrease in ¢,c-18:2 and 20:4, were observed in
rats fed the 20% MS diet. The incorporation of

LIPIDS, VOL. 20, NO. 1 (1985)
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TABLE §

Fatty Acid Composition of Phospholipids, Phosphatidylcholine and Phosphatidylethanolamine
of SMSG of Rats Fed Diets Containing Trans Fatty Acids

Group no. 14:0 16:0 «c-16:1 18:0 t-18:1 c-181 t,c-18:2* c,c-18:2 20:3 w9 20:3 w6 20:4
Phospholipids :
I 0.9 252 3.4 15.5 - 11.1 - 18.3 — 34 16.1
1 0.8 16.1 6.5 7.6 13.6 36.7 - 5.1 5.0 - 3.9
m 1.3 212 5.2 9.9 8.0 23.7 2.8 11.1 0.7 1.7 10.7
Phosphatidyl-
choline
I 2.8 387 2.0 23.7 — 11.0 - 10.0 — 33 49
I 3.2 237 2.7 10.8 i1.1 34.5 1.8 6.6 2.6 1.3 0.6
m 35 334 0.5 13.2 12.0 18.1 - 5.2 6.2 23 3.0
Phosphatidyl-
ethanolamine
I 2.2 147 3.5 28.9 - 21.0 ‘ - 114 - 24 9.6
i 1.t 74 6.0 10.3 248 253 6.9 5.0 3.5 - 1.8
m 1.8 107 4.2 15.1 20.3 20.8 4.5 6.6 1.7 - 6.3

Values are area per cent of pooled samples within each dietary group.
¢ designates fatty acids containing cis double bonds; t designates fatty acids containing a trans double bond.

*orcitort,t.
— indicates trace.

TABLE 6

Fatty Acid Composition of Total Lipids of SMSG Plasma Membranes
of Rats Fed Diets Containing Trens Fatty Acids

Fatty acid 20% CO Diet fed 20% MS 19% MS + 1% CO
7

14:0 2.3+ 1.08 2.2t 0.82 1.9 £ 0.93
16:0 27.6+1.08 16.4% 0.1 18.1 + 0.5b
t-16:1 -a 0.8+ 0.1b 14 + 0.3b
c-16:1 1.7 £ 0.32 3.7+ 0.38 2.3+ 078
18:0 15.4 + 0.82 9.3+ 0.7b 11.2 t 05
t-18:1 -a 11.6 % 0.3b 11.4 + 0.8%
c-18:1 18.0+ 2,92 39,5+ 2.6b 23.8 + 2,52
t,c-18:2* —a 3.3+ 0.48 1.8 + 1.258
c,c-18:2 142 + 0.42 2.3% 0.2b 8.3 +1.0d
20:3 w9 —a 44+ 0.7b 0.8 0,32
20:3 w6 2.8 £ 0.62 -b 19 £ 0.32
20:4 142 + 2,08 2.6+ 0.4b 13.7 + 0.42

Values are mean + SEM of 3 preparations obtained from 15-18 rats per group.
Means within the same line with a superscript letter in common are not significantly dif-
, ferent P <0.05. Means with different superscripts are significantly different, using analysis

of variance, Neumann-Keul’s test.

¢ designates fatty acid containing cis double bond; t desngnates fatty acid containing a

trans double bond,
*orcitort,t.
~— indicates trace.
CO = corn oil, MS = margarine stock.

1% corn oil in this diet at the expense of the
same amount of MS resulted in a trend toward
restoration of the normal fatty acid patterns,
Trans octadecenoate was present at a level of
13.1% to 21.8% in the neutral lipids, triglyc-
erides and free fatty acid fractions of SMSG of
Groups II and 111 of rats fed MS. Small amounts
of t-16:1 and t-18:2 (t,c plus c,t plus t,t) were
also present in these two experimental groups.
The fatty acid composition of cholesterol esters
was not determined,
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Data on the fatty acid patterns of phospho-
lipids, phosphatidylcholine and phosphatidyl-
ethanolamine fractions are shown in Table 5.
Patterns typical of EFA deficiency also were
observed in these phospholipid fractions of
SMSG of rats fed 20% MS. The inclusion of 1%
corn oil in the diet (Group IIT) resulted in a
trend toward restoration of the normal fatty
acid patterns. Trans 18:1 was present in the
two groups fed MS. Its levels were the highest
in the phosphatidylethanolamine fraction.
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TABLE 7

Fatty Acid Compdsition of Phospholipids
of SMSG Plasma Membranes of Rats
Fed Diets Containing Trans Fatty Acids

Diet fed

Fatty acid 20%CO 20%MS 19%MS+1% CO
14:0 4.6 3.3 4.1
16:0 26.7 17.1 21.3
t-16:1 — — 1.8
c-16:1 1.8 5.2 23
18:0 16.6 9.0 11.2
t-18:1 — 10.3 8.1
c-18:1 12.0 41.1 27.6
c,c-18:2 16.7 2.8 9.1
20:3 w9 - 4.0 0.7
20:3 w6 3.2 0.1 1.7
20:49 16.1 3.2 121
Double bond 121.2 77.0 103.7
index ' (87.3) (113.6)

Values are area per cent of pooled sample of
3 preparations obtained from 15-18 rats per group.

( ) designates double bond index with t-16:1 and
t-18:1 included as unsaturated fatty acids.

The fatty acid composition of total lipids
and phospholipids in plasma membranes from
the SMSG of rats fed the three diets is shown in
Tables 6 and 7, respectively. Similar patterns
were observed in plasma membrane lipids as in
the gland homogenates. The effects of feeding
diets containing MS on the fatty acid compo-
sition and the incorporation of t-18:1 fatty acid
were similar to those observed in the gland
homogenates, The double bond index of fatty
acids defined as a sum of (% fatty acid)xX (num-
ber of double bonds) was the lowest in plasma
membrane phospholipids of rats fed 20% MS
and was intermediate in the group fed the diet
with 19% MS + 1% CO.

The fluorescence polarization of DPH mea-
sured at different temperatures in pooled
samples of plasma membranes of the SMSG
pertaining to the three dietary groups is shown
in Figure 1. Throughout the entire temperature
range (5 to 40 C), the fluorescence polarization
of DPH was lower in the membranes of the
control group (20% CO) than in those of the
two experimental groups. The highest values
were obtained for the membranes prepared
from the SMSG of rats fed 20% MS; the values
for the group fed 19% MS + 1% CO were
between the other two groups. Similarly, the
break points (defined as the point indicating a
sudden change in slope) in fluorescence polar-
ization of DPH were at lower temperatures in
the control group than in the 20% MS group
(22 C and 12 C in the control group versus 32 C
and 20 Cin the 20% MS group). The break points
in fluorescence polarization in the membranes

of the 19% MS + 1% CO were between the
other two groups.

DISCUSSION

The results of the present study show that
dietary trans octadecenoate was incorporated
into the total lipids, phospholipids and neutral
lipids of the SMSG. The level of its incorpor-
ation depended upon the type of lipid; maxi-
mum incorporation was in the phosphatidyl-
ethanolamine fraction. It constituted about
25% of the total fatty acids in this lipid fraction.
Other investigators have reported similar find-
ings with several other tissues (2,22-24). The
plasma membranes isolated from the SMSG also
contained 11-12% of t-18:1 in the total lipids
and phospholipids of rats fed MS.

In addition to the incorporation of t-18:1
into various lipids, changes typical of EFA defi-
ciency were observed in the fatty acid profiles
of rats fed 20% MS. These changes consisted of
higher levels of c-16:1, c-18:1 and lower levels
of c,c-18:2 and 20:4. The levels of 20:3 w9
also were increased. When 1% margarine stock
was replaced by corn oil in the diet, these
changes in fatty acid patterns were almost alle-
viated. In fact, the ratio of 20:3 w9 to 20:4 in
total lipids of the SMSG was decreased from
1.1 in the 20% MS group to 0.05 in the group
fed 19% MS + 1% CO. A ratio less than 0.4 is
considered to be adequate in terms of EFA
requirements (25). Rats in Group III (19% MS
+ 1% CO) are much more akin to practical
human nutrition since their diet is sufficient in
EFA. Therefore, the observed changes can be
attributed only to the trans fatty acids and are
not confounded by a concomitant EFA defi-
ciency.

The presence of small amounts of trans
hexadecenoate in lipids of SMSG indicates that
it may be synthesized by the tissues since it is
not present in the diet. There is some evidence
that trans hexadecenoate may be produced by
chain-shortening or retroconversion from trans
octadecenoate (26). Similarly, trans, cis-octa-
decadienoate (or cis, frans) may be produced
from trans octadecenoate by desaturation.
Small amounts of these octadecadienoate iso-
mers were also present in the two diets con-
taining MS.

Fluorescence polarization of DPH showed
that the lipid environment in the plasma mem-
branes of SMSG from rats fed trans fatty acids
was less fluid than that of the control group.
In addition, the transition temperature was
higher in membranes of rats fed MS than that
of the control rats, These results are consistent
with our findings on the double bond index

LIPIDS, VOL. 20, NO. 1 (1985)
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FIG. 1. Fluorescence polarization of DPH in plasma membranes from SMSG of rats fed
diets containing frans fatty acids. Group I, 20% CO (control); Group II, 20% MS (exper-
imental); Group III, 19% MS + 1% CO (experimental). Fluorescence polarization was mea-
sured at different temperatures (540 C) as described under Materials and Methods, Arrows
indicate the breakpoints where a sudden change in slope takes place.

which also showed less unsaturation and there-
fore less fluidity in membrane lipids of the
SMSG of rats fed MS. Englehard et al. (27),
using DPH as a probe, also have reported lower
fluidity in plasma membranes of mouse fibro-
blast cells grown in the presence of trans fatty
acids, a finding similar to ours. However, -our
results differ somewhat from those recently
reported by Mahfouz et al. (28) on liver micro-
somal phospholipid membrane vesicles prepared

LIPIDS, VOL. 20, NO. 1 (1985)

from rats fed diets containing 80% partially
hydrogenated soybean oil + 20% corn oil. They
did not observe any difference in fluorescence
polarization in any of the dietary groups. How-
ever, the data from their study is not strictly
comparable with ours since we had an additional
experimental group fed diet containing trans
fatty acids without any corn oil (Group II, 20%
MS). It is the membranes from this group which
showed markedly higher fluorescence polariza-
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tion values compared with the control group
fed 20% corn oil. Fluorescence polarization
values in membranes prepared from rats fed
19% MS + 1% corn oil (Group III), a group
more comparable with that of Mahfouz et al.
(28), tended to be closer to those of the control
group. The use of different probes (diphenyl-
hexatriene versus trans-parinaric acid) and dif-
ferent systems (plasma membranes versus phos-
pholipid ‘vesicles) may be additional explana-
tions for the observed difference between the
two studies. As compared with phospholipid
vesicles, plasma membranes represent a more
complex biological system involving not only
lipid-lipid, but also lipid-protein interactions.

The question, are these effects of trans
fatty acids on SMSG plasma membrane lipid
composition and fluidity associated with
changes in the activities of membrane-associated
enzymes such as (Na + K*)-ATPase and adeny-
late cyclase, is being investigated currently in
our laboratory.
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The Interaction of Human Plasma Low Density Lipoproteins with

Glycosamino-glycans: Influence of the Chemical Composition
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ABSTRACT

Human plasma of S normolipemic individuals was incubated for 24 hr at 37 C in the presence or in
the absence of lecithin:cholesterol acyltransferase (LCAT)-inhibitors. Plasma stored at 4 C served asa
control. The low density lipoprotein (LDL) fractions of the samples were isolated and investigated with
respect to changes in chemical composition and complexing activity with glycosamino glycans (GAG).

Incubation of plasma in the presence of LCAT inhibitors caused a significant increase of LDL tri-
glycerides at the expense of cholesteryl esters. Incubation with active LCAT not only changed the core

but also the surface constituents (decrease in phospholipids and in free cholesterol).
The amount of GAG bound per mg of LDL was not uniformly changed in samples incubated after
LCAT inhibition. LDL isolated from plasma incubated in the presence of LCAT, on the other hand,

showed a significant reduction in GAG binding,

The ratio of free cholesterol:GAG in the complex was most significantly reduced in LCAT-modified
LDL. There was in addition a highly significant correlation between the LDL:GAG ratio in the com-
plex and the free cholesterol and phospholipid content of the LDL samples.

It is concluded that alterations in surface lipid constituents of LDL strongly affect their interaction
with sulfated polysaccharides, an effect which may be relevant also in vivo for the interaction of LDL

with cell surfaces and intercellular matrices.
Lipids 20:24-28, 1985.

INTRODUCTION

Low density lipoproteins (LDL), the major
cholesterol and cholesteryl ester transporting
fraction in human plasma, play a dominant role
in atherogenesis; there exists a great body of
evidence indicating that plasma LDL and LDL-
cholesterol concentrations correlate signifi-
cantly with the incidence of coronary artery
diseases and myocardial infarction (1-3). The
pathophysiological events involved have not
been clarified in all details, and numerous
theories exist which may help in part to under-
stand this problem. One of these theories relates
to the interaction of LDL with various kinds of
sulfated polysaccharides of the heparin-, chon-
droitin sulfate- and heparan sulfate type. Such
polysaccharides may play a role as low affinity
receptors for apoB-containing lipoproteins
which are abundant on cell surfaces of many
organs (4). Sulfated polysaccharides covalently
linked to proteins, on the other hand, are the
most important substances forming the inter-
cellular matrix of fibroblasts and smooth muscle
cells. The known interaction of LDL with such
glycosamino glycans (GAG) in the arteries most
likely is a key feature in the events leading to
cholesterol deposition in atherosclerotic plaques
(for a review see 5).

The interaction of apoB-containing lipopro-
teins with GAG has been studied intensively

*To whom correspondence should be addressed.
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in many laboratories including our own (6-9)
and is known to be influenced by many factors.
In this study we investigated the lipoprotein
complexing activity of GAG with freshly iso-
lated LDL in comparison to LDL which had
been chemically modified after incubation with
lecithin:cholesterol acyltransferase (LCAT)-
active plasma.

MATERIALS AND METHODS

For preparations of LDL, blood samples were
obtained from healthy normolipcmic male and
female volunteers. After the addition of 1.5
mg/ml} of Na, EDTA, plasma was prepared by
low speed centrifugation. The plasma was
divided into three equal parts and treated as
follows: Sample 1 was stored at 4 C for 24 hr
with S mmol/l of Na-iodoacetate, Sample 2 was
incubated for 24 hr at 37 C in the dark and
under nitrogen plus 5 mmol/l of Na-jodoacetate.
Sample 3 was incubated the same way as Sam-
ple 2, but without adding any LCAT inhibitor.
In addition, all samples contained streptomycin
(50 pg/ml) and penicillin (50 IU/ml) to avoid
microbial growth,

In control experiments these antibiotics
were omitted, and other LCAT inhibitors, e.g.
diisopropy! fluorphosphate or Ellman’s reagent,
were added to the plasma without any notice-
able changes in the results. After incubation
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5 mmol/l of Na-iodoacetate were added to
Sample 3 and the density of all plasma samples
was adjusted to 1.020 g/ml by adding solid
NaCl. VLDL plus IDL were separated by ultra-
centrifugation for 20 hr at 42.000 rpm and 15 C
by using the 60-Ti rotor (Beckman). After sep-
aration of the top fraction by tube slicing, the
density of the infranatant was adjusted to
1.070 g/m! with NaCl followed by a second spin
in the ultracentrifuge (45.000 rpm, 15 C, 24 hr).
The floating LDL were further purified in a
linear gradient, d:1.020-1.070 g/ml, using the
SW 41 rotor from Beckmann (41.000 rpm, 15 C,
24 hr). LDL which concentrated as a homog-
enous band in the middle of the tube was
collected by aspiration gnd dialyzed against
0.15 M NaCl, 10 mM Tris. HCI, pH 7.4 and
1 mg/ml of EDTA and NaN respectively. The
LDLs isolated from samples 1-3 will be referred
to as “LDL-4,” “LDL-37” and “LDL-37 +
LCAT.”

The chemical composition of lipoprotein
fractions was determined by standard methods
as described earlier (10). Protein was determined
according to Lowry, using human serum albumin
as a standard; free and esterified cholesterol
were assayed by the esterase/oxydase kit from
E. Merck (Darmstadt); phospholipids were
determined enzymatically with the kit from
Biomerieux (France), and triglycerides with the
kit from Bohringer (Mannheim, Germany). All
chemicals were reagent grade and from E. Merck,
Darmstadt,

The hydrated densities of LDLs were deter-
mined by density measurements in a precision
densitometer DMA 60 (Anton Paar, Graz) as
outlined in detail earlier (11). LDL concentra-
tions were determined gravimetrically after
equilibrium analysis and evaporation in a vac-
uum desiccator.

Electron microscopy. Negative stain EM was
performed on a Phillips EM 300 using a 2% solu-
tion of Na-phosphotungstate, Photographs were
taken at a magnification of 68.000 and the mean
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particle diameters were evaluated from mea-
suring of 300 particles per sample.

Measurement of the LDL-GAG interaction.
GAG was prepared according to a modification
of our previous procedure (7). Human aortic
tissues were delipidated with diethyl ether fol-
lowed by proteolytic digestion for 24 hr at 65 C
(2 mg papain, 6 mg EDTA, 2.7 mg cysteine. HCl
in 2 ml of Q.1 M phosphate buffer, pH 6.4). The
samples were deproteinized by passing through
a DOWEX 50W-X2 column. GAG’s were identi-
fied by a combination of electrophoresis, sus-
ceptibility to digestion with specific enzymes
and reaction with HNO, . The preparations con-
sisted of 80% chondroitin sulfate-dermatan
sulfate, 17% heparan sulfate and 3% hyaluronic
acid. The application of mixtures of 80% chon-
droitin sulfate standard and 20% heparan sulfate
standard in a control experiment gave very simi-
lar results, Prior to the start of these experiments
samples were dialyzed for 12 hr at 4 C against
0.15 M NaCl. The ratio of GAG to LDL was
estimated by titrating fixed amounts of GAG
with increasing amounts of LDL and by reverse
titration of LDL with GAG as described previ-
ously (9). The recovery of LDL in the insoluble
complex was determined by protein analysis.
GAG concentrations were measured according
to Bitter and Muir (12). GAG reference stan-
dards were a generous gift of M.B. Mathens and
J.A. Cifonelli (Chicago, Illinois).

RESULTS

Table 1 lists the chemical composition as well
as the hydrated density of the different LDL
samples. The numbers represent means = SD of
five consecutive experiments, The incubation of
plasma in the presence of active LCAT caused a
significant change of all LDL constituents. The
most striking differences were noticed in the
content of free cholesterol, which fell by almost
50%, and in triglycerides, which rose by 80%.
Phospholipids decreased by 18% and the choles-

TABLE 1

Chemical Composition and Physicochemical Properties of the LDL Preparations

% by weight

_ Diameter
Samples Protein CE FC PL TG v ¢ A
LDL-4 23.7+07 39.3+1.3 10.8x04 216=%1.1 4.1 £+1.7 1.037 £ 0.002 218+ 4
LDL-37 239+1.0 376 £2.0%* 9.9+0.3 214%1.2 7.2 £1.3* 1.033 £ 0.002 222+ 5
LDL-37 + LCAT 25.8%1.0% 43,1+1.7* 5.6 £0.9 184 +0.7* 7.5 £1.7* 1.045 £ 0.003* 207 8*

Values are means t S.D. of duplicate analysis of 5 different preparations each. The composition is given in

% (wjw).
*Significantly different from LDL-4 (p < 0.001).

LIPIDS, VOL. 20, NO. 1 (1985)
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FIG. 1. Binding of LDL samples to GAG: The
three different LDL samples, LDL4, LDL-37 and
LDL-37 + LCAT, were titrated with GAG, and the
maximal binding in mg LDL bound per mg of GAG is
shown.

teryl ester (CE)- and protein content increased
by 8% each, If plasma was incubated in the ab-
sence of active LCAT (LDL-37) there was only
a significant increase in triglycerides at the
expense of CE. The other constituents remained
at the level of control LDL (LDL-4). Due to the
changes in composition we also noticed alter-
ations in hydrated densities and in particle
size (Table 1).

We also have investigated the protein moiety
of all three LDL samples by SDS polyacrylamide
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FIG. 2. Plot of the LDL-free cholesterol:GAG ratio

(w/w) within the LDL-GAG complexes of the three
LDL samples.

gel electrophoresis and immunochemically (13).
The apoB of LDL remained unchanged during
incubation at 37 C with or without LCAT inhib-
itors, and more than 95% of the LDL protein
migrated in a single band as B-100 as noticed
already previously (16).

LDL-GAG interaction. In Figure 1 the
amount of LDL bound per mg of GAG of the
different LDL samples is plotted. Incubation of
plasma at 37 C in the absence of LCAT did not
result in a uniform change of the amount of
LDL bound to GAG. With some samples we

TABLE 2’

Weight Ratio of LDL:GAG in the Formed Complexes

Experiment Samples LDL/GAG ratio (w/w) A (%)
LDL-4 28.6

1 LDL-37 17.8 56.3 9.7
LDL-37 + LCAT 16.1 ] :
LDL4 20.4

2 LDL-37 233 31.9 39.8
LDL-37 + LCAT 13.9 ] :
LDL-4 18.5

3 LDL-37 17.5 14.6 9.5
LDL-37 + LCAT 15.8 ] :
LDL-4 18.2

4 LDL-37 14.5 35.7 18.9
LDL-37 + LCAT 11.7 ] :
LDL-4 21.7

5 LDL-37 28.6 9.7 31.4
LDL-37 + LCAT 19.6 ] :

The different LDL preparations were titrated with GAG as described in Materials and

Methods.

Values are means of duplicate analysis obtained at maximal binding of GAG.

LIPIDS, VOL. 20, NO. 1 (1985)
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FIG. 3. Plot of the LDL-phospholipid:GAG ratio
within the LDL-GAG complexes of the three different
LDL samples.

observed an increase, with others a decrease in
the amount. If, on the other hand, LDL was
isolated from plasma incubated in the presence
of LCAT, we noticed in all cases a decrease in
binding. The amount of LDL bound decreased
by 10-40% as compared to LDL-37 (Table 2).
Figures 2 and 3 show the interaction of the
different LDL samples expressed in mg of LDL-
free cholesterol and in mg of LDL-phospholipids
respectively, per mg of GAG. Whereas 4 C and
37 C incubated LDL behaved identically there
was a highly significant reduction in LDL
binding by GAG observed in the LCAT treated
samples.

By plotting the LDL/GAG ratio against the
wt. per cent free cholesterol in LDL, we ob-
served a significant positive correlation (Fig. 4).
A similar correlation was observed between the
LDL/GAG ratio and the wt. per cent phospho-
lipid in LDL (data not shown).

DISCUSSION

During the incubation of freshly drawn
human plasma for 24 hr at 37 C there are two
main processes which seem to be responsible
for the chemical alteration of LDL. The first is
caused by the enzyme LCAT leading to the
esterification of free cholesterol and the forma-
tion of lysolecithin, LCAT has been shown to
act primarily on HDL (14), and it is believed
that the reaction product which is devoid of
surface lipids avidly takes up free cholesterol and
phospholipids from other plasma lipoproteins.
The second process, which proceeds in parallel,
is caused by the exchange and/or transfer of
CE (15). CE may exchange against triglycerides
mainly from VLDL or may be transferred from
HDL to VLDL or to LDL after the LCAT action.
All these processes do proceed also in vivo and
thus the composition of fasting plasma lipopro-
teins is in a dynamic equilibrium which is
governed by the action of LCAT, exchange/
transfer processes and lipases, in addition to the
influx and efflux of lipids and lipoproteins from
circulation,

In our experiments we tried to force this
dynamic to a static equilibrium by incubation
of plasma for 24 hr at 37 C. Although we are
convinced that the compositional changes of
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FIG. 4. Plot of the LDL:GAG ratio (w/w) as a function of the relative free cholesterol
content of LDLs. This graph contains values of all LDL samples studied irrespective of their
pretreatment. The equation of the regression line is: y = 0,088x +9.07;r=0.61;p < 0.001.
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LDL which we observed were caused predom-
inantly by LCAT in combination with the action
of exchange/transfer proteins, we cannot ex-
clude that other processes proceeded in parallel.

In the present investigation, where plasma
was incubated at a 5 mM concentration of Na-
iodoacetate, LCAT was inhibited by >98% but
the exchange activity remained intact. Thus
only the content in core lipids was altered. In
the absence of any inhibitor, core and surface
lipids were modified simultaneously.

In earlier experiments we have demonstrated
that the LDL produced in vitro during plasma
incubation is chemically and physicochemically
altered (13,16). The protein moiety remained
unchanged during incubation with regard to
apoB, and no fragmentation occurred under
these experimental conditions (13). We also
have shown that the LCAT-treated LDL exhib-
ited a lower binding affinity to specific cell
surface receptors (16). In this study we observed
that LCAT treatment also diminished the inter-
action of LDL with GAG. It has been shown in
previous work that phospholipase A treatment
of LDL greatly diminishes the interaction with
dextran sulfate in the presence of divalent
cations (17). In our own investigations, a de-
creased reactivity between phospholipase-C
treated LDL and various GAGs could be demon-
strated (18). The modification of LDL by limited
tryptic digestion, on the other hand, significantly
increased the formation of complexes with
GAG. Desialysation did not result in any alter-
ation of the reactivity with LDL (19).

These former enzymes, however, were of
non human origin. In this study, human plasma
was incubated in its physiological environment
and thus the reduction in the phospholipid con-
tent of LDL was only 18%. Concommitantly,
the relative free cholesterol concentration fell
drastically. Due to the action of exchange pro-
teins, the core constituents of LDL also were
modified. Whereas this latter modification did
not cause any uniform change in the LDL-GAG
interaction, we found a highly significant corre-
lation between the content of free cholesterol
and of phospholipids with the LDL:GAG ratio
in the complex.

Although the LDL-37 + LCAT which we
generated must be considered as an artificial
product, we believe our findings may also be
relevant for the in vivo situation. Under dyslipo-
proteinemic conditions, the composition of the
LDL fraction is shifted toward one extreme or
the other (20,21). Such abnormal LDLs may
exhibit grossly altered binding characteristics

LIPIDS, VOL. 20, NO. 1 (1985)

to cell surfaces or toward intercellular matrices
and thus may modulate the atherogenicity of
that fraction. Such differences in GAG inter-
actions of chemically altered LDL occurring in
individuals with hyperlipoproteinemia has been
demonstrated by us earlier (9).

ACKNOWLEDGMENTS

This work was supported by grants from the osterr.
Fonds zur Forderung der wissenschaftlichen Forschung,
Proj. Nr. P5144. R, Moser provided technical assistance.

REFERENCES

1. Castelli, W.P.,, Doyle, J.T,, Gordon, T., Hames,
C.G., Hjortland, M.C., Hulley, S.B., Kagan, A.,
and Zukel, W.Z. (1977) Circulation 55, 767-772.

2. Bloch, A., Dinsmore, R.E., and Lees, R.S. (1976)
Lancet 1, 928-930.

3. Pilger, E,, Pristautz, H., Pfeiffer, K.P,, and Kostner,
G.M. (1983) Arteriosclerosis 3, 57-63.

4. Goldstein, J.L., and Brown, M.S. (1977) Ann.
Rev. Biochem., 46, 897-930.

5. Camejo, G. (1982) Advances in Lipid Res. 19,
1-50.

6. Bernfeld, P., Nisselbaum, J.S., Berkeley, B.J., and
Hanson, R.W. (1960) J. Biol. Chem. 235, 2852-
2859,

7. Bihari-Varga, M., Gergely, J., and Gerd, S. (1964)
J. Atherosclerosis Res. 4, 106-109.

8. Bihari-Varga, M. (1965) Acta Chim. 45, 219-230.

9. Bihari-Varga, M., and Vegh, M. (1967) Biochim.
Biophys. Acta 144, 202-210.

10. Patsch, J., Sailer, S., Kostner, G.M., Sandhofer, F.,
Holasek, A., and Braunsteiner, H. (1974) J. Lipid
Res. 15, 356-366. ;

11. Kostner, G.M. (1972) Biochem. J. 130,913-917,

12. Bitter, T., and Muir, H. (1962) Analyt. Biochem.
4, 330-334.

13. Zechner, R., Dieplinger, H., Roscher, A., and

Kostner, G.M. (1984) Biochemical J. 224,
569-576.

14. Glomset, J.A. (1970) J. Clin. Nutrition 23, 1129-
1138.

15. Barter, P.J,, Hopkins, G.J., Gorjatschko, L., and
Jones, M.E. (1982) Atherosclerosis 44, 27-40.

16. Zechner, R., Dieplinger, H., Roscher, A., Kremp-
ler, F., and Kostner, G.M. (1982) Biochim. Bio-
phys. Acta 712, 433-435.

17. Nishida, T. (1968) J. Lipid Res. 9, 627-635.

18. Bihari-Varga, M. (1983) In: Diabetes, Obesity
and Hyperlipidemias, 2nd Edition, G. Crepaldi,
P.Z. Lefevre, and D.J. Dalton, eds. Acad. Press,
New York.

19. Bihari-Varga, M., Goldstein, M.S., Lagrange, D.,
and Gruber, E, (1982) Int. J. Biol. Macromol. 4,
438-441.

20. Teng, G., Thompson, G.R,, Sniderman, A.D.,
Forte, T.M., Krauss, R.M., and Kwiterovich, P.O.
(1983) Proc. Natl. Acad. Sci. 80, 6662-6662.

21. Kostner, G.M., Laggner, P., Prex], W., and Holasek,
A. (1976) Biochem. J. 157,401-407.

[Received July 20, 1984]



METHODS

29

A Mild, Rapid, and Efficient Method of Lipid Extraction for Use in
Determining Vitamin E/Lipid Ratios

GRAHAM W, BURTON,* ANN WEBB and KEITH U. INGOLD, Division of Chemistry,
National Research Council of Canada, Ottawa, Ontario, Canada K1A OR6

ABSTRACT

A new, general method for lipid extraction and measurement of vitamin E/total lipid ratios in
tissue and cell samples has been developed. The new extraction procedure uses a combination of
sodium dodecylsulfate, ethanol and n-heptane, and is mild, clean, convenient, efficient and rapid
(<5 min). The efficiency of the new method has been confirmed for human plasma, red blood cells
and rat liver homogenate by the comparison of the yields of vitamin E, O-acyl lipid and cholesterol
with the yields obtained following conventional extraction procedures. Extraction efficiency also has
been confirmed for multilamellar vesicles composed of known quantities of vitamin E, egg lecithin and

cholesterol.
Lipids 20:29-39, 1985.

INTRODUCTION.

There is increasing interest in the involve-
ment of in vivo lipid peroxidation in the general
aging process and in the onset and development
of associated diseases, such as heart disease and
cancer, with special attention being paid to the
effect of certain dietary compounds in retard-
ing these degenerative processes (1,2). Lipid
peroxidation, which involves the autoxidation
of polyunsaturated fatty acids by a free-radical
chain process, can be inhibited dramatically by
very small quantities of lipid-soluble chain-
breaking antioxidants (3-5). Vitamin E (1) and
B-carotene (1,6,7) have received much recent
attention with regard to their possible preven-
tive role in these degenerative disease processes.
These two compounds are believed to function
in vivo as antioxidants, and it has been demon-
strated clearly in vitro that each compound is
an inhibitor of autoxidation (8,9).

In assessing the susceptibilities of different
tissues, cells and organelles to peroxidative
damage and the relevance of the findings to
degenerative disease processes, it is now evident
that lipid-soluble antioxidant levels (e.g., vita-
min E, §-carotene) must be measured relative to
the peroxidizable lipid (i.e., the polyunsatu-
rated fatty acid residues) found associated with
the antioxidants (10). Thus, for example,

TN.R.C.C. No. 23769.
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Abbreviations: SDS: sodium dodecyl sulfate;
MLV: multilamellar vesicles; RBC: red blood cells;
PC: phosphatidylcholine; PE: phosphatidylethanol-
amine; PS: phosphatidylserine; SP: sphingomyelin;
2-BHA: 2-rbutyl-4-hydroxyanisole; PMHC: 2,2,5,7,8-
pentamethyl-6-hydroxychroman; CMC: critical micelle
concentration.

vitamin E has been reported to vary widely .
from tissue to tissue (11,12), but only rarely
has its concentration been reported relative to
total lipid (12,13) or the quantity of polyun-
saturated fat (14).

In this paper we report the development of a
convenient, new method for extracting lipid
from cell and tissue samples which, because of
its speed and mildness, greatly facilitates the
measurement of small quantities of labile lipid
components, such as vitamin E (determined by
HPLC), and the measurement of polyunsatu-
rated fatty acid (determined as part of the
O-acyl lipid by GC after base-catalyzed trans-
esterification of the lipid extract). The new
procedure uses SDS to make membrane lipids
amenable to extraction by a combination of
ethanol and n-heptane. The efficiency of the
method has been tested and confirmed by
determining the quantities of vitamin E, choles-
terol and O-acyl lipid in lipid recovered from
aqueous MLV of known composition and also
by determining and comparing these same lipid
parameters in lipid extracted from red blood
cells and rat liver homogenate by both the new
procedure and by traditional methods (15-17).
Blood plasma also has been used to determine
the effect of varying SDS concentrations upon
lipid yields by comparing results for lipid re-
covered by extraction with ethanol/n-heptane
alone and by extraction with ethanol/n-heptane
after the addition of SDS.

MATERIALS AND METHODS
Materials

Solvents were HPLC-grade (Fisher) except
n-heptane (Fisher Spectranalyzed®) and abso-
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lute ethanol (reagent grade). #-Butyl methyl
ether (HPLC-grade) was obtained from Burdick
and Jackson. The SDS detergent was obtained
from Bio-Rad (electrophoresis grade) and from
BDH (specially purified for biochemical work).
Egg lecithin was bought from Avanti Polar
Lipids (Birmingham, Alabama), and reference
samples of PC, PE, PS, SP and cardiolipin were
supplied by Mrs. A. Martin (NRC). Other
chemicals required for reference and/or identi-
fication purposes were cholesterol and choles-
tane (Sigma); various fatty acid methyl esters
and triheptadecanoin (Nu-Chek-Prep Inc., Ely-
sian, Minnesota); 2R, 4R, 8'R-0- and y-tocoph-
eral (Eastman); 2-BHA (Eastman, now discon-
tinued); and PMHC (synthesized earlier [8] by
a published procedure [18]). TLC was per-
formed on silica gel 60 precoated on glass
plates (Merck). Sephadex G-25 (coarse) was
obtained from Pharmacia Fine Chemicals.

Fresh whole blood was obtained by veni-
puncture from a human volunteer (A.W.) and
was mixed immediately with the anticoagulant,
disodium ethylenediaminetetraacetate. Blood
also was obtained from the Red Cross Blood
Bank.

Rat liver was obtained from a young, male,
adult Sprague-Dawley rat (ca. 200 g) and was
homogenized with ca. 3 volumes of water in a
Tissue Mizer homogenizer (medium setting;
4 x 15 sec).

All aqueous solutions were prepared using
doubly-distilied water.

General Procedure for SDS Extraction of Lipid

A given volume of an SDS solution of
known concentration (in the range 0.01-
0.80 M) was added and mixed with the aqueous
sample of plasma, RBC membrane or liver
homogenate. A volume of absolute ethanol,
usually equal to the combined agueous volume,
was then added and mixed by shaking or brief
vortex-stirring. This causes the protein to
precipitate immediately. Next, a known volume
of n-heptane equal to, or in some cases less
than, the volume of added ethanol was added
and vigorously mixed by vortex-stirring for
30-60 sec. The aqueous and organic layers were
conveniently and rapidly separated by brief
centrifugation in a clinical, bench-top centri-
fuge (1-2 min). A known volume of the organic
layer was carefully drawn off with a Pasteur
pipette and transferred to a screw cap (foil-
lined) vial and stored at —20 C. It should be
noted that other solvents may be used instead
of n-heptane. We have obtained identical results
with, for example, n-hexane and n-octane.
However, we do not recommend the use of
n-hexane because of its toxicity (19).
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Extraction of Lipid from Multilamellar
Phospholipid Vesicles (MLV)

The efficiency of the SDS extraction method
was tested by measuring the lipid extracted
from MLV of known composition.

Known amounts of egg lecithin, cholesterol
and o-tocopherol were dissolved in dichloro-
methane. The solvent from a 10 ml sample of
this solution was removed under a stream
of nitrogen and finally pumped off under
vacuum, The MLV were formed by adding
10 ml water to the residue and vortex-stirring.
Lipid was extracted by the SDS method from
1 ml aliquots of the MLV using 1 ml of SDS
solution, 2 ml of ethanoland 2 ml of n-heptane.
A reference sample of lipid was prepared by
removing the solvent from a l-ml aliquot
of the dichloromethane stock solution and
redissolving the residue in 2 ml of n-heptane.
This reference sample was stored at —20C in a
tightly stoppered vial, and was later used to
obtain reference values for the fatty acids,
cholesterol and a-tocopherol.

Extraction of Lipid from Plasma

The conventional method for extracting
plasma (20) is very similar to the SDS method.
The recoveries of lipid obtained by the two
methods were compared so that the efficiency
of the SDS procedure could be evaluated.

Lipid was extracted in the conventional
manner by mixing water (1 ml), ethanol (2 ml)
and plasma (1 ml) in a glass tube. n-Heptane
(1 ml) was then added and the mixture was
vortex-stirred for 30-60 sec. The aqueous and
organic layers were separated by brief centrifu-
gation.

The SDS method was applied in exactly the
same way using the same quantities of material
but replacing the water with SDS solutions
(1 ml) of different concentrations.

Extraction of Lipid from RBC

RBC, freed of plasma and the buffy coat
after washing 3 times in 5 mM phosphate-
buffered saline (pH 8.0) in the usual manner
(21), were resuspended in the same buffer
(hematocrit ca. 50%). Then 5 ml-samples of this
suspension were lysed by dropwise addition to
ca. 30 ml of 5 mM phosphate buffer (pH 8.0)
contained in centrifuge tubes (13,21,22). The
hemolysate was spun at 20,000 rpm for 10 min
in a Sorvall RC2-B centrifuge equipped with a
fixed angle SS-34 rotor (4.25 in. radius). Most
of the supernatant was removed from each
tube. The red-colored, hemoglobin-contami-
nated RBC ghost pellet that remained in each
tube (ca. 2 ml) was transferred to a separate
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16 ml test tube and 2 ml of 5 mM phosphate
buffer/5 mM ascorbate (pH 7.0) was added, this
being followed by the addition of 1 ml of an
SDS solution of known concentration. Under
these conditions with this quantity of RBC
ghosts, the suspension became transparent
when the concentration of the added SDS
solution was 0.08 M or greater. Next, 5 ml of
ethanol and 2 ml of n-heptane were added and
mixed with the SDS/RBC ghost mixture in the
same way as already described for the general
SDS extraction procedure. The n-heptane layer
that was obtained after centrifugation was
colorless.

For comparative purposes, lipid also was
extracted from the RBC ghosts by the Folch
method that we have used previously (13) and
that Nelson has reported extracts lipid very
efficiently from plasma and whole RBC (23,
24). However, it is important to use hemo-
globin-free ghosts in order to avoid the co-
extraction of iron-containing pigments which
can cause an almost complete loss of vitamin E
(13). A sample of the same (red) ghost suspen-
sion used for the SDS extraction experiment
was therefore washed twice following the
improved procedure developed previously in
our laboratory (22). The suspension of (now)
white ghosts (ca. 2 ml) was added dropwise to
stirred, ice-cold methanol (33 ml) and two
portions of cold chloroform (33.5 ml each)
were then added. The mixture was magnetically
stirred for several minutes and then filtered
onto ca, 2g of Sephadex G-25 (coarse) in a
round-bottomed flask. The ghost residue was
rinsed with chloroform and the combined
filtrate was concentrated by rotary evaporation
under reduced pressure. In order to ensure the
complete removal of water from the extract by
the Sephadex, a further 10-ml portion of
chloroform was added to the Sephadex residue
and then removed again under reduced pressure.
This was repeated twice more. The lipid was
finally recovered from the Sephadex by extract-
ing the latter with two 50-ml portions of
chloroform and filtering. The combined filtrate
was concentrated by evaporation under reduced
pressure at a temperature below 30 C and
finally to dryness with a stream of nitrogen.
The lipid residue was redissolved in 2 ml of
n-heptane,

The lipid extracts obtained by the new SDS
and by the Folch methods were analyzed by
TLC on silica gel in order to compare the
recovery of the different types of phospholipid.
The plates were developed in chloroform/
methanol/acetic acid/water (25:15:4:2, v/v/v/v)
(25) and the spots were visualized by exposing
the plates to iodine vapor,

Extraction of Lipid from Rat Liver

Rat liver homogenate, containing 0.25¢g
ml? of liver (wet weight), was extracted by the
general SDS method and the Bligh and Dyer
method (17,26).

Typically, the SDS procedure used 1 ml of
rat liver homogenate, 1 ml of SDS solution,
2 ml of ethanol and 2ml of n-heptane. A
partial clarification of the homogenate occurred
when the SDS solution was added.

In a typical Bligh and Dyer extraction,
2.5 ml of methanol and 1.25 ml of chloroform
were vortex stirred for 2 min with 1 ml of rat
liver homogenate. The mixture was centrifuged
for 3 min in a clinical centrifuge, and the
supernatant was removed with a Pasteur pipette.
Then water (1.25 ml) and chloroform (1.25 ml)
were added to the supernatant and mixed; this
was followed by centrifugation to facilitate
separation of the aqueous and organic layers.
The aqueous layer was removed by aspiration
and the organic layer was then dried over
anhydrous sodium sulfate, filtered and evapo-
rated under a stream of nitrogen. The residue
was redissolved in 2 ml of n-heptane.

Measurement of the Tocopherols

PMHC and 2-BHA were used as non-inter-
fering standards for measuring tocopherol
concentrations. Aliquots (50 ul) of n-octane
solutions of PMHC (8.30 nmol) and 2-BHA
(9.23 nmol) were added by micropipette to
500 pl samples of the n-heptane lipid extracts.
Samples of this solution (100 ul) were injected
into a Varian 5000 HPLC instrument equipped
with a 250 mm x 4 mm Hibar RT LiChrosorb
Si 60 column (Merck) and were eluted with
n-hexane/t-butyl methyl ether (3.0%)/2-pro-
panol (0.05%) at 2mlmin. Peaks were
detected with a Varian fluorescence detector,
equipped with a deuterium lamp, which was
connected in series with a Varian Varichrome
variable wavelength uv detector set at 295 nm.
The fluorescence detector was equipped with a
220 nm interference excitation filter and the
emission filter was a 2 mm thick Schott UG-1
glass band filter which gave 89% transmittance
at Amax ca. 358 nm and had a 279419 nm
“window” (10% transmittance limits). This
emission filter replaced the S mm thick Corning
7-60 filter used earlier (13) and gave a more
than 3-fold enhancement of the signal. The
HPLC and associated detectors were interfaced
with a Varian Vista CDS 401 control station
and data-handling system.

Measurement of O-acyl-derived Fatty Acids
and of Cholesterol

The quantity and composition of the fatty
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acids in the O-acyl fraction of the lipid extract
and the quantity of cholesterol each were
determined by GC analysis after duplicate
transesterification of the lipid extract (27).

Fatty Acid Methy! Esters

Transesterification was carried out by
heating a mixture of 250-500 ul of the n-
heptane lipid extract, I mi of benzene contain-
ing ca. 130 nmol of triheptadecanoin (as
internal standard), and 2 mil of anhydrous
0.5 M sodium methoxide in methanoi (Supelco)
at 80 C for 20 min in a tightly-stoppered glass
vial. The mixture was then allowed fo cool and
0.1 ml of glacial acetic acid was added, fol-
lowed by 5 ml of water. After extraction with
three 5-ml portions of n-hexane, the combined
hexane extracts were dried over anhydrous
sodium sulfate containing 10% solid potassium
bicarbonate. Following filtration, the filtrate
was concentrated by evaporation under a
stream of nitrogen.

The methyl esters were analyzed on a Varian
3700 GC instrument equipped with a flame-
ionization detector using a 1.8 m X 3.2 mm
(o.d.) stainless-steel column packed with
10% Silar-9CP on 100-120 mesh Chromosorb
W-HP at a helium flow rate of 30 ml min™!. The
oven temperature was maintained at 150 C for
5 min and was then increased to 225 C at 3 C
min~!. The data were analyzed with a Varian
Vista CDS 401 system.

The quantity of each fatty acid methyl ester
was measured by comparison with the known
quantity of methyl heptadecanoate formed
from the triheptadecanoin. It was assumed that
each fatty acid methyl ester gave the same peak
area per unit weight, an assumption that was
fully supported by results obtained with
standards containing known amounts of the
major fatty acid esters. Total fatty acid values
were calculated for the acid form of the ester
and included all the minor peaks (e.g., 16:1,
18:3, 20:3, 22:5). The percentage fatty acid
composition was, however, based on a calcula-
tion restricted to the 16:0, 18:0, 18:1, 18:2,
20:4, and 22:6 set of fatty acids which together
constituted well over 80% of the total fatty
acid in most samples. Incidentally, for all the
O-acyl lipid extracts examined in this work
total fatty acid values, which are given in
umol mI*, can be converted to mg mI? by
dividing by either 3.41 £ 0.03 for plasma, RBC
and rat liver or by 3.62 £ 0.03 for MLV.

Cholesterol

Approximately 300 nmol of the internal
standard, cholestane, were added to the n-
hexane extract obtained after transesterifica-
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tion. The cholesterol was measured by GC using
a 0.45 m X 3.2 mm (o.d.) stainless-steel column
packed with 5% OV 101 on 80-100 mesh
Chromosorb W-HP at 230 C with a helium flow
rate of 30 ml min™!,

Tasts for Presence of SDS in n-Heptane Lipid Extracts

These tests were carried out by spotting the
lipid extract onto a silica gel TLC plate and
developing with dichloromethane/methanol &:1
(v/v) (28). The TLC plate of an SDS lipid
extract from RBC was developed with iodine
vapor, and the plate of an SDS lipid extract
from rat liver was developed by spraying with
5% sulfuric acid and heating at 80 C on a hot
plate.

RESULTS

SDS Extraction of Lipid from MLV,
Plasma and RBC Ghosts

The effect of SDS concentration upon the
extracted amounts of & and <y-tocopherol, as
measured directly in the n-heptane extract, and
cholesterol and O-acyl total fatty acid, as
measured after the base-catalyzed transesterifi-
cation, are shown for MLV, plasma and RBC
ghosts in Figures 1, 2 and 3, respectively. The
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FIG. 1. Effect of final, total SDS concentration
(after the addition of ethanol) on the recovery of
a-tocopherol (A——A), total O-acyl fatty acid (/—nm)
and cholesterol (o—-0) from an aqueous MLV sus-
pension by the SDS method (see Materials and Meth-
ods). Concentrations of extracted lipids are given per
ml of aqueous MLV suspension (the o-tocopherol in
nmol mI'!, the total O-acyl fatty acid and cholesterol,
which were determined after base catalyzed trans-
esterification, in gmol mI*). The data points at zero
SDS concentration refer to extraction of the MLV
suspension without SDS, while those on ordinate C
refer to the control analysis of the dichloromethane
stock solution used in preparing the MLV. The total
O-acyl fatty acid can be converted from umoi mI™? to
mg mi'! by dividing by 3.62 + 0.03. Arrows indicate
appropriate ordinate.
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FIG. 2. Effect of final, total SDS concentration
(after the addition of ethanol) on the recovery of
a-tocopherol (4-—-a), +-tocopherol (+---+), total
O-acyl fatty acid (v——no) and cholesterol (o-—-~0)
from plasma (0.25 ml per ml of aqueous ethanol) by
the SDS method (see Materials and Methods). Concen-
trations of extracted lipids are given per ml plasma
(the tocopherols in nmol mI'?, the total O-acyl fatty
acid and cholesterol, which were determined after
base catalyzed transesterification, in umol m1™). The
4 data points corresponding to zero concentration of
SDS are reference values obtained by the conventional
extraction procedure. The total Q-acyl fatty acid can
be converted from ymol mI* to mg mI™* by dividing
by 3.41 £ 0.03. Arrows indicate appropriate ordinate.

effects of SDS concentration on the corre-
sponding fatty acid composmons are shown in
Table 1.

MLV

As can be seen in Figure 1, a-tocopherol and
cholesterol are very efficiently extracted by the
SDS method. The reference points at C are
based on analysis of the dichloromethane stock
solution, and those at 0 SDS concentration on
the results of an extraction without SDS. At
SDS concentrations above 32 mM, the recovery
of the fatty acids dropped dramatically, this
drop coinciding with a clearing of the suspen-
sion after the ethanol was added.

Plasma

The data points in Figure 2 corresponding to
zero concentration of SDS are the reference
values that were obtained for lipid extracted in
the conventlona] manner (i.e., with ethanol and

n-heptane only).? It is agamst these points that
the values obtained with SDS must be com-
pared. It is apparent that the o- and y-tocoph-
erol, and cholesterol values are practically

2We have shown by a comparison of vitamin E,
O-acyl fatty acid, cholesterol and phosphorus values
that extraction of plasma with ethanol/n-octane is at
least as efficient as the Folch method. The latter
method has been reported to provide near-quantitative
yields of lipid (23,24).
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FIG. 3. Effect of final, total SDS concentration
(after the addition of ethanol) on the recovery of
a-tocopherol (2——»5), total O-acyl fatty acid (c——0o)
and cholesterol (0— —o) from crude (hemoglobin con-
taminated) RBC ghosts (at a concentration corre-
sponding to 0.25 ml packed RBC per ml of aqueous
ethanol) by the SDS method (see Materials and
Methods). The ghosts (ca. 2 ml) were derived from
2.5 ml of packed RBC (ex Red Cross) and were ex-
tracted with 2 ml of 5 mM phosphate buffer — 5 mM
ascorbate (pH 7)/1 ml of SDS solution/5 ml ethanol/
and 2 ml n-heptane. Concentrations of extracted lipids
are given per ml of packed RBC (the oa-tocopherol in
nmol mI?, the total O-acyl fatty acid and cholesterol,
which were determined after base catalyzed trans-
esterification, in umol mI''). There are no reference
points at zero SDS concentration. All adjacent points
have been connected, but it seems probable that some
of the hills and valleys are experimental artifacts. The
total O-acyl fatty acid can be converted from umol
ml? to mg mI* by dividing by 3.41 + 0.03. Arrows
indicate appropriate ordinate.

independent of the SDS concentration and are
in satisfactory agreement with the reference
values. (The somewhat greater scatter of the
cholesterol values may reflect the fact that
cholesterol is measured after chemical manipu-
lation and that the internal standard is added
after the transesterification.) The total fatty
acid also agrees well with the reference value,

- provided the final SDS concentration in aque-

ous ethanol does not exceed ca. 12 mM. How-
ever, at higher SDS concentrations there is a
fairly abrupt decline in total fatty acid to a
rather lower value. This effect was observed
consistently for plasma samples obtained from
a number of different sources. Examination of
Table 1 shows that this change in total O-ocyl
fatty acid values is accompanied by significant
changes in the composition of the fatty acids.

RBC Ghosts

In Figure 3 are shown the results obtained at
various SDS concentrations using RBC obtained
from a Red Cross blood sample. Once again, the

LIPIDS, VOL. 20, NO. 1 (1985)
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TABLE 1

Effect of SDS Concentration on the Fatty Acid Composition of O-acyl Lipid
Extracted from MLV, Plasma and RBC Ghosts

Percentage composition® (wt %)

SDSa O-Acyl fatty acid®

(mM) (umol mI*) 16:0 18:0 18:1 18:2 20:4 22:6

MLVC Controld 20.0 32 11 35 17 5 1
of 20.3 31 10 38 17 3 1

2f 19.0 30 10 38 17 4 1

af 17.1 31 11 37 17 3 <1

8 18.4 30 11 39 17 3 1

16 13.9 30 11 38 17 4 1

328 15.1 34 10 37 16 3 <1

64 1.8h - - - - _ —

128 1.9h - - - - _ -

Plasma® 0.0 9.38 19 8 23 43 8 t
4.0 8.30 18 7 25 a1 8 t

8.0 8.42 19 7 25 41 8 1

12.0 8.58 19 6 25 43 7 t

20.0 7.44 19 7 24 a2 8 t

40.0 5.60 17 3 27 48 5 t

80.0 5.90 16 2 28 48 6 t

120.0 6.52 16 3 28 48 6 t

200.0 6.81 16 2 29 47 6 t

Change®: -3 -6 +6 +4 -2

RBC ghosts® 1.6 1.45 20 22 23 13 19 3
3.2 1.50 20 22 22 14 19 3

4.8 1.90 20 19 23 14 20 a

8.0 1.46 21 19 23 14 20 3

16.0 2.26 20 19 22 14 20 a

32.0 1.80 19 20 23 13 21 4

48.0 1.08 16 19 27 10 23 5

Change®: -4 -3 +4 -3 +4 +2

8Final concentration after addition of ethanol.

bSum of all fatty acids from all O-acyl lipid. See Materials and Methods for details on measurement and

calculation (t = trace).

CResults correspond to data points in Figure 1 (MLV), Figure 2 (plasma) and Figure 3 (RBC).
dResults obtained directly from an aliquot of dichloromethane stock solution (see Fig. 1 legend).
€Difference in composition of lipid fatty acid for highest and lowest SDS concentrations.

fLayer separation for these samples was difficult. The first fraction of the n-heptane extract, obtained in the
usual way, was combined with a second fraction obtained after standing overnight at 4 C followed by centrifu-
gation. The difficulty is caused by an emulsion and apparent precipitate at the interface.

EA clear solution was obtained after the addition of ethanol at this concentration of SDS and higher.
hPercentage composition values are not given because not all components were present in detectable amounts.

cholesterol value appears to be essentially
independent of the SDS concentration, though
no reference data (i.e., an extraction without
SDS) were obtained with this particular blood
sample. In contrast, the yield of extracted
a-tocopherol is low at low SDS concentrations
and does not reach its maximum until the final
aqueous ethanolic SDS concentration is ca.
16 mM, thereafter remaining more-or-less steady.
The total fatty acid extracted also increases
slightly to ca. 16 mM SDS, but then declines
rapidly to zero at higher concentrations of SDS.
It can be seen from Table 1 that the rapid
decline in the total fatty acid value is accom-
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panied again by an appreciable change in its
composition.

The SDS and Folch extraction procedures
are compared in Table 2 for RBC ghosts pre-
pared from a sample of fresh blood. The SDS
method is clearly superior for the extraction
of o-tocopherol. (Note that if the RBC ghosts
are contaminated with hemoglobin, i.e., are red
in color, then phosphate-buffered ascorbate
should be added prior to the SDS to avoid a
potentially substantial loss of a-tocopherol.)
The cholesterol values, which again vary little
with SDS concentration, show that recoveries
by the SDS method are at least as good as by
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TABLE 2

Comparison of Lipid Extracted from RBC Ghosts by the Folch and SDS Methods?

O-Acyl lipid

Percentage compositiond wt %)

Method a-Tocopherolb’C Cholesterol?:d  Total fatty acidb.d
(nmol mI'?) (umol mI?) (umol mI™?) 16:0 18:0 18:1 18:2 20:4 22:6
Folch 1.84 £ 0.09 2.67+0.13 2.57t0.14 22 19 22 13 19 4
SDS (mM)€: 13  3.09 + 0.43 3.06 £0.13 2.80 £ 0.03 22 20 22 13 20 3
27 3.15 £0.50 3.29+0.10 2.80 £ 0.03 21 21 21 11 21 6
40 3.04 + 0.67 2.62 £ 0.08 2.46 +0.03 20 21 21 12 21 5
80 2.56 +0.51 3.03+0.10 0.44 + 0.03 16 25 21 8 25 4

aFresh blood sample from AW. SDS extractions were carried out on crude ghosts (without added phosphate-
buffered ascorbate), and the Folch extraction was carried out on washed ghosts, as described in Materials and

Methods.

bLipid values refer to concentrations in 1 ml of packed RBC.

¢Determined by HPLC. Each value is the mean and difference from the mean of the 2 results obtained con-
secutively with the fluorescence and UV detectors, respectively.

dpetermined by GC after base-catalyzed transesterification (see Materials and Methods). Each cholesterol and
total fatty acid value is the mean and difference from the mean of 2 results.

©Final concentration of SDS after the addition of ethanol. The concentration of ghosts corresponds to
0.25 ml of packed RBC per ml of aqueous ethanol, i.e., a 4-fold dilution of the original packed RBC.

the Folch method and perhaps slightly better.
With final SDS concentrations in the 13-40 mM
range, the total fatty acid extracted and its
composition agree well with the results ob-
tained by the Folch method. The similarity in
composition suggested that the same types of
phospholipid were being extracted in the same
proportion by both the SDS and Folch meth-
ods. This was confirmed by TLC for PC, PE, PS
and SP, which were found to be present in
qualitatively similar proportions in lipid ex-
tracted by the two methods. At high SDS
concentrations there is, once again, a drastic
decrease in the total fatty acid and a pro-
nounced change in its composition.

SDS was not found by TLC in the n-heptane
extract of lipids from RBC ghosts.

SDS Extraction of Lipid from Rat Liver Homogenate

The results presented in Table 3 show that
rat liver homogenate can be extracted success-
fully by the SDS method, and that this method
is clearly superior not only in time and labor
but also in terms of its recovery of a-tocopherol,
cholesterol and probably total fatty acid,
compared to the Bligh and Dyer method. Note
that recoveries are insensitive to a remarkably
wide range of SDS concentrations (ca. 12.5-ca.
50 mM in the aqueous ethanol). With this type
of tissue, as with the others we have examined,
too high a concentration of SDS (>50 mM)
adversely affects the total fatty acid recovered
and, once again, causes a dramatic change in the
fatty acid composition (Table 3).

SDS was not found by TLC in an n-heptane
lipid extract.

Other Observations Pertinent
to the SDS Extraction Method

Lipid extracted from RBC ghosts and rat
liver by the SDS method generally gave signifi-
cantly ““cleaner” HPLC traces when analyzed
for vitamin E than did the corresponding
Folch or Bligh and Dyer lipid extracts. (Also,
the problem with over-long induction periods
that we have occasionally experienced in the
inhibited-autoxidation method (13) has not
been encountered with lipid extracted from
hemoglobin-free ghosts, though it may occur in
lipid extracted from hemoglobin-contaminated,
ascorbate-protected ghosts (13).) Extractions
performed with SDS obtained from Bio-Rad
showed a fluorescent impurity in the HPLC
chromatograms which did not, however,
interfere with the a-tocopherol or internal
standard peaks. This impurity was not present
in the SDS from BDH.

The effects of omitting SDS or ethanol or
both upon lipid recovered from MLV are
presented in Table 4. It can be seen that a
substantial proportion of the lipid can be
extracted with n-heptane alone, ie., without
the addition of SDS or ethanol, although in
this case it is more difficult to obtain a separa-
tion of the aqueous and organic layers. (This
problem was even more severe when an attempt
was made to extract plasma lipid with n-heptane
alone.) If the SDS extraction procedure is used

LIPIDS, VOL. 20, NO. 1 (1985)
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TABLE 3
Effect of SDS Concentration upon Recovery of Lipid from Rat Liver Homogenate
Comparison with Bligh and Dyer Extraction?
O-Acyl lipid
Composition (wt %)
Method o-Tocopherol  Cholesterol Total fatty acid
(nmol g'!) (umol g7) (umol g) 16:0 18:0 18:1  18:2 20:4 22:6
Bligh-Dyer (1) 27 £12 4.56 £ 0.10 62.4 £ 0.7 20 18 10 25 21 7
Bligh- Dyer (2) 20t 6 3.52£0.10 52.2%5.1 19 19 8 25 24 5
SDS (mM)b: 12.5 36 £ 9 5.49 £ 0.10 57334 19 20 8 22 26 5
20.0 35 £10 6.00 £ 0.31 67.91t4.1 18 20 8 23 26 6
25.0 34+ 8 5.80 £ 0.21 65.1 4.1 18 19 8 22 25 7
50.0 35+ 9 5.90 £ 0.31 59.3 1.7 18 20 8 24 26 4
100.0 37 +11 5.49£0.10 249+ 0.7 17 16 11 30 21 5
150.0¢ 40 15 4.45 +0.16 9.9 +0.3 24 3 21 34 11 6
Change +5 —17 +13 +12 —15 +1

81 ipid concentrations refer to 1 gm of liver (wet weight). The aqueous homogenate contained 0.25 gm liver
per ml. a-Tocopherol, cholesterol and O-acyl lipid were determined in the usual way (see Materials and Methods).
bFinal SDS concentration after the addition of ethanol. The homogenate (1 ml) was extracted with SDS solu-
tion (1 mi; 0.05-0.40 M)/ethanol (2 ml)/n-heptane (2 ml) (see Materials and Methods). The final liver concentra-

tion was 63 mg mI'?,

€1 ml of homogenate was extracted with 0.4 M SDS (3 ml)/ethanol (4 ml)/heptane (2 ml). The final liver

concentration was 31 mg ml™*.

TABLE 4

The Effect of Omitting Ethanol or SDS, or Both, upon Recovery of Lipid from MLV3

SDS
O-Acyl

Volume Final concentration Ethanol Water oa-Tocopherol Cholesterol fatty acid

(ml) (mM) (ml) (ml) (molmi')  (umolmI') (umol mI?)
Controlb - ~ - - 94.0 3.79 20.0
MLV¢ 1 2 2 0 86.6 3.18 19.0
MLvV¢C 0 0 2 1 91.0 3.47 20.3
MLvd 0 0 0 0 79.2 3.68 16.8
MLVe 1 40 0 0 -8 ~e -

2Volumes of SDS solution, ethanol and water indicate the amounts of each that were added to 1 ml of
aqueous MLV suspension containing a-tocopherol, cholesterol and egg lecithin. Lipid was extracted into 2 ml of
n-heptane (see Materials and Methods). Lipid concentrations refer to 1 ml of aqueous MLV suspension.

bLipid values were determined directly from a 1
Materials and Methods).

CLayer separation was not readily obtained. See footnote “f,”” Table 1.

dRequired 15 min centrifugation.

ml aliquot of the dichloromethane stock solution (see

€Lipid values could not be determined because the emulsion did not separate into distinct aqueous and

organic layers during centrifugation.

on the MLV, then ethanol cannot be omitted
since, without ethanol, the lipid/SDS/n-heptane
emulsion does not separate clearly into two
phases on centrifugation (Table 4).

Although plasma lipids can be successfully
extracted without SDS using only ethanol and
n-heptane, our attempts to extract crude RBC
ghosts in the same way were unsuccessful.

For quantitative work one must know the
volume of the organic phase containing the
extracted lipid. In systems employing equal
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volumes (2 ml) of aqueous solution, ethanol
and n-heptane, the recovery of the organic layer
was found to be 95-97.5% (1.90-1.95 ml).

DISCUSSION

General Considerations: SDS Method vs. Folch
or Bligh and Dyer Methods

The control experiments conducted with
plasma and MLV, as well as the comparisons
with the extraction results obtained by the
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traditional methods of Folch for RBC ghosts
and Bligh and Dyer for liver homogenate, show
very clearly that the SDS method as outlined
herein provides an extremely rapid (<5 min),
mild, clean and efficient method for extracting
lipid.

Within certain upper and lower limits, the
values for which depend upon both the type of
lipid and the nature of the lipid extracted, the
recovery of lipid is independent of the SDS
concentration.

These limits are widest for rat liver (0.25 g
of liver suspended in 4 ml of aqueous ethanol,
see Table 3). For a-tocopherol no upper or
lower limits were established, and the yield of
cholesterol decreased slightly at final SDS
concentrations greater than 100 mM, while the
yield of O-acyl lipid decreased fairly precipi-
tously at SDS concentrations greater than ca.
50 mM. Although the recovery of O-acyl lipids
from RBC imposes narrower limits on the
concentration of SDS, these limits are neverthe-
less sufficiently broad to be useful for routine
extraction of total lipid.

As a practical guide, RBC may be extracted
by successively adding and mixing SDS (1 ml;
40-80 mM), ethanol (2ml) and n-heptane
(1-2 ml; vortex stir for 30-60 sec) with crude
ghosts suspended in 5 mM phosphate/5 mM
ascorbate (ca. 1 ml; pH 7; packed RBC volume
originally 1 ml), followed by brief centrifuga-
tion. Rat liver homogenate (1 mi; 1 part liver to
3 parts water) is extracted in the same way
using SDS (1 mi; 40-200 mM), ethanol (2 ml)
and n-heptane (1 ml).

The “‘cleanness” of the SDS method is
apparent not only in the significant reduction
of contaminants in the HPLC analyses for
vitamin E and by the absence of TLC-detect-
able amounts of SDS in the n-heptane extracts,
but also from the fact that the n-heptane
extracts of RBC ghosts heavily contaminated
with hemoglobin are colorless, i.e., the iron-
containing porphyrins that normally contami-
nate the RBC lipids extracted with chloroform/
methanol are excluded from the SDS/ethanol/
n -heptane lipid extract.

Preliminary experiments indicate that vita-
min E can be extracted directly from either
fresh or frozen RBC by the SDS method
without first making ghosts. For example, rat
RBC (1.0 ml; hematocrit ca. 50%) suspended in
5 mM ascorbate/5 mM phosphate-buffered saline
(1 ml) were treated with SDS (5 mi; 0.1 M),
ethanol (7 ml), and n-heptane (1-2 ml). The
recovery of vitamin E was found to be the same
for both fresh RBC and RBC stored frozen in
the ascorbate/phosphate-buffered saline.

The amount of n-heptane used is not critical.
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This offers the potential for a modest, initial
concentration of lipids by using a volume of
n-heptane which is less than the volume of the
original tissue. Other alkanes can be substituted
for n-heptane, and it seems likely that certain
other combinations of solvents also could be
employed successfully. However, the depen-
dence of lipid recovery upon the proportion of
ethanol used and the effect of ethanol substitu-
tion by other alcohols have not been investi-
gated,

The successful application of the SDS
method to rat liver homogenate strongly
suggests that the method has general applicabil-
ity. A preliminary confirmation of the gener-
ality, speed and efficiency of the method
has been obtained using aqueous homogenates
of lung, heart, muscle, kidney, testes and brain
tissue from a rat. The extractions of all six of
these homogenates were accomplished in 20
min (1 ml homogenate/I ml 0.1 M SDS/2 m]
ethanol/2 ml n-heptane), and the results for
a-tocopherol, cholesterol and O-acyl fatty
acid were all at least equal to the results ob-
tained by the method of Bligh and Dyer.
Details of this work will be published at a later
date.

It seems likely that the SDS method also
could be used for the extraction and analysis of
other minor, but important, lipid components
such as f-carotene, ubiquinone and vitamins A,
D and K.

We also have explored the use of Triton
X-100 but found it to be much less satisfactory
than SDS both because of poor phase separa-
tion and because there were a multitude of
unidentified peaks in the HPLC chromatogram.

Factors Affecting Recovery and Composition of Lipid

Studies of the solubilization of pure PC
vesicles and of biological membranes with
detergents have provided evidence for differen-
tial complexation of the various components of
membranes and for the eventual formation of
soluble mixed lipid-detergent micelles and
lipid-protein-detergent complexes (29-36). These
observations help explain some of our experi-
mental results. For example, the recovery of
total O-acyl lipid from MLV and RBC declined
to zero at the higher concentrations of SDS
(Figs. 1 and 3), whereas its recovery from
plasma declined by only ca. 30-40% and then
reached an approximately constant value (Fig.
2). We suggest that these results are due to the
fact that when there is sufficient SDS present
to produce mixed lipid-SDS micelles, the more
polar phospholipid is preferentially retained in
these micelles upon addition of ethanol and
n-heptane, whereas the less polar lipids (e.g.,
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tocopherol, cholesterol, cholesteryl esters and
triglycerides) are partitioned predominantly
into the n-heptane. Since plasma contains
triglycerides and cholesteryl fatty acid esters
but RBC and MLV do not, the total O-acyl
fatty acid value does not decline to zero for
plasma but does for the RBC and MLV. Pre-
sumably the change in composition of the
plasma-derived fatty acids with changing SDS
concentration (Table 1) reflects differences in
the fatty acid composition of the phospho-
lipids, triglycerides and cholesteryl esters.

The dependence of phospholipid recovery
upon SDS concentration shows a considerable
variation with the nature of the material being
extracted. MLV were found to be the most
sensitive and the rat liver homogenate the least
sensitive. This phenomenon appears to be
related to the relative amount of protein
present in each material. This is not too sur-
prising since it is known that SDS binds strongly
to proteins (29,30,37-40). We suggest that the
protein acts as a kind of “buffer” or ‘‘sponge”
which allows a considerable quantity of SDS to
be added before the concentration of free,
monomeric SDS reaches the CMC.®> This will
occur only after complete saturation of the
protein. Rat liver shows the greatest range of
acceptable SDS concentrations because it
contains the most protein, while the “buffer”
effect is inoperative in MLV because they
contain no protein,

It will be clear from the foregoing that the
upper SDS concentration limit at which phos-
pholipid recovery begins to decline will depend
to some extent on the tissue extracted, since it
depends on the concentrations of both lipid
and protein.

The marked changes that occur in the total
fatty acid composition at the higher SDS

3 Even in the absence of protein and lipid, the CMC
will not be the same as in water since it is influenced

by ethanol (41,42) and by ions from buffers and dis-
solved salts (29,42,43).

*We have shown by a comparison of vitamin E,
O-acyl fatty acid, cholesterol and phosphorus values
that extraction of plasma with ethanol/n-octane is at
least as efficient as the Folch method. The latter
method has been reported to provide near-quantitative
yields of lipid (23,24).

We have found that ethanol/hexane quantitatively
extracts o-tocopherol dissolved in aqueous SDS
micelles.

Alcohol /alkane mixtures have been used previously
for the quantitative recovery of neutral lipid from liver
(46) and microsomes (47) and also have been found to
be suitable for replacement of chloroform /methanol in
the Folch method (48).

% Although a rapid procedure for specificaily meas-
uring vitamin E in tissue and plasma using acetone has
been reported recently (49), the insolubility of phos-
pholipids in acetone precludes the use of this method
for determining levels of peroxidizable lipid.
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concentrations that are associated with declin-
ing phospholipid recovery from plasma, RBC
and rat liver (Tables 1, 2 and 3) show that the
nature of the phospholipid affects its partition-
ing between the mixed micelles and the n-
heptane. This effect can be attributed, in part,
to differences in the nature of the phospholipid
head groups, since it has been shown (36) that
there are differences in the rates of SDS solu-
bilization of PC, PE, PS and SP from RBC ghost
membranes. Results obtained with MLV at
concentrations of SDS associated with rapidly
declining O-acyl lipid recovery (data not
shown) indicate that the nature of the fatty
acid tail must also play some role since the
MLV contain only one type of phospholipid,
PC. These latter results indicate that retention
in the mixed micelles of the aqueous phase is
favored for PC containing palmitic acid and is
disfavored for PC containing arachidonic acid.

CONCLUSION

The results presented here indicate that the
combination of the well-known property of
detergents to dissociate and solubilize mem-
brane proteins (29,30,37,38,44,45) with the
extraction capabilities of aqueous alcohol/
alkane mixtures* provides a promising alterna-
tive for general lipid extraction. The mildness
and speed of the new method are important
for the recovery of small quantities of labile
compounds such as vitamin E. Provided the
concentration of SDS is kept within certain
rather broad limits, excellent recoveries of
O-acyl lipid are obtained.® Higher concentra-
tions of SDS appear to offer a way of sepa-
rating phospholipids from less polar compounds
such as cholesterol, cholesteryl esters, triglyc-
erides, tocopherols, etc., as indicated by the
results obtained for plasma and MLV,
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Rapid and Convenient Separation of Phospholipids and Non
Phosphorus Lipids from Rat Heart Using Silica Cartridges

PIERRE JUANEDA®* and GERARD ROCQUELIN, /nstitut National de la Recherche
Agronomique, Station de Recherches sur la Qualité des Aliments de I'Homme,

BV 1540, 21034 Dijon Cedex, France

ABSTRACT

The separation of non phosphorus lipids and phospholipids of rat heart using Sep-pack Silica car-
tridges is described. No cartridge preparation is necessary before utilization. The separation of lipid
extracts is very fast. A complete partition of non phosphorus lipids and phospholipids is obtained.

Lipids 20:40-41, 1985.

INTRODUCTION

Borgstrom (1) showed that the non phos-
phorus lipids (NPL) and phospholipids (PL)
could be separated by adsorption chromatog-
raphy on a silica column. Using this method,
the non phosphorus lipids are eluted by chloro-
form and the phospholipids by methanol. A
number of modifications (2,3) were introduced
to this method. The method described by
Comte (4) permits 30mg of lipid extract to be
separated on a glass column containing lg of
silica and 0.5g of celite 545; the fractions were
eluted with 20ml of chloroform followed by
20m1 of methanol.

This technique is time consuming: 2 to 3 hr
of column preparation and 2 to 3 hr of separa-
tion. The use of the silica cartridges, 25 mm x
10 mm 1.D., (Sep-pack, Waters S.A., Framing-
ham, Massachusetts) eliminates the first step
and reduces the second process to 5 min.

EXPERIMENTAL PROCEDURES

- NPL and PL Separation

This separation was tested on the total heart
lipids of SPF male Wistar rats (16 weeks of age,
mean body weight 380 g) fed a commercial
diet (UAR 113).

The lipids were extracted by the method

described by Folch et al. (5). The extract was-

evaporated to dryness at 40C in a rotary
vacuum apparatus, left .overnight in a vacuum
dessicator and then weighed. It was then diluted
in chloroform to obtain a solution containing
about 30mg of lipids in 500 ul of solvent.

A sample was injected at the top of the car-
tridge, using a 500ul syrmge After adsorption
of the sample, a syringe containing 20ml of
chloroform was connected to the top of the
cartridge. It was very important to avoid the
formation of air bubbles between the top of the

*To whom correspondence should be addressed.
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cartridge and the solvent. Chloroform was
pushed through the cartridge (about 25 ml/min)
and the fraction containing the NPL collected.
Similarly, the fraction containing the PL was
eluted with 30ml of methanol.

The fractions were dried as indicated above,
then weighed, in order to determine the respec-
tive quantities of NPL and PL.

Purity of the Fraction
The purity of the 2 fractions was verified

za

1 : AR

FIG. 1. Chromatograms of the total lipid extract
(TLE) and the 2 fractions (PL and NPL). 1 = phospho-
lipids; 2 = diglycerides and cholesterol; 3 = free fatty
acids; 4 = triglycerides, and 5 = cholesteryl esters.
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TABLE 1

Comparison of the 2 Separation Methods of NPL and PL of Lipids Extracted from Rat Heart

Lipid extract NPL PL
Separation according a 27.5 6.2 £ 0.04 20.7 *0.05
to J. Comte (4) b 534.36 N.D.* 532.78 + 2,012
Separation using a 27.5 6.4 + 0.05 20.6 * 0.06
Sep-pack cartridges b 534.36 N.D.* §31.20 + 2,026

a = mg of lipids (mean + SEM, n=5).
b = ug of phosphorus (mean * SEM, n=5).
*N.D. = Not detected.

by thin layer chromatography (TLC) on silica
gel plates (Merck A.G., Darmstad, W. Germany).
The developing solvent system (6) was a mixture
of hexane/diethyl ether/methanol/acetic acid
(90:20:5:2, v/v/v/v). The bands were detected
by iodine vapor. Also, possible cross contamina-
tion of phospholipids in the NPL was tested by
a phosphorus assay (7). ’

RESULTS AND DISCUSSION

Figure 1 shows the fraction eluted by
chloroform contained only NPL, whereas the
fraction eluted by methanol contained only PL.
Moreover, the phosphorus assay did not show
any phospholipid contamination in the NPL
(Table 1).

The retrials and comparisons of these
methods were tested on a pool of heart lipid ex-
tracts from rat. The results of these tests are
indicated in Table 1. There is no noticeable dif-
ference between the 2 methods. Duplication is
excellent, No loss of lipid seems to occur after
column fractionation; particularly the phos-
pholipid recovery is satisfactory, as shown in
Table 1. The only slight variation observed in
either probably is due to the inherent errors in
this type of separation.

Volumes of 20 and 30ml are suitable for
sample sizes ranging from 10 to 100mg. It is
necessary to establish the approximate solvent
volume, as well as the method of analysis of the
resulting fractions, for samples smaller than
10mg. For samples greater than 100mg there
probably is a risk of cartridge saturation. We
did not test the cartridge in this condition. The
solvent flow used in the fractionation does not
modify the quality of the separation,

The presence of monoglycerides (MG) in the
sample resulted in an impure PL fraction. In
this case, it is necessary to use an in-between
solvent system consisting of 5ml of a mixture
of chloroform/methanol (49:1, v/v) which elutes
all MG from the sample.

The cartridges can be reused S5 to 6 times,
For that purpose, it is necessary only to wash
the cartridge between 2 fractionations with
20ml of methanol, then 20ml of chloroform.

Similar results were obtained with lipids
extracted from other tissues such as liver or
kidney.

In conclusion, the replacement of tradi-
tional glass columns by ready made cartridges
gives a noticeable improvement both in ease
and in speed for the separation of non phos-
phorus lipids and phospholipids, without affect-
ing the quality of the final result.
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A Colorimetric Assay of Pancreatic Lipase: Rapid Detection of
Lipase and Colipase Separated by Gel Filtration

JOHNNA ROBERTS?, VALENTINO J. STELLA? and CHARLES J. DECEDUE* 2,
aDepartment of Pharmaceutical Chemistry and bBiochemical Research Service
Laboratory, The University of Kansas, Lawrence, KS 66045

ABSTRACT

A rapid assay for pancreatic lipase (E.C., glycerol-ester hydrolase 3.1.1.3) is described. The assay is
based on the color change of a pH indicator as butyric acid is released from the substrate tributyrin.
A mixture made with tributyrin and the water soluble components of the assay is ideally suited for use
as a rapid test as, for example, when assaying chromatography fractions. Quantitative data can be
obtained by measuring the disappearance of absorbance at 557 nm versus a blank reaction. The assay
has been used in the rapid preparation of colipase-free lipase and colipase. :

Lipids 20:42-45, 1985.

INTRODUCTION

Pancreatic lipase has been the object of
extensive biochemical and physiological study.
For a complete recent review of lipase studies
the reader is referred to Verger (1).

Lipase hydrolyzes triglycerides. However,
bile salts are able to inhibit this hydrolysis(2-4).
Lipase activity can be restored by the action
of colipase, a low molecular weight protein
cofactor tightly associated with lipase (3).

Because lipase is relatively unstable, time
lost while assaying for active fractions during
the course of purification can result in substan-
tially lower yields. An assay is described here
which can significantly reduce the amount of
time involved in locating and quantifying
chromatographic fractions with lipase activity.
The assay was used to monitor the elution of
lipase and colipase from a Sephadex G-100
column used to simultaneously prepare colipase-
free lipase and colipase from crude pancreas
acetone powder.

MATERIALS AND METHODS

Pancreas acetone powder (PAP), Sephadex
G-100, phenylmethylsulfonyl fluoride (PMSF)
and sodium taurodeoxycholate (NaTDC) were
purchased from Sigma Chemicals (St. Louis,
Missouri), Tributyrin was purchased from East-
man Organic Chemicals (Rochester, New York).
Phenol red was a product of Matheson, Coleman
and Bell (Cincinnati, Ohio) and was prepared as
a stock solution of 0.04 per cent as described
elsewhere (5).

Assay Mixture
A mixture was prepared which contained

*To whom correspondence should be addressed.

LIPIDS, VOL. 20, NO. 1 (1985)

100 ul tributyrin and 1.5 ml phenol red stock
solution in 100 ml of water adjusted to pH
9.2-9.3 with NaOH. Because tributyrin is only
sparingly soluble in water, the mixture was
vigorously stirred on a magnetic stirrer to fully
disperse the substrate. To test for the presence
of colipase the same assay mixture was pre-
pared containing 6 mM of NaTDC and used
with added colipase-free lipase to provide lipo-
lytic activity.

Qualitative Test

Column fractions were scanned routinely for
lipase activity by mixing appropriate aliquots
(5-10 ul) of each fraction with 0.5 ml of assay
mixture and incubating at 37 C for 5 to 10 min.
A color change from red to yellow in this time
period istaken as an indication of lipase activity.

Colorimetric Assay

Those fractions containing lipase activity as
demonstrated with the qualitative test were
reassayed by mixing 10-30 ul of the active
fractions with 3 ml of assay mixture in 13 X
100 mm disposable test tubes and incubating
at 24 C for a prescribed time period (usually
1-5 min). This allows the color change to be
quantified by measuring the absorbance at
557 nm using a Bausch and Lomb Spectronic 21
spectrophotometer. With prolonged incubation
each assay mixture (even those without enzyme)
will turn yellow,due to the spontaneoushydrol-
ysis of tributyrin. For this reason a control tube
lacking enzyme is always included in the incu-
bations. Because the change from red to yellow
is a result of the decrease in absorbance at
557 nm, spectrophotometric measurements were
recorded as (Asg; control/Ass, test) so that the
resulting plots would give peaks instead of
valleys.
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Those fractions having lipase activity were
reassayed in the presence of 6 mM NaTDC.
Fractions which were lipase negative under
these conditions were eonsidered to be free of
colipase.

Colipase Assay

To test for colipase activity, an aliquot from
one of the lipase fractions previously identified
as colipase-free was added to individual tubes of
assay mixture containing 6 mM NaTDC. This
mixture was then used to assay fractions which
were thought to contain colipase. Fractions
which contained colipase were able to restore
the activity of the bile salt-inhibited lipase.

Autotitration Assay

The assay procedure of Patton et al. (8) was
used on a Radiometer (Copenhagen) pH stat.
Assay mixtures were 10 ml and the 2.5 ml
burette was used to deliver 0.01 M NaOH. One
unit of lipase or colipase activity is defined as
that amount of enzyme (coenzyme) which
causes the release of one umole of butyric acid
per min at pH 7.0 and 24 C.
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Chromatography

The procedure used for the preparation of
colipase-free lipase (and simultaneously colipase)
was a modification of that of Verger et al. (9).
All operations were performed at 0-4 C. Fifteen
grams of PAP were extracted in 300 mlof 0.1 M
Tris-HC1 pH 9.0 containing 0.02% sodium azide
and 1 mM PMSF (Buffer A) for 1 hr with vigor--
ous stirring. The extract was centrifuged for
15 min at 15,000 X g. The supernatant fluid
was brought to 80% saturation with solid
ammonium sulfate (48.8 gm/100 ml) and cen-
trifuged at 15,000 X g for 15 min, The resulting
pellet was resuspended in 150 m]l 5 mM Tris-HCl
pH 8.0 containing 3.3 mM CaCl,, 1 mM PMSF
and 4 mM NaTDC (Buffer B). The suspension
was then brought to 30% (v/v) with n-butanol
and 15% (w/v) with ammonium sulfate. After
stirring for 1 hr, the suspension was centrifuged
at 11,500 x g for 40 min. The creamy interface
was collected carefully, suspended in 40 ml
Buffer B, then dialyzed versus 2 x 900 ml of
the same buffer using 3500 MW cutoff dialyzer
tubing from Spectrapor. After about 18 hr of
dialysis, the extract was centrifuged for 60 min
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FIG. 1. Sephadex G-100 chromatography, colorimetric assay. PAP prepared as described
in Materials and Methods was chromatographed on a 2.5 X 100 cm column of Sephadex
G-100 in Buffer C at a flow rate of 0.5 mi/min. Twenty ml of sample was applied to the
column and 5 ml fractions were collected. The colorimetric assay was used to monitor lipase
and colipase activity, which is expressed as A, control/A,,, sample. (¢ —e) = lipase activ-
ity (assayed without NaTDC); (e - - - ®) = colipase-free lipase activity (assayed with NaTDC;

(o —-0) = colipase activity.
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at 11,500 x g. One-third of the supernatant
fluid was concentrated by ultrafiltration (Ami-
con PM 10) and the remaining two-thirds saved
for further use. The concentrated lipase prepar-
ation was brought to 8 mM NaTDC and applied
to a 2.5 X 100 cm column of Sephadex G-100
equilibrated with 10 mM Tris-maleate pH 9.0
containing 150 mM NaCl, 1 mM CaCl,;, I mM
PMSF and 0.02% sodium azide (Buffer C). Five
m] fractions were collected.

RESULTS

The delipidated extract of pancreas acetone
powder was chromatographed on Sephadex
G-100 as described above. The fractions were
initially screened for lipase activity by the
qualitative test described in Materials and
Methods. Fractions indicating lipase activity
were reassayed using the colorimetric assay and
quantified spectrophotometrically. The results
are shown in Figure 1. Two peaks of lipase
activity can be seen in the front portion of the
chromatogram. When reassayed with 6 mM
NaTDC, the earlier eluting of these 2 peaks
retains a large portion of activity in the presence
of the bile salt, whereas the second peak was
completely inhibited, suggesting it was devoid
of colipase.

To test for colipase, 10 ul aliquots of lipase
from fraction 52 were added to tubes of assay
mixture containing 6 mM NaTDC, then 50 ul
aliquots of fractions 70-180 were added and the

METHODS

mixtures incubated as described in Materials
and Methods. Those fractions which restored
the bile salt-inhibited lipase activity are shown
in Figure 1. Colipase is well separated from free
lipase and from the earlier eluting lipase-colipase
complex.

The results of the conventional titrametric
assay of a similarly chromatographed crude
lipase preparation are shown in Figure 2. The
results seen in Figures 1 and 2 are strikingly
similar. Non-inhibitable, or colipase bound
lipase, elutes in the area around the void volume
for this particular column. Bile.salt-inhibitable
lipase elutes later, indicating smaller molecular
weight and colipase elutes well back near the
included volume of the column, indicating a
small molecular weight. These size classes are
consistent with the earlier reports of Morgan
et al. (10) and Rathelot et al. (2).

DISCUSSION

A colorimetric assay is described which can
be used as a rapid qualitative or semi-quantita-
tive measurement of lipase activity. The assay
was used to identify lipase, colipase and the
lipase-colipase complex prepared in a single
chromatographic step. The lipase/colipase activ-
ity profiles obtained after assay of gel filtration
fractions of crude pancreas acetone powder are
qualitatively the same whether assayed by the
standard pH-stat method or by the colorimetric
assay. The main difference is one of time—the
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FIG. 2. Sephadex G-100 chromatography,
in Figure 1, except that the column fractions

pH-stat assay. All conditions were the same as
were assayed with the pH-stat assay of Patton

et al. (8). (¢ — @) = lipase activity (assayed without NaTDC); (e - - - ) = colipase-free lipase
activity (assayed with NaTDC); (oc— o) = colipase activity.
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total analysis time for the experiment described
in Figure 1 was 2 hr, whereas the same analysis
conducted using the titrametric assay (Fig. 2)
required about 8 hr. Although only the titra-
metric assay gives duantitative measurements,
for the purpose of identifying activity peaks
from a column, the colorimetric assay is entirely
suitable. After pooling the desired fractions
a single titrametric assay can be performed to
obtain precise activity levels for calculation of
yield and specific activity. Identification of
active fractions is greatly facilitated by using
the colorimetric assay as a qualitative test,
further speeding up the overall procedure.

The assay mixture used in these experiments
is unbuffered (except for the pH indicator) so
that the decrease in pH can be followed. One
result of using an unbuffered assay mixture is
that the reaction rate changes during the course
of the assay. Fortunately, for this application,
the activity profile of pancreatic lipase has a
broad maximum in the range of pH 6.5-8.5 (7)
so the change in reaction rate is actually rather
small, Thus, despite the fact that the reaction
changes rate as the pH drops from above 9 to
below 6 during the course of the assay, there
remains a roughly linear change (data not
shown) in color as butyric acid is released from
the substrate. Because of the changing pH and
consequent rate change the assay is not satis-
factory for absolute gquantification of lipase
activity, but it is ideal for making relative mea-
surements such as those in this study.

The partial purification described here does
not dissociate all of the lipase-colipase found in
PAP. However, it is possible to obtain reason-
able quantities of free lipase and free colipase in
3 days with a single chromatography step. Al-

45

though not pure, the lipase and colipase prepared
in this manner should be suitable for many
types of studies including: kinetic, inhibitor,
drug effect, in vitro lipolysis, etc. It also may be
possible to covalently attach colipase purified
in this manner to an inert support to use in the
affinity purification of lipase as described by
Patton and Andersson (11).
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A Diurnal Variation of Hepatic Acid Cholesteryl Ester

Hydrolase Activity in the Rat

MITSUO TANAKA*, RYOOJ! YONEKURA, TOSHIHIRO HO and TOSHIKAZU
TABATA, Showa College of Pharmaceutical Sciences, 1 - 8, Tsurumaki-5-Chome,

Setagaya-Ku, Tokyo, Japan

ABSTRACT

The diurnal variation in lysosomal acid cholesteryl ester hydrolase (Acid CEH), (EC 3.1.1.13) has
been examined in fed, fasted and adrenalectomized rats. The Acid CEH activity of normal rat liver
exhibits a diurnal thythm with maxima at 06.00 hours and minima at 18.00 hours, but such a thythm
was not observed in spleen and brain, This rhythm was abolished after fasting for two days, and the
resulting Acid CEH activity remained constant at the minimum Ievel. However, adrenalectomy did not
abolish the diurnal rhythm. These resuits indicate that the Acid CEH activity varies according to a
diurnal thythm with maxima and minima separated by approximately 12 hr. Further, it is evident that
the appearance of this thythm is dependent upon dietary, but not adrenal hormone influence.

Lipids 20:46-48, 1985.

INTRODUCTION

The liver is a major site of cholesteryl ester
hydrolysis in the rat, and it is well known that
hepatic lysosomal Acid CEH is required for
hydrolysis of endogenous and exogenous cho-
lestery! esters introduced into cells as lipopro-
teins (1),

This enzyme activity can be markedly
reduced by cholesterol feeding (Tanaka, M.,
unpublished data) and by triton WR-1339
treatment (2), and it seems to be related to
the pathogenesis of diseases such as athero-
sclerosis (3).

Recently we found that a cytosolic protein
in rat liver has an inhibitory effect on lysosomal
Acid CEH activity (4). In addition, Umezawa
et al. (5) have isolated an inhibitor of lysosomal
acid lipase from Actinomycetes, Little is known,
however, about the regulation of the Acid CEH
activity in the liver under various conditions,
On the other hand, many mammalian circadian
rhythms have been recognized and described in
detail;for example, that of 3-hydroxy-3-methyl-
glutaryl-CoA reductase (6) which is involved
in cholesterol synthesis, cholesterol 7a-hydrox-
ylase (7) which is involved in bile acid synthesis,
as well as various enzymes invoived in drug
metabolism (8). We have examined the effect
of food, fasting and adrenalectomy on the
diurnal variation of Acid CEH activity in livers
of rats. In this paper, we report a regular daily
variation in the rate of cholesteryl ester hydrol-
ysis in livers of rats.

*To whom correspondence should be addressed.
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MATERIALS AND METHODS

Radiochemical

Cholesteryl [1-**C] oleate (specific activity
58.6 mCi/m mole) was purchased from New
England Nuclear Corp.

Animals

Young male Sprague-Dawley rats weighing
about 150 g were used for all studies. Animals
were offered food (Japan Crea Corp.) and water
ad libitum and were housed in small groups in
wire cages with a strict lighting schedule of
12 hr of light and 12 hr of darkness (light on at
06.00, off at 18.00). Animals were adapted to
these conditions for at least one week prior to
any experiment, Fasted rats were without food
for 48 hr before sacrifice,

Adrenalactomy

Bilateral adrenalectomies were performed
under ether anesthesia 5 days prior to the par-
ticular experiment. Adrenalectomized animals
were maintained on 0.9% NaCl solution.

Preparation of Lysosomal Fractions
and Measurement of Acid Cholestery!
Ester Hydrolase Activity

The methods of Brecher et al (9) were used
for the preparation of lysosomal fractions from
liver, spleen and brain and for the measurement
of Acid CEH activity. Benzene solutions of cho-
lesteryl oleate and cholesteryl [1-'4C] oleate
were mixed and the benzene was evaporated
under nitrogen. A saline solution with 0.5%
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albumin was added and the mixture was son-
icated 3 times for 10 sec. The standard incu-
bation mixture usually contained 0.69 nmol of
cholesteryl [1-'*C] oleate (0.04 uCi)in 0.15 M
acetate buffer (pH 4.5) and 50 ug of lysosomal
protein in a final volume 0.3 ml, The tubes
were incubated at 37 C for 30 min. The reac-
tion was terminated by addition of 3.0 ml of
benzene/chloroform/methanol mixture (1:0.5:
1.2, v/v/v) containing unlabeled oleic acid
(0.1 mM) as carrier. NaOH (0.6 ml of 0.3 M)
was then added. The solution was mixed for
25 sec on a vortex mixer and centrifuged for
10 min at 3,000 rpm. The amount of liberated
[1-*C] oleate in the upper aqueous phase was
determined by adding 0.5 ml aliquot to 10 ml
of Aquasol 2 liquid scintillation mixture and
counting the samples in an Aroka LSC 900
liguid scintillation counter,

RESULTS

Normal Diurnal Variation

Acid CEH activity, in livers of rats, was
measured at 6 hourly intervals over a 24-hr
period (Fig. 1). The Acid CEH activity exhibited
a diurnal variation. Maximum specific activity
of the Acid CEH was reached in the last of the
dark period at 06.00 hours, and the activity
then declined to a broad minimum at 18.00
hours. In the evening, the specific activity
began to increase again., The amplitude of the
variation as defined by the ratio of the maximum
(06.00 hours) to the minimum rates (18.00
hours) was approximately 1.5, No variation in
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the enzyme activity in spleen and brain was
observed (data not shown).

Effect of Restricted Feeding
and Fasting with Normal Lighting

The importance of feeding habits rather than
lighting in the diurnal rhythm of Acid CEH
activity was demonstrated in rats housed under
normal illumination conditions and offered food
from 09.00 hours to 17.00 hours for 24 days
prior to being killed. The maximum specific
activity of Acid CEH occurred in the last part
of the food period at 17.00 hours (data not
shown). The result shows that the diurnal
rhythm responded to the new feeding schedule.

Table 1 shows the effect of fasting on the
Acid CEH activity at 06.00 hours and 18.00
hours. Fasting for two days abolished the diur-
nal rhythm and caused the Acid CEH activity
to remain at a uniformly low level,

Effect of Adrenalectomy
on Acid CEH Activity

Several investigations suggest that some
diurnal rhythms may be controlled hormonally.
We measured enzyme activities at 06.00 hours
and 18.00 hours in livers of rats 5 days after
bilateral adrenalectomy. As shown in Table 1,
adrenalectomy appeared to have no effect on
the diurnal thythm of Acid CEH activity.

DISCUSSION

It is well known that hepatic 3-hydroxy-3-
methylglutaryl-CoA reductase (6,10-12) and

Acid CEH activity
( x105dpmlmg of protein/30 min )
(5]

0 1, A L ) L -
6 12 18 24 6 12
[ )

Light

Dark

Time ( hours )

FIG. 1. Diurnal variation of Acid CEH activity in rat liver. Standard assay conditions
were used as described in Materials and Methods. Values are given as mean + SEM of § rats.
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TABLE 1

COMMUNICATIONS

Effect of Adrenalectomy and Fasting on the Diurnal Rhythm of Acid CEH Activity

Acid CEH activity
(X 10°dpm/mg of protein/30 min)

Experiment Treatment 06.00 hr 18.00 hr

1 control 7.25 + 0.24 4.56 + 0,532
fasted 4.99 * 0.32 4.19 + 0,452

1 control 6.60 £ 0,08 4.05 £ 0.013
adrenalectomized 4.41 £ 0.17 3.21 £ 0.363

2 control 5.35+ 0.15 3.72 £ 0,133
adrenalectomized 4.23 + 0.80 2.73 + 0.58D0

Standard assay conditions were used as described in Materials and Méthods. Values are

given as mean * SEM of 5 rats.

aSignificantly different from 06.00 hours values (P<0.01).
bgignificantly different from 06.00 hours values (P<0.05).

cholesterol 7a-hydroxylase (7,13,14) exhibit
a diurnal rhythm. The experiments on the
manner in which the diurnal rhythm in both
enzymes is controlled have focused increasingly
on the role of hormones (15-18).

The results in this paper show that when rats
are kept under conditions of controlied lighting
and feeding, a diurnal rhythm exists in lyso-
somal Acid CEH with maxima at 06.00 hours
and minima at 18.00 hours, The rhythm of this
enzyme activity is not affected by adrenal-
ectomy. These data indicate that adrenal gland
hormones are not involved in the variation of
Acid CEH activity.

Whether feeding regulates the rhythm of
Acid CEH activity in normal rats is an important
question. We tested the effect of fasting on the
Acid CEH activity and found that fasting indeed
abolished the rhythm. Furthermore, the Acid
CEH activity continued at the minimum level
of the rhythm during the fasting. It is possible
that the disappearance of the diurnal rhythm of
the Acid CEH activity in fasting rats is not due
to a general reduction in protein synthesis but
rather to the restricted feeding in the dark
period. However, it is not clear at present if the
diurnal rhythm of Acid CEH activity results
from changing the turnover rate of this enzyme.

Acid CEH was present in all tissues examined,
and high activity was observed in spleen, lung
and liver (4). The spleen and brain did not
exhibit a diurnal variation of Acid CEH similar
to that of the liver. These results suggest that
the diurnal rhythm of Acid CEH may be charac-
teristic of the liver, which is mainly concerned
in the catabolism of cellular cholesteryl esters.
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Effects of High Fat Diets on the Activity of Palmitoyl-CoA

Hydrolase in Rat Liver

ROLF K. BERGE and MAGNY S. THOMASSEN®*, Laboratory of Clinical Biochemistry,
Unijversity of Bergen, 5016 Haukeland Sykeus, and Institute for Nutrition Research,

University of Oslo, Blindern, Osfo 3, Norway

ABSTRACT

Palmitoyl-CoA hydrolase [EC 3.1.2.2.] activity in rat liver was found to be enhanced by high fat
diets. Partially hydrogenated marine oil and high-erucic acid rapeseed oil diets produced a greater

increase than a diet containing soybean oil.

With diets containing from 5 to 30% (w/w) of partially hydrogenated marine oil the increase in
palmitoyl-CoA hydrolase activity was similar to the increase observed in peroxisomal g-oxidation
activity (correlation coefficient r = 0.94). A positive correlation (r = 0.86) also was observed between
the activity of palmitoyl-CoA hydrolase and previously determined levels of long~chain acyl-CoA.

The results presented may suggest a common “induction” mechanism for palmitoyl-CoA hydrolase
and peroxisomal g-oxidation enzymes, possibly exerted through an increased cellular level of long-

chain acyl-CoA.
Lipids 20:49-52, 1985.

INTRODUCTION

Palmitoyl-CoA hydrolase (EC 3.1.2.2.) cata-
lyzes the hydrolysis of long-chain acyl-CoA
thioesters to CoASH and fatty acids. In rat liver,
the subcellular distribution and activity changes
due to hypolipidemic drug administration have
been studied extensively (1-5). These studies
have revealed that the palmitoyl-CoA hydrolase
has a trimodal localization: to the mitochondrial
and microsomal fractions (3-6) and to a purified
fraction enriched in peroxisomes (4-7). However,
the functional roles of these enzyme activities
still are not completely clarified.

Following administration to rats of perox-
isomal proliferators unrelated in chemical
structure, palmitoyl-CoA hydrolase as well as
peroxisomal f$-oxidation increased (2,3,5). Per-
oxisomal B-oxidation activity also is found to
be elevated in different physiological conditions,
such as during starvation (8,9) and high fat
feeding (8-11).

In the present work we have compared
the effect of some high fat diets on rat liver
palmitoyl-CoA hydrolase and peroxisomal
B-oxidation. The data presented show that the
variations in the two enzyme activities are well
correlated, which may indicate a common “in-
duction” mechanism, These findings are dis-
cussed in relation to the linearity recently
observed between the level of long-chain acyl-
CoA in rat liver and the activity of peroxisomal
B-oxidation (12,13).

*To whom correspondence should be addressed at
Norwegian Food Research Institute, P.O. Box 50,
N-1432 As-NLH, Norway.

EXPERIMENTAL

Materials

Dietary oils were obtained from DeNoFa
and Lilleborg Fabriker A/S, Fredrikstad,
Norway, except for the rapeseed oil, which was
supplied by AB Karlshamns Oljefabriker,
Karlshamn, Sweden. The fatty acid compo-
sitions are given in (8). [1-1*C] palmitoyl-CoA
was purchased from New England Nuclear,
Boston, Massachusetts, USA. Other chemicals
were commercial products of high purity,
mostly from Sigma Chemical Co., St. Louis,
Missouri, USA.

Animals and Diets

Weanling male rats of the Wistar strain (body
weight approx. 60g) were purchased from
Mpllegaard breeding laboratory, Ejby, Denmark.
Semisynthetic diets were prepared as described
previously (14), with the compositions (in
weight percentage of total) as follows: sucrose,
20.0%; corn starch, 52.8%, minus weight per-
centage of dietary oil; casein (with 2% methi-
onine), 20.0%; cellulose 1.0%; vitamin mixture,
2.2%; salt mixture, 4.0%; dietary oil, according
to tables. The rats were fed a standard pelleted
diet for 5 days, and then given the semisynthetic
diets for 3 weeks. They were housed in grid-
bottomed cages and had free access to food and
water, At the end of the experimental period
the rats were Killed by decapitation, the livers
were removed and immediately chilled on ice
and weighed, Preparation of the 10% liver
homogenate was performed as earlier described

(8).

LIPIDS, VOL. 20, NO. 1 (1985)
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TABLE 1

Effects of Different Dietary Oils on Rat Liver Palmitoyl-CoA Hydrolase Activity

Palmitoyl-Co A hydrolase

umole /min/ umole fmin/ nmol/min/
Diet whole liver % of SO 5 g - liver % of SO 5 mg prot % of SO 5
SO 5 11.9 £ 3.2 100 1.16 = 0.36 100 100+ 1.0 100
SO15 16.6 + 2.8 140 1.52 + 0.35 130 129+ 1.5 130
RO 15 . 209 4.9 175 1.80 + 0,483 155 17.0% 2.0 170
PHMO 15 26.1 t 4.3P 220 2.13 £ 0180 185 20.8 + 2,59 210

The values are means + 8.D, for 4 animals in each group. SO 5§ and SO 15 = diets con-
taining 5 and 15% (by weight) of soybean oil, respectively. RO 15 = diet containing 15% of
a high-erucic rapeseed oil (about 45% C,,4 ). PHMO 15 = diet containing 15% of partially
hydrogenated marine oil {(about 15% C,,.,). The palmitoyl-CoA hydrolase activity was

measured at 30 C.

aValues significantly different from those of the SO 5 group, 0.05 > P > 0.01.
bvalues significantly different from those of the SO 5 group, 0.01 > P.
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FIG. 1. Effect of increasing amounts of partially
hydrogenated marine oil in the diet on some enzyme
activities determined in the 10% liver homogenate.
Values represent means + S.D. of 4 rats. A, Palmitoyl-
CoA hydrolase (at 35 C); B, peroxisomal g-oxidation;
C, catalase.
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Enzyme and Protein Assays

Palmitoyl-CoA hydrolase (EC 3.1.2.2.),
catalase (EC 1.11.1.6.) and CN-insensitive,
palmitoyl-CoA dependent NADH production
(peroxisomal B-oxidation) were determined as
described in (6), (1,3) and (15), respectively.
SDS-polyacrylamide gel electrophoresis (9%
acrylamide) was carried out as described else-
where (3), and protein was determined using
the Folin-Ciocalteus reagent (16) with bovine
serum albumin as standard.

Statistical Analysis

Dunnett’s multiple comparison test (17) was
used to evaluate the significance of differences
between population means; P > 0.05 was taken
to be statistically non-significant,
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RESULTS AND DISCUSSION

The palmitoyl-CoA activities observed in rat
liver homogenates after 3 weeks on different
high fat diets are shown in Table 1. A low-fat
diet containing 5% by weight of soybean oil has
been included for reference. Significantly higher
activities (170-220%) were observed in the rats
fed rapeseed oil or partially hydrogenated
marine oil than in this low-fat control. Also, the
rats fed a high fat diet containing soybean oil
showed a tendency toward higher values (130-
140%). The difference, however, was not statis-
tically significant. These results correspond well
with the 1.4- to 2.4-fold increase in perox-
isomal B-oxidation activity previously observed
employing similar diets (8,10,11), suggesting
that with respect to high fat diets the effects on
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FIG. 2. Correlation between palmitoyl-CoA hydro-

lase activities and (A) peroxisomal g-oxidation activity
(r=0.94; 0.01>P>0 005), and (B) long-chain acyl-CoA
levels (1=0.86; 0.05>P>0.02). The values of palmitoyl-
CoA hydrolase and peroxisomal g-oxidation activity
are taken from Figure 1 A and B. The values of long-
chain acyl-CoA levels are taken from (13).
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palmitoyl-CoA hydrolase and peroxisomal
B-oxidation activity are very similar,

To investigate this further we compared the
effects of diets containing various amounts of
partially hydrogenated marine oil on the two
enzyme systems, since with such diets a sig-
moidal dose-response relationship has been
observed with regard to the activity of perox-
isomal f-oxidation in peroxisome-enriched
fractions from rat liver (8). This sigmoidal
dose-dependency also is seen in the 10% homog-
enate from rat liver, as shown in Figure 1B. The
marked increase with 20% or more of partially
hydrogenated marine oil in the diets correlated
well with an increase observed in a band corre-
sponding to a molecular weight of 80,000 on
SDS-polyacrylamide gel electrophoresis (results
not shown). This band (PPA-80), which is
immunologically identical to the peroxisomal
enoyl-CoA hydratase (18), has been found to
account for a large fraction of the increase of
peroxisomal protein in liver of rats treated with
peroxisome proliferators (18,19). The observed
increase indicated, in agreement with the results
obtained by Ishii et al. (9), that the increase in
the activity of peroxisomal f-oxidation after
high fat feeding is due to enzyme induction.

Also the activity of the palmitoyl-CoA
hydrolase in the 10% homogenate revealed a
strong dose-dependency as shown in Figure 1A.
As with peroxisomal $-oxidation, the palmitoyl-
CoA hydrolase activity increases markedly with
20% or more of partially hydrogenated marine
oil in the diet. At the highest dose (30%), the
enzyme activity is enhanced by a factor of
about 1.7. The catalase activity, on the other
hand, is affected only slightly by the dose of
partially hydrogenated marine oil in the diet
(Fig. 1C).

Thus, palmitoyl-CoA hydrolase activity in
rat liver seems to be regulated by the dietary
level of fat,and in a way similar to that observed
for peroxisomal f-oxidation. In fact, when
comparing the activities found at different
dietary levels of partially hydrogenated marine
oil, a correlation coefficient of 0.94 is obtained
(Fig. 2A). These observations might indicate a
common regulatory mechanism. The cellular
level of long-chain acyi-CoA is found to corre-
late well with the activity of peroxisomal
B-oxidation after feeding rats diets with various
amounts and different types of fat (13). Com-
paring the activity of palmitoyl-CoA hydrolase
found in the present work and the long-chain
acyl-CoA values reported in an earlier study
using the same diets (13) revealed a linear cor-
relation as shown in Fig. 2B, with a correlation

LIPIDS, VOL. 20, NO. 1 (1985)

coefficient of 0.86. Furthermore, the level of
cellular long-chain acyl-CoA has been observed
to correlate well with the activity of palmitoyl-
CoA hydrolase in animals where this activity
has been increased by the administration of the
hypolipidemic drugs clofibrate and tiadenol
(Berge, unpublished observations). A regulatory
action of long-chain acyl-CoA in gene expres-
sion has been postulated in Candida Lipolytica
(20). Long-chain acyl-CoA is the substrate of
both the palmitoyl-CoA hydrolase and the
peroxisomal §-oxidation enzyme system, and a
regulation by substrate induction thus may be
suggested.
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Effect ‘of Type of Diet and Feeding Status on Modulation of
Hepatic HMG-CoA Reductase in Rats

MICHAEL J. KELLEY! and JON A. STORY*, Department of Foods and Nutrition,
Purdue University, West Lafayette, IN 47907, USA

ABSTRACT

The effect of diet type and feeding status on hepatic HMG-CoA reductase (HMGR) [mevalonate:
NADP* oxidoreductase (acylating CoA); EC 1.1.1.34] was studied in rats. Animals fed a ground, com-
mercial, stock diet exhibited higher expressed and total activities of HMGR in the fed state than
animals fed a semi-purified diet. The differences did not appear in meal-trained animals when measured
before the onset of the meal after a 22-hr fast. When expressed activity was taken as a per cent of total
activity, fed animals from both diet groups used about 10% of their available activity. When animals
on commercial diets were fasted, 20% of the activity was expressed. Fasted animals on the semi-purified
diet also increased the per cent of expressed reductase activity, but this increase was not as great
(13.3%).

These data suggest that, in the rat, regulation of cholesterol synthesis in response to decreased total
HMGR during fasting and increased levels after a meal results from alterations in the percentage of
enzyme which is expressed. The semi-purified diet used here resulted in consistently lower levels of
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HMG-CoA reductase activity than the commercial diet regardless of feeding pattern.

Lipids 20:53-55, 1985.

INTRODUCTION

The rate-limiting step in the biosynthesis of
cholesterol is catalyzed by B-hydroxymethyl-
glutaryl-CoA reductase (HMGR;1). Ingebritsen
et al, (2} proposed a scheme for the modulation
of HMGR activity by reversible phosphorylation
of the enzyme. Subsequently they demonstrated
that the degree of phosphorylation and the
activity of HMGR in isolated rat hepatocytes
could be manipulated by the addition of glu-
cagon or insulin to the incubation medium (3).

Whether HMGR is modulated by such a
mechanism in vivo is controversial, Brown et al.
(4) reported that the modulation of rat micro-
somal HMGR was not changed when rats were
subjected to light cycling, fasting, stress, choles-
terol feeding or cholestyramine. However,
Arebalo et al. (5) found that the feeding of a
cholesterol-containing meal to rats resulted in
an inhibition of liver microsomal HMGR within
one hr, and that this inhibition could be reversed
by incubation of the microsomes with phos-
phatase,

The type of diet fed during such experiments
may itself be a factor in the regulation of
HMGR activity. To test this possibility, rat liver
microsomal HMGR activity was measured

under two conditions, the fasted state in which’

animals were known to be physiologically
adapted to fasting, and the fed state at the mid-

*To whom correspondence should be addressed.

Ipresent address: Boston University School of
Medicine, Boston, Massachusetts

point of the dark period of the light cycle, mea-
suring activities with respect to diet at times
when HMGR activity is known to be at its
lowest and highest levels, respectively., Two
types of diet which commonly are used as con-
trol diets were investigated under these condi-
tions: a commercial, natural ingredient diet
(Wayne Lab Blox) and a semi-purified diet. The
results indicate that while the amount of
HMGR varies with the type of diet, modulation
of the enzyme seems to be associated with the
feeding status.

MATERIALS AND METHODS

Animals were housed under conditions of
constant temperature and humidity (72 £ 2 F;
80%) with 12 hr dark and 12 hr light. Animals
had access to deionized water ad libitum, Male
Wistar rats (Harlan-Sprague-Dawley, Indiana-
polis, Indiana) weighing 80-116 g were fed either
ground, Wayne Lab-Blox (minimally, diet con-
tained 24% crude protein, 4.0% crude fat and
4.5% crude fiber) (Allied Mills, Inc., Chicago,
Illinois) or a semi-purified (SP) diet (diet con-
tained 50% glucose-hydrate, 20% casein [high
nitrogen}, 10% corn oil, 15% celiulose, 4%
A.LN. mineral mix and 1% A.LN. vitamin mix)
ad libitum for 3 days. Animals then were divided
into 4 groups of 10. Two groups gradually were
adapted to meal feeding which consisted of
feeding commercial or SP diet for 2 hr daily at
the onset of the dark period. The other two
groups remained on an ad libitum regimen,
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After two weeks animals fed ad libitum were
killed at the mid-point of the dark period and
meal-fed animals were killed. 30 min before the
onset of the meal. No significant differences in
body weight were observed between groups
within feeding patterns, Rats fed ad libitum
weighed significantly more than those which
were meal-fed either diet.

Isotopic [3-1%C] -hydroxymethylglutaric acid
(56.6 Ci/mol) and ([5-®H]-mevalonolactone
(9.3 Ci/mol) were obtained from Amersham
Corporation (Arlington Heights, Illinois). Coen-
zyme A and hydroxymethylglutaryl-CoA were
from the Sigma Chemical Co. (St. Louis,
Missouri). Synthesis of [3-*C]-hydroxymethyl-
glutaryl-Coenzyme A was accomplished by the
method of Williamson and Rodwell (6).

Animals were killed by decapitation and
samples of plasma and liver taken for cholesterol
and triglyceride determination. Cholesterol was
measured by the method of Rudel and Morris
(7); triglycerides were analyzed by the method
of van Handel and Zilversmit (8). Livers were
-excised, rinsed in ice cold 0.25M sucrose and
1-gram portions homogenized in 0.25M sucrose
containing 5mM dithiothreitol with and without
fluoride (F7). Homogenates were centrifuged at
500 x g for 5 min, then 10,000 X g for 10 min.
Microsomes were isolated by centrifuging the
supernatant at 105,000 x g for 60 min. HMGR
activity was assayed in the presence and absence
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of 50mM F~ by the method of Nordstrom et al.
(9). Analysis of variance was carried out for -
each variable and, where appropriate, means
were compared using least significant difference
(10).

RESULTS AND DiSCUSSION

The effects of the diet and feeding status on
serum and liver lipids are shown in Table 1. The
SP diet yielded higher serum cholesterol levels
when animals were fed ad libitum or fasted and
higher liver cholesterol levels with ad libitum
feeding only. Serum triglycerides were affected
by feeding status only, with higher values ob-
tained in the fed animals. Liver triglycerides
were elevated in SP animals, with the highest
levels occurring in fed animals. This interaction
between diet and feeding status was statistically
significant.

Activities of HMGR measured in the presence
(R,) and absence (R¢) of 50mM F~ are presented
in Table 2. Fasted animals from both diet
groups exhibited similarly low R, values. While
R, values for fed animals on the SP diet re-
mained low, R; was nearly doubled in fed
animals on the commercial diet. Similarly, fasted
animals had much lower R; levels than fed
animals when either diet was used, although the
difference was significant only in the commer-
cial diet animals (p<0.05). Commercial diet,

TABLE 1

Serum and Liver Cholesterol and Triglycerides (Means + S.E.M.)

Commercial diet

Semipurified diet

Fed Fasted Fed Fasted
Serum cholesterol (mg/di) 524 + 32 2 549 + 2.5 8 685 370 676 +a3b
Liver cholesterol (mg/g) 2.17 + 0.052 2.32 £ 0.072 3.99 £ 0.31b 374 £ 0.37
Serum triglycerides (mg/dl) 1239 + 6.3 2 682 + 4.6 b 146.1 + 19.7 58.5 + 530D
Liver triglycerides (mg/g) 6.36 + 0.663 3.28 £+ 0473 23.13 ¢ 3.60b 15.20 + 3.44¢€
Means not sharing a common superscript (within each parameter) are significantly different (1sd, p<0.05).
TABLE 2
HMG-CoA Reductase Activities (Mean £ S.E.M.)
Commercial diet Semipurified diet
Fed Fasted Fed Fasted
pmoles - min~! - mg™
Expressed activity (R,) 111.8 * 14.48 642 + 18.4b 55,5 + 799 483 +19.2b
Total activity (R¢) 1188.0 + 134,32 329.9 + 8410  580.8 + 65.80 303.2 :94.9b
R, /Ry 0.102 ¢ 0.017 0.200 + 0.053 0.098 + 012 0.133 + 0.020

Means not sharing a common superscript (within parameters) are significantly different (1sd, p<0.05).
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ad libitum fed animals had a significantly higher
R; than the ad libitum, SP animals (p<0.05).
Although the Ry value in animals fed the SP diet
ad libitum increased, the difference was not
statistically significant. The Ry value for ad libi-
tum fed animals on commercial diet showed
nearly a 10-fold increase over Ry values, a statis-
tically significant change (p 0.05). The R,/R,
values in both diet groups rose when the animals
were fasted, being almost twice as high in the
commercial diet group and 36% higher in the
SP group. R,/R¢ value is not an independent
measure and therefore cannot be tested for
statistical significance.

The serum and liver lipid data are consistent
with those of other workers who have shown
reduced cholesterol levels in animals fed a com-
mercial diet and increased liver triglycerides in
animals fed a semi-purified diet (11). The values
of HMGR activity are consistent with the
reduced cholesterol levels in response to the
commercial diet in that both the active portion
(R,) and total amount of enzyme (R{) were
greater in animals fed the commercial diet
responding to increased demand for sterol as a
result of increased fecal steroid output (12).
These data for R, are in agreement with those
of Reiser et al. (13) and extend our knowledge
of the amount and active portion of HMGR
present and increasing the portion of enzyme
that was active. These data suggest that meal
pattern and diet composition alter the activity
of HMGR and that control of these nutritional
variables is an important consideration when
working with this enzyme.

55
ACKNOWLEDGMENTS

This work was supported, in part, by the Indiana
Agricultural Experiment Station (paper #9988) and
the Showalter Foundation. M.J.K. was recipient of a
David Ross Fellowship from the Purdue Research
Foundation. Drs. V.W. Rodwell, W.E. Brown and
H.J. Harwood provided critical discussions during the
design and conduct of these experiments.

REFERENCES

1. Rodwell, V.W,, Nordstrom, J.L., and Mitschelen,
J.J. (1976) Adv. Lipid Res. 13, 1-74.

2. Ingebritsen, T.S., Lee, H.S., Parker, R.A., and
Gibson, D.M. (1978) Biochem. Biophys. Res.
Comm. 81, 1268-1277.

3. Ingebritsen, T.S., Geelen, M.J.H., Parker, R.A,,
Evenson, K.J., and Gibson, D.M. (1979) J. Biol.
Chem. 254, 9986-9989.

4. Brown, M.S., Goldstein, J.L., and Dietschy, J.M.
(1979) 1. Biol. Chem. 265, 5144-5149.

5. Arebalo, R.E., Hardgrave, J.E., and Scalien, T.J.
(1981) J. Biol. Chem. 256, 571-574.

6. Williamson, LP., and Rodwell, V.W. (1981)
J. Biol. Chem. 22, 184-187.

7. Rudel, L.L., and Morris, M.D. (1973) J. Lipid
Res. 14, 364-355,

8. Van Handel, E.V,, and Zilversmit, D.B. (1957)
J. Lab Clin. Med. 50, 152-157.

9. Nordstrom, J.L., Rodwell, V.W., and Mitschelen,
J.J. (1977) J. Biol. Chem. 252, 8924-8934.

10. Snedecor, G.W,, and Cochran,W.G. (1967) Statis-
tical Methods, pp.258-298, Iowa State, Ames, IA.

11. Portman, O.W. (1960) Am. J, Clin. Nutr. 8, 462-
470.

12. Portman, O.W,, and Murphy, P. (1958) Arch.
Biochem. 76, 367-376.

13. Reiser, R., Henderson, G.R., O’Brien, B.C., and
Thomas, J. (1977) J. Nutr. 197, 453-457.

[Received January 30, 1984]

LIPIDS, VOL. 20, NO. 1 (1985)



56

Comments on Lipid Contaminants in Commercial Lipases

Sir:

The presence of contaminating lipids in pan-
creatic lipase preparations reported in Lipid
Contaminants in Commercial Lipases, Lipids
19:302-3, 1984 (1) and their removal by extrac-
tion has been known for many years. Litchfield
(2) lists four papers in which solvent extraction
was used to remove contaminating lipids from
commercial pancreatic lipase preparations; one
of these was reference 3 in the paper above. We
reported in 1964 (3) that it was necessary to
extract the pancreatic lipase preparation we
were using. We have since routinely extracted
crude preparations four times with diethyl ether.
Employment of a proper control (minus sub-
strate) with internal standards will enable the
investigator to correct for lipid contaminants.
We have done this when the enzyme was scarce
and we did not know if solvent extraction

Letter to the Editor

Response to Comments made by Dr. R.G. Jensen
on Lipid Contaminants in Commercial Lipases,
Lipids 19:302-303, 1984,

Sir:

We agree that prior extraction of lipase has
been known for many years, as pointed out by
Dr. R.G. Jensen. We are sorry for not mention-
ing all the references indicated by Dr. Jensen.
Prior extraction of lipase is necessary for lipol-
ysis of wax esters (1) for the following reasons:
Our present letter (2) described prior removal
of lipids in the context of the lipolysis of wax
esters, where fatty acid analysis is essential.
Because commercial lipase contains mainly free
fatty acids as contaminants (2), it affects fatty
acid composition of the wax severely. Use of
a control with an internal standard would be
erroneous when components in the sample are
present in low levels compared to those in the
contaminants, This is obvious because, for

LIPIDS, VOL. 20, NO. 1 (1985)

would cause loss of enzyme activity. Prior ex-
traction, when possible, is obviously much

simpler.

ROBERT G. JENSEN

Department of Nutritional Sciences
University of Connecticut

Storrs, CT 06268
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utilizing wax esterase activity of lipase, a sub-
stantially high enzyme to substrate ratio must
be used (1). Obviously prior extraction is much
simpler, as indicated by Dr. Jensen, and we
have observed that activity is not altered appre-
ciably even after extraction (2). Our commu-
nication also reported the composition of the
lipid contaminants of two commercial lipases.

AMITABHA GHOSH
Department of Chemistry
Bose Institute

Calcutta - 700 009.
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1985 AOCS Annual Meeting
Technical Sessions on Lipids and Related Topics

The following sessions have been announced as part of the tentative
technical program for the 76th Annual Meeting of the American Oil
Chemists’ Society to be held May 5-9, 1985, in the Franklin Plaza
Hotel in Philadelphia, PA. Further details, registration forms and
housing reservation forms are available from: Meetings Coordinator,
AOCS, 508 S. Sixth St,, Champaign, IL 61820 USA. \

Neurochemical Aspects of Lipid Metabolism: Selected Topics
Chairperson: S.L. Miller, The Wistar Institute, Philadelphia, PA

DIFFERENT FUNCTION OF BRAIN PHOSPHOLIPIDS—STRUCTURAL AND
SECOND MESSENGER ROLES
P. Morell, University of North Carolina, Chapel Hill, NC

GANGLIOSIDES AND THEIR ROLE IN NERVOUS TISSUE

R. Yu, Yale University, New Haven, CT ‘
EFFECTS OF ISCHEMIA AND BRAIN STIMULATION ON BRAIN LIPID
METABOLISM

N. Bazan, Lousiana State University Eye Center

SPHINGOLIPIDOSIS »
K. Suzuki, Albert Einstein College of Medicine, New York, NY

ESSENTIAL FATTY ACID DEFICIENCY—-EFFECTS ON BRAIN LIPIDS
S.L. Miller, The Wistar Institute, Philadelphia, PA

High Performance Liquid Chromatography in the Analysis of Lipids I
Chairperson: E.G Perkins, University of Illinois, Urbana, IL

FRACTIONATION AND ANALYSIS OF LIPID CLASSES, FATS AND OILS
BY HPLC VIA A FLAME IONIZATION DETECTOR
0.S. Privett, W.L. Erdahl and F.C. Phillips, Hormel Institute, University
of Minnesota, Austin, MN
HPLC OF TRIGLYCERIDES USING GRADIENT ELUTION
B. Hersloef, G. Kindmark, C. Thoerngren, KabiVitrum AB, Stockholm,
Sweden,
REVERSE PHASE HPLC OF PHOSPHOLIPIDS
N. Sotirhos, B. Hersloef, C. Thoerngren, KabiVitrum AB, Stockholm,
Sweden
HPLC OF TRIGLYCERIDES SYSTEM AND SOLVENT EFFECTS
E.G. Perkins and David Hendren, University of lllinois, Urbana, IL
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HIGH PERFORMANCE GEL PERMEATION CHROMATOGRAPHY
OF METHYL ESTERS, MONO-, DI- AND TRIGLYCERIDES MIXTURES
C.N. Christopoulou and E.G. Perkins, University of Illinois, Urbana, IL

Specialty Lipids and Their Biofunctionality I
Chairpersons: V K. Babayan, Harvard Medical School, Boston, MA
and J. Kabara, Michigan State University, East Lansing, MI

MEDIUM CHAIN TRIGLYCERIDES AND STRUCTURAL LIPIDS
V K. Babayan, Harvard Medical School, Boston, MA

ABSORPTION OF SAFFLOWER OIL AND STRUCTURED LIPID
PREPARATIONS IN PATIENTS WITH CYSTIC FIBROSIS

V.S. Hubbard, National Institutes of Health, Bethesda, MD, and

M.C. McKenna, University of Maryland School of Medicine, Baltimore, MD

ICOSANOID SYNTHESIS BY PLATELETS OF CHILDREN WITH
CHOLESTATIC DISEASE
0. Amédée-Manesme, I’Hopital de Bicétre, Bicétre, France, and J. Dupont,*
Iowa State University, Ames, [A

INFLUENCE OF MEDIUM CHAIN TRIGLYCERIDES ON RAT MAMMARY
TUMOR DEVELOPMENT
L.A. Cohen, Naylor Dana Institute of Disease Prevention, Valhalla, NY, and
D.O. Thompson, State University of New York, Purchase, NY

MEDIUM CHAIN TRIGLYCERIDES AND STRUCTURED LIPIDS AS UNIQUE
NON-ENERGY SOURCES IN HYPERALIMENTATION

E.A. Mascioli, New England Deaconess Hospital, Boston, MA, and

V K. Babayan and G.L. Blackburn, Harvard Medical School, Boston, MA

Lipid Metabolism in Disease
Chairperson: D. Kritchevsky, The Wistar Institute,
Philadelphia, PA

DIETARY PROTEIN AND ATHEROSCLEROSIS
D. Kritchevsky, S.A. Tepper and D.M. Klurfeld, The Wistar Institute,
Philadelphia, PA

DIETARY PROTEIN EFFECTS ON GALLSTONE FORMATION
IN HAMSTERS
D .M. Klurfeld and D. Kritchevsky, The Wistar Institute, Philadelphia, PA

INABILITY OF SKIN ENZYME PREPARATIONS TO BIOSYNTHESIZE
ARACHIDONIC ACID FROM LINOLEIC ACID
R. Chapkin and V.A. Ziboh, University of California, Davis, CA
(Honored Student Presentation)

ISOPRENE: BIOSYNTHESIS AND ROLE IN POLYISOPRENOID
METABOLISM
E.S. Deneris, University of California, Los Angeles, CA (Honpred Student
Presentation)

STUDIES ON THE METABOLISM OF MALONDIALDEHYDE
H.H. Draper, L.G. McGirr, M. Hadley and L. Polensek, University of Guelph,
Guelph, Ontario, Canada
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Thermal-Oxidative Effects on Lipids
Chairperson: E.H. Hammond, Iowa State University, Ames, IA

AN HPLC METHOD FOR ANALYZING HIGH MOLECULAR WEIGHT
COMPOUNDS FORMED IN HEATED OILS
P.J. White and Y-C. Wang, Iowa State University, Ames, 1A

DIMER ISOLATION AND CHARACTERIZATION IN THERMALLY
OXIDIZED FATS
C.N. Christopoulou and E.G. Perkins, University of Illinois, Urbana, IL

COMPARISON OF THE CYCLIC FATTY ACID MONOMERS FORMED
DURING THE HEAT TREATMENT OF VEGETABLE OILS
J.L. Sebedio and J. Prevost, I.N.R.A., Dijon Cedex, France, and O. Morin,
ITERG, Pessac, France

IDENTIFICATION IN LIVER LIPIDS OF RATS FED A HIGH LINOLENIC
ACID HEATED OIL OF A 20:5 FATTY ACID HAVING A trans
ETHYLENIC BOND
A. Piconneaux, A. Grandgirard and J.L. Sebedio, LN.R.A., Dijon Cedex,
France

ENZYMATIC HYDROLYSIS OF THERMALLY OXIDIZED CANOLA OIL
J.C. Alexander and H. Yoshida, University of Guelph, Guelph, Ontario,
Canada

THERMAL OXIDATION OF BUTTERFAT AND BUTTERFAT FRACTION
IN COMPARISON TO SELECTED VEGETABLE OILS

D.B. Kupranycz, M.A. Amer and B.E. Baker, McGill University,

Ste Anne de Bellevue, Quebec, Canada

RETARDATION OF RANCIDITY IN DEEP-FRIED INSTANT NOODLE
(RAMYON)
K.L. Rho, P.A. Seib and D.S. Chung, Kansas State University, Manhattan, KS,
and O.K. Chung, USDA Grain Marketing Research Laboratories and Kansas
State University, Manhattan, KS (Honored Student Presentation)

THE REPROCESSING AND REUSE OF SPENT RESTAURANT GREASE
AND THE ENVIRONMENTAL CONTROL PROCEDURES NECESSARY

B.F. Osborne, West Coast Reduction Ltd., Vancouver, British Columbia,
Canada

A TECHNIQUE FOR MONITORING THE QUALITY OF USED FRYING OILS
P-F. Wu and W.W. Nawar, University of Massachusetts, Amherst, MA

HPLC in the Analysis of Lipids II
Chairperson: E.G. Perkins, University of Illinois, Urbana, IL

USE OF THE LIGHT SCATTERING DETECTOR IN ANALYSIS OF LIPIDS
A. Prevot, Institute des Corps Gras, Pessac, France, J.L. Perrin, ITERG,
and H. Stolywho and G. Guiochon, Ecole Polytechnique, Palaiseau, France

HPLC OF FATTY NITROGEN DERIVATIVES OR FROM ON THE HOOF
TO ON THE ROAD
G. Szajer and L. Yodual, Akzo Chemie America, McCook, IL

LIPIDS, VOL. 20, NO. 1 (1985)



60

IDENTIFICATION OF FATTY ACID ESTERS OF CHLOROPROPANEDIOL
IN MILK FATS BY L.C/MS
J. Cerbulis, O.W. Parks and H.M. Farrell Jr., USDA Eastern Regional Research
Center, Philadelphia, PA, and A. Kuksis, L. Marai and J.J. Myher,
University of Toronto, Toronto, Ontario, Canada

A NEW FLAME IONIZATION DETECTOR FOR THE LIQUID
CHROMATOGRAPHY OF OILS, ETC.
].B. Dixon, Tracor Instruments Austin Inc., Austin, TX

OVERPRESSURE LAYER CHROMATOGRAPHY
J M. Newman, Newman-Howells Associates Ltd., Winchester, England

RECENT APPLICATIONS OF THE HIGH PERFORMANCE LIQUID
CHROMATOGRAPHY TO OILS AND FATS ANALYSIS
V K.S. Shukla, Aarhus Oliefabrik A/S, Aarhus, Denmark

Specialty Lipids and Their Biofunctionality II
Chairpersons: V.K. Babayan, Harvard Medical School,
Boston, MA, and J. Kabara, Michigan State University,
East Lansing, MI

MEDIUM CHAIN TRIGLYCERIDES IN EARLY LIFE
S.A. Hashim, St. Luke’s-Roosevelt Hospital Center and Institute of Human
Nutrition, New York, NY

THE EFFECT OF MEDIUM AND LONG CHAIN TRIGLYCERIDES
ON HUMAN ADIPOSE TISSUE METABOLISM
D.P. Katz and J.L. Knittle, Mount Sinai School of Medicine, New York, NY

ADAPTIVE CHANGES IN AGING—ROLE OF CHOLESTEROL
H. Kaunitz, College of Physicians and Surgeons of Columbia University,
New York, NY

BIOLOGICAL ACTIVITIES AND METABOLISM OF AN
ANTIHYPERTENSIVE ACETYLATED ETHER-LINKED
PHOSPHOLIPID (PLATELET ACTIVATING FACTOR)
F. Snyder, M.L. Blank, T-C. Lee and B. Malone, Oak Ridge Associated
Universities, Oak Ridge, TN

ROLE OF FATTY ACIDS ON INTERCELLULAR COMMUNICATION
C.F. Aylsworth, J.E. Trosko and J.J. Kabara,* Michigan State University,
East Lansing, MI

Lipids and Immune Response
Chairperson: P.V. Johnston, University of Illinois, Urbana, IL

SIMULTANEQUS ASSESSMENT OF ARACHIDONATE RELEASE AND
UTILIZATION BY PG SYNTHETASE AND LIPOXYGENASE
IN STIMULATED RAT MO
L. Marshall and T. Hoffman, Center for Drugs and Biologics, FDA,
Bethesda, MD, and William Becker, CPC International Best Foods

DIETARY a-LINOLENIC ACID AND ANTI-TUMOR ACTIVITY
IN THE MOUSE
K. Fritsche and P.V. Johnston, University of lllinois, Urbana, IL
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EVIDENCE FOR A PHOSPHOLIPID SPECIFIC PHOSPHOLIPASE

IN ALVEOLAR MACROPHAGES
M.D. Wiederhold, Rush-Presbyterian St. Luke’s Medical Center, Chicago, IL,
and D.W. Ou,* University of Illinois, Chicago, IL

THE EFFECT OF VITAMIN E AND DIETARY FAT TYPE ON THE IMMUNE
RESPONSE OF YOUNG AND OLD MICE
S.N. Meydani, Nutritional Center on Aging at Tufts and Brandeis University,
USDA Human Nutritional Research Center on Aging, Boston, MA, and
A. Shapiro, M. Meydani and J.B. Blumberg, USDA Human Nutrition
Research Center

Chemistry and Biochemistry of Cholesterol Oxidation
Chairperson: L.L. Smith, University of Texas Medical Branch,
Galveston, TX

CHLORINATED HYDROCARBON MEDIATED CHOLESTEROL
DEGRADATION
J.E. van Lier and R. Langlois, University of Sherbrooke Medical Center,
Sherbrooke, Quebec, Canada

CHOLESTEROL OZONIZATION IN NONPARTICIPATING SOLVENT
K. Jaworski and L.L. Smith, University of Texas Medical Branch,
Galveston, TX

AUTOXIDATION OF SITOSTEROL IN LIPID SYSTEMS OF DIFFERENT
UNSATURATION DEGREE

N. VL. Yanishlieva-maslarova and E.M. Marinova, Bulgarian Academy

of Sciences, Sofia, Bulgaria

SOME ASPECTS OF THE ANALYSIS OF MINOR OXYGENATED STEROLS
IN SERUM AND IN SERUM LIPOPROTEIN FRACTIONS

C.J.W. Brooks, J. McLachlin, T.D.V. Lawrie and W.]. Cole, University

of Glasgow, Glasgow, Scotland

DETERIUM-LABELED CHOLESTEROL AS AN INTERNAL STANDARD
IN THE ANALYSIS OF OXIDIZED STEROLS
B. Wasilchuk, P. Feibush, P.W, LeQuesne and P. Vouros, Northeastern
University, Boston, MA

QUANTITATION OF CHOLESTEROL OXIDATION PRODUCTS IN SOME
COMMON FOODS
S.W. Park and P.B. Addis, University of Minnesota, St. Paul, MN

INTESTINAL ABSORPTION OF CHOLESTEROL AUTOXIDATION
PRODUCTS IN DIETARY FAT
J. Bascoul, N. Domergue and A. Crastes de Paulet, Institut de la Santé
et de la Recherche Médicale, Montpellier, France

EVIDENCE FOR A HYDROXYSTEROL BINDING PROTEIN IN DIFFERENT

CELL LINES: CHARACTERIZATION AND BIOLOGICAL IMPLICATIONS
M. Astruc, F. Beseme, R. Defay and A. Crastes de Paulet, Institut de la Santé
et de la Recherche Médicale, Montpellier, France

LEVELS OF CHOLESTEROL OXIDATION IN SOME SWEDISH FOODS
L. Applegvist and J. Nourooz-Zadeh, University of Agricultural Science,
Uppsala, Sweden
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Lipid Metabolism, General
Chairperson: D.M. Klurfeld, The Wistar Institute, Philadelphia, PA

EFFECTS OF n-3 FATTY ACIDS ON EICOSANOIDS: POSSIBLE TISSUE
AND SPECIES DIFFERENCES
J.E. Kinsella, B. German, B. Lokesh, G. Bruckner, J. Swanson and M. Black,
Cornell University, Ithaca, NY

EFFECTS OF cis AND trans 18:1 ON LIPOGENESIS IN MICE
B.J. Mulvihill, B. Wilck-Gerow, B.L. Walker, M. Von Weinder, University
of Guelph, Guelph, Ontario, Canada

EFFECTS OF DIETARY GEOMETRICAL FATTY ACID ISOMERS

ON MITOCHONDRIAL COMPOSITION AND FUNCTION
R. De Schrijver, University of Ghent, Merelbeke, Belgium; O.S. Privett,
F.C. Phillips and W.L. Erdahl, The Hormel Institute, University of Minnesota,
Austin, MN, and R.W. Anderson, Hennepin County Medical Center,
Minneapolis, MN

FATTY ACID COMPOSITIONS OF RAT LIPIDS FOLLOWING INTAKE
OF DIETS WITH VARIOUS RATIOS OF trans FATTY ACIDS
TO LINOLEIC ACID
C-E. Hdy and G. Hélmer, Technical University of Denmark, Lyngby,
Denmark

INFLUENCE OF DIETARY (n-3)-FATTY ACIDS ON THE COMPOSITION
OF RAT ORGAN PHOSPHOLIPIDS
G. Hélmer, S. Kaasgaard and C-E. Hdy, Technical University of Denmark,
Lyngby, Denmark

PEROXISOMAL $-OXIDATION IN MALE AND FEMALE RATS FED
PARTIALLY HYDROGENATED FISH OIL FOR THREE MONTHS
E.N. Christiansen, University of Oslo, Oslo, Norway, and J. Norseth and
M.S. Thomassen, Norwegian Food Research Institute

LIPID AUTOXIDATION IN THE HUMAN RED BLOOD CELL
F.J. Bunick and W.W. Nawar, University of Massachusetts, Amherst, MA

MODIFICATION OF MEMBRANE LIPIDS IN VITAMIN E-DEFICIENT
RATS WITH AND WITHOUT CCly ADMINISTRATION
G-S. Wu, R.A. Stein and J.F. Mead, University of California, Los Angeles, CA

POSSIBLE MECHANISM UNDERLYING INTER-INDIVIDUAL VARIABILITY
IN THE SERUM CHOLESTEROL RESPONSE TO DIETARY CHOLESTEROL
A.C. Beynen and L.F.M. Van Zutphen, University of Utrecht, Utrecht,
The Netherlands, and M.B. Katan, Agricultural University, Wageningen,
The Netherlands
COMPARISON OF NUTRITIONAL TRENDS IN TAIWAN VERSUS
THE UNITED STATES
L-B. Hau, National Taiwan University, and W.W. Nawar, University
of Massachusetts, Amherst, MA

Human Milk Lipids
Chairpersons: R.G. Jensen, University of Connecticut, Storrs, CT,
and J. Bitman, USDA BARC-E, Beltsville, MD

LIPASES IN HUMAN MILK
M. Hamosh, Georgetown University Medical Center, Washington, DC
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LIPID COMPOSITION OF BREAST MILK FROM MOTHERS OF TERM

AND PRETERM INFANTS
J. Bitman and D.L. Wood, U.S. Department of Agriculture, Beltsville, MD,
and N.R. Mehta, P. Hamosh and M. Hamosh, Georgetown University Medical
Center, Washington, DC

ABSORPTION OF FATTY ACIDS FROM HUMAN MILK AND FORMULA
FED PRETERM INFANTS
M.T. Clandinin, University of Alberta, Edmonton, Alberta, Canada, and
J.E. Chappell, University of Toronto, Toronto, Ontario, Canada

COMPARISON OF MILK TRIGLYCERIDES FROM MICE FED trans

OR CONTROL FAT DIETS
B.B. Teter, L.M. Neira, M. Keeney and J. Sampugna, University of Maryland,
College Park, MD

TOTAL PHOSPHOLIPID ANALYSIS IN HUMAN MILK WITHOUT ACID
DIGESTION
K.E. Hundrijeser, R.M. Clark and R.G. Jensen, University of Connecticut,
Storrs, CT

ANALYSIS OF TOCOPHEROL IN HUMAN MILK
C.J. Lammi-Keefe, F.M, Verda, A.M. Ferris, R.M. Clark and R.G. Jensen,
University of Connecticut, Storrs, CT

LIPIDS IN HUMAN MILK: A REVIEW OF RECENT RESEARCH
R.G. Jensen, R.M. Clark, AM. Ferris and C.J. Lammi-Keefe, University
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Fatty Acid Composition of Phospholipids and Neutral Lipids
during Embryonic and Early Larval Development in Atlantic

Herring (Clupea harengus, L.)
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Environment Research Council, Institute of Marine Biochemistry, St. Fittick s Road,
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Marine Laboratory, Victoria Road, Aberdeen AB1 3RA, U.K.

ABSTRACT

The fatty acid compositions of total polar and total neutral lipids of Atlantic herring eggs and lar-
vae were determined immediately before fertilization, after fertilization and at various times during
subsequent embryonic and early larval development, Within 3 hr after fertilization the percentage of
total PUFA in neutral lipid decreased from 33% to 20%, with a reciprocal increase in monoenes.
Thereafter the percentage of PUFA in the neutral lipids increased progressively, attaining the original
level in ripe eggs by the time of yolk sac absorption. During the larval stages the percentage of PUFA
continued to increase in the neutral lipid, reaching almost 44% of the total by day 32 after fertilization,
although it was reduced to 32% by day 36. The percentage of monoenes in the neutral lipid displayed
a progressive decrease during the whole period of development from 3 hr after fertilization. Through-
out all the developmental periods the fatty acid composition of total polar lipids remained essentially
constant. The polar lipids of the yolk sac displayed virtually the same fatty acid composition as the
larval bodies, but the neutral lipids of the yolk sac were low in PUFA compared to the larval bodies.
The results are discussed with reference to changes in lipid class composition during development. The
conservation of high levels of PUFA in lipids during embryogenesis and early larval development reflects
the importance of these fatty acids during development.

Lipids 20:69-74, 1985.

INTRODUCTION

We have studied changes in the lipid class
composition during embryonic and early larval
development in Atlantic herring (1), a species in
which phospholipid accounts for almost 70% of
the total lipid in the ripe egg (2). The results
showed that there was a net consumption of
phospholipid during the period of development
up to the stage of yolk sac absorption. The
decrease in phospholipid was due entirely to a
net consumption of the major phospholipid
class, phosphatidylcholine (PC), which initially
accounted for almost 58% of the total lipid.
Substantial changes in the composition of the
major neutral lipids also occurred during this
period.

The lipids of marine teleost eggs are rich in
polyunsaturated fatty acids (PUFA) (2-7).
Recently we noted that, in the eggs of several
species including herring, almost 50% of the
fatty acids present in phospholipids were poly-
unsaturated and 94% of these were (n-3) isomers
(2). In neutral lipids PUFA accounted for 37%
of the total fatty acids and were again predom-
inantly (n-3) isomers. These results implied that
the developing embryo and emerging larva has
a requirement for high levels of (n-3) PUFA,
perhaps greater than previously recognized (8).

*To whom correspondence should be addressed.

In the present paper we describe changes in
the fatty acid compositions of the total phos-
pholipid and total neutral lipid fractions that
occur during embryonic and early larval develop-
ment in the Atlantic herring. The results are
discussed with reference to the changes in the
lipid class composition during this period,
described in the associated paper (1), and in
relation to possible different roles of the var-
ious fatty acids.

MATERIALS AND METHODS

Eggs and Larvae

Details of the eggs and larvae and the incu- -
bation, rearing, sampling and storage proce-
dures used were described earlier (1),

Analytical

Total lipid was extracted from the samples
by the method of Folch et al. (9) and stored in
chloroform/methanol (2:1, v/v) containing
0.05% butylated hydroxytoluene at -20C
between analytical procedures,

Fatty Acid Analyses

Polar and neutral lipids were separated by
thin layer chromatography on silica gel 60 plates
using hexane/diethyl ether/acetic acid (85:15:1,
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v/v/v) as solvent. Neutral lipids were eluted with
chloroform/methanol (2:1, v/v) and polar lipids
were eluted with chloroform/methanol/distilled
water (5:5:1, v/v/v). All solvents were supple-
mented with 0.05% butylated hydroxytoluene
(BHT). Faity acid methyl esters were prepared
from neutral and polar lipids by acid-catalyzed
transmethylation (10) followed by purification
by thin layer chromatography. Samples were
dissolved finally in hexane containing BHT.
Analyses of the methyl esters were performed
on a Packard 429 gas chromatograph (Packard
Instruments Inc., Caversham, U.K.) equipped
with a CP Wax 51 fused capillary column (50 m
X 0.34 mm id.) (Chrompack, UK., Ltd.,
London) and an on-column injection system
{Scientific Glass Engineering { U K.] Ltd., Milton
Keynes) using helium as a carrier gas and a
thermal gradient from 50 C to 225 C. Individual
methyl esters were identified and quantified as
described previously (2).

RESULTS AND DISCUSSION

Total neutral lipids from ripe eggs contained

D.R. TOCHER, A.J. FRASER, J.R. SARGENT AND §.C. GAMBLE

approximately equal amounts of each of the
3 major groups of fatty acids, saturated (31%),
monounsaturated (34%) and PUFA (33%)
(Table 1). Within 3 hr (0.1 day) of fertilization
there was a marked increase in the relative per-
centage of monoenes with corresponding de-
creases in the percentages of saturates and, in
particular, PUFA (Fig. 1). These changes were
due mainly to a large increase in 18:1(n-9) and
a large decrease in 22:6(n-3) together with a
small decrease in 16:0, However, in contrast to
the decreasing percentages of Cyp and Cyy
PUFA, the C;3 PUFA increased over this short
period (Table 1). Overall, the changes in PUFA
composition resulted in a marked decrease in
the (n-3)/(n-6) ratio from 14.7 to 5.5 (Table 1).
In the preceding paper we reported that within
3 hr of fertilization there was a decrease in the
lipid content of fertilized herring eggs and the
percentage of neutral lipid decreased with re-
spect to polar lipid (1). The latter effect was
small, but the results presented here show that
it is accompanied by large changes in the fatty
acid composition of the neutral lipids, Taken
together the results indicate that, in the period

TABLE 1

Fatty Acid Composition of Total Neutral Lipids from Developing Herring Eggs and Early Larvae?

Time after fertilization (days)

Q 0.1 3 7 11 15 22 25 29 32 36

14:0 3.6 3.4 3.0 3.1 2.8 2.9 5.3 4.9 3.6 31 6.7
15:0 - — - 0.3 - - 0.5 0.6 04 0.4 0.6
16:0 246 22.4 21.0 22.0 21.9 22.0 21.8 21.7 17.5 18.8 22.7
16:1(n-9) Q9.7 0.8 0.9 0.8 0.8 0.9 - 1.3 0.4 a4 -

16:1(n-7) 7.0 8.9 8.8 8.0 7.7 7.2 6.9 6.3 5.9 55 5.2
17:0 0.6 0.8 0.8 0.5 0.7 0.7 0.6 0.6 0.3 0.3 0.6
18:0 1.8 1.5 1.3 1.4 1.8 2.4 2.5 2.8 2.5 2.2 4.2
18:1(n-9) 18.3 30.1 31.3 274 24.9 22.7 18.9 17.1 154 14.3 11.8
18:1(n-7) 5.6 4.6 4.8 5.0 5.7 6.2 6.1 5.5 5.5 54 5.1
18:2(n-6) 1.5 2.9 2.6 2.2 2.1 1.8 1.3 1.2 1.1 1.0 0.9
18:3(n-3) 1.5 2.7 2.7 2.4 2.1 1.8 1.4 1.1 1.1 0.9 0.7
18:4(n-3) 1.1 1.6 1.6 1.5 1.4 1.2 1.4 1.3 1.3 1.2 0.9
20:1(n-9) 1.3 1.6 1.5 14 1.2 1.4 3.1 2.3 2.1 2.3 2.8
20:1(n-7) 0.1 0.6 0.6 0.5 0.8 0.8 - - - -~ -

20:4(n-6) 0.6 0.2 0.2 0.6 0.5 0.5 0.4 04 1.0 is 0.8
20:4(n-3) 9.6 1.0 1.1 0.9 0.9 0.8 1.0 0.9 1.0 09 0.8
20:5(n-3) 9.7 6.0 5.9 7.2 7.8 8.2 6.8 7.2 8.7 10.3 7.8
22:1 0.5 0.6 0.5 0.5 0.3 0.4 2.3 1.1 0.9 0.9 2.1
22:5(n-3) 0.8 0.7 0.7 0.7 0.8 0.8 0.9 0.8 1.2 1.3 0.9
22:6(n-3) 17.1 4.9 6.0 8.8 10.6 12.2 15.6 17.9 22.9 26.7 19.3
24:1 - 0.4 0.6 0.2 0.1 0.1 0.1 0.3 Q9.5 0.3 0.5
Total saturates 30.6 28.1 26.1 27.3 27.2 28.0 307 30.6 24.3 24.8 34.8
Total monoenes 33.5 47.6 49.0 43.8 41.5 39.7 37.4 339 30.7 29.1 27.5
Total (n-3) 30.8 16.9 18.0 21.5 23.6 25.0 27.1 29.2 36.2 41.3 30.4
Total (n~6)b 2.1 3.1 2.8 2.8 2.6 2.3 1.7 2.1 2.3 2.5 1.7
(n-3)/(n-6) 14.7 5.5 6.4 7.9 9.1 169 159 139 5.7 16.5 179
Total unknowns 2.8 4.5 4.2 4.7 5.3 5.0 3.0 4.2 6.5 23 5.6

aComposition as wt%, Values are means of triplicate analyses. Standard deviations are omitted for clarity but

normally were <5%.

bTotal includes 18:3(n-6) and 20:3(n-6) present in some samples at < 0.5%. Hatching occurred on day 20-21.
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~ FIG. 1. Fatty acid composition of total neutral lipids from herring eggs during embryonic
and subsequent early larval development. Samples of 400 eggs were taken at 0.1 and 3 days
after fertilization. Samples of 200 eggs were taken at 7, 11 and 15 days. Hatching occurred
on days 20-21 after fertilization, and samples of 300-500 larvae were taken on days 22, 25,
29, 32 and 36. Data are constructed from Table 1. Total polyunsaturated fatty acids had an
‘average (n-3)/(n-6) ratio of 12.3. e = total polyunsaturates; ® = total saturates, and a = total

monounsaturates,

immediately following fertilization, there is
some utilization of neutral lipid with an appar-
ent preferential utilization of PUFA and, to a
lesser extent, saturates.

During this early period there is no significant
change in the fatty acid composition of the
polar lipid, which initially has a similar percent-
age of saturates (32%) compared with neutral
lipids but a much higher percentage of PUFA
(49%), a lower percentage of monoenes (15%)
and an (n-3)/(n-6) ratio of approximately 30
(Table 2). The major fatty acids in the polar
lipid were 16:0, 20:5(n-3) and 22:6(n-3) with
significant amounts of 14:0, 16:1(n-7), 18:0
and 18:1 isomers (Table 2).

Following the initial change in the fatty acid
composition of the neutral lipids, there is a pro-
gressive increase in the percentage of PUFA with
a corresponding decrease in the percentage of
monoenes (Fig. 1). By hatching, on days 20-21,
the fatty acid composition of the neutral lipid
had almost returned to that initially present in
the ripe eggs (Table 1). However, the process of
increasing percentage of PUFA in neutral lipid
continues beyond hatching and through the
early larval stages up to day 32 after fertilization,
by which time PUFA have reached a much
higher level and monoenes a lower level than in

the original, unfertilized eggs (Fig. 1). These
changes are brought about primarily by a re-
versal of the initial changes in the percentages
of 18:1(n-9) and 22:6(n-3). However, whereas
16:1(n-7) follows this pattern, 18:1(n-7) in-
creases during embryonic development and only
decreases during larval development, The 20:2,
22:1 and 24:1 isomers, and the other major
PUFA, 20:5(n-3), fluctuate without a steady
pattern emerging (Table 1). Furthermore, the
C1s PUFA do not follow the general trend and
their percentage decreases (Table 1), A gradual
increase in the percentage of saturates also
occurs during development until yolk sac absorp-
tion, after which it declines before rising steeply
on day 36 (Fig. 1). This rise in the percentage
of saturates coincides with a final decrease in
the percentage of 22:6(n-3), and PUFA in gen-
eral, to levels similar to those in unfertilized
eggs (Table 1, Fig. 1).

The changes in fatty acid composition of the
neutral lipids can be correlated with the variation
in the lipid class composition during this period.
Polar lipid, specifically PC, is selectively catab-
olyzed during the period of development from
0.1 day to 35 days post-fertilization (1). The
fatty acid compgosition data here suggest that
the (n-3) PUFA produced by the hydrolysis of
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TABLE 2

Fatty Acid Composition of Total Polar Lipids

from Developing Herring Eggs and Early Larvae?3

Time after fertilization (days)

0 0.1 3 7 11 15 22 25 29 32 36
14:0 1.8 1.4 1.4 1.3 1.2 1.1 1.6 1.3 1.1 1.0 1.
16:0 27.6 26.7 26.4 25.3 25.8 25.8 25.5 254 234 23.1 258
16:1(n-9) 0.5 0.4 0.4 0.4 0.4 0.4 — - 0.2 0.3 -
16:1(n-7) 2.9 2.9 2.9 2.6 2.7 2.6 3.0 3.0 2.9 29 2.8
17:0 Q0.3 0.2 0.2 0.8 0.8 04 0.2 0.2 0.3 0.3 0.3
18:0 2.7 2.5 2.6 2.6 2.7 2.9 3.7 3.6 3.7 3.7 4.6
18:1(n-9) 4.8 4.7 4.9 4.8 5.4 5.6 6.3 6.4 7.0 7.2 7.3
18:1(n-7) 5.8 5.9 5.8 5.6 5.6 5.0 4.8 4.4 4.3 4.5 4.7
18:2(n-6) 0.5 0.5 0.5 0.5 0.6 0.6 0.6 0.7 0.7 0.7 0.7
18:3(n-3) 0.3 0.3 0.3 0.3 0.3 0.4 0.4 0.5 0.4 04 0.3
18:4(n-3) 0.4 0.4 0.4 0.4 0.4 04 0.3 0.3 0.3 0.2 0.2
20:1(n-9) 0.5 0.4 0.4 0.5 0.6 1.0 0.7 0.5 0.4 0.3 0.3
20:1(n-7) - 0.4 0.4 0.5 0.6 0.6 - - - - —
20:4(n-6) 1.0 1.0 1.2 0.8 0.9 0.9 1.0 1.1 1.2 1.3 i.4
20:4(n-3) 0.3 0.4 0.3 0.3 0.6 0.3 0.6 0.6 0.6 0.5 0.4
20:5 (n-3) 13.7 14.1 14.3 13.7 14.3 13.7 13.9 14.3 14.1 13.2 11.6
22:5(n-3) 1.0 1.0 1.0 1.0 1.1 1.1 1.3 1.3 1.2 1.3 1.2
22:6(n-3) 314 30.5 32.8 32.5 32.7 32.7 32.5 344 35.6 37.2 35.5
24:1 0.3 0.2 0.2 0.3 — 0.3 0.5 0.5 04 0.2 0.3
Total saturates® 32.4 30.8 30.6 30.2 30.5 30.2 31.3 30.8 28.8 28.3 31.5
Total monoenes® 15.0 14.9 15.0 14.9 15.3 15.5 15.8 14.8 15.2 15.4 154
Total (n-3)¢ 47.1 46.7 49.3 48.2 494 48.6 49.0 51.4 52.2 52.8 49.2
Total (n-6)¢ 1.6 1.5 1.7 1.4 1.5 1.5 1.6 1.8 2.0 2.0 2.1
(n-3)/(n-6) 29.4 31.1 29.0 34.4 329 324 30.6 286 26.1 264 234
Total unknowns 3.9 4.6 3.7 4.6 3.3 3.7 2.3 1.2 1.8 1.5 1.8

3As in Table 1.

bTotal includes 15:0 present in some samples at < 0.5%.
CTotals include 20:1(n-11), 18:3(n-6), 20:2(n-6), 22:1 and 22:4 isomers present in some samples at < 0.5%.

Hatching occurred on day 20-21.

PC are not entirely oxidized but are selectively
retained to some extent in the neutral lipidsin
exchange for monoenes mobilized from neutral
lipid. In this way the higher (n-3) PUFA content
of the lipids of eggs and larvae is conserved and
the fatty acid composition of the neutral lipid
tends to approach that of the polar lipids (Table
2). An expression of this is the (n-3)/(n-6) ratio
in neutral lipid which, after its early decrease,
returns to the level found in ripe eggs (Table 1).

The fatty acid composition of the polar lipids
does not show a significant change throughout
embryonic development, although there is a
small transient increase in total PUFA content
during early larval development. However, a
slightly increased percentage of (n-6) PUFA gen-
erates slightly lower (n-3)/(n-6) ratios (Table 2).
PC is the major phospholipid class in herring
egg lipid and so the fatty acid composition of
total polar lipid reflects the fatty acid compo-
sition of PC (2). The results presented here are,
therefore, consistent with hydrolysis of PC to
release fatty acids in the same proportion as
total polar lipid, with selectivity in fatty acid
utilization occurring at the stages of intercon-
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version in the neutral lipid pool and ultimate
fatty acid oxidation.

The decline in the percentage of PC had
ceased between days 22 and 29 (1) although
the increase in the percentage of PUFA in the
neutral lipid continued during this period
(Fig. 1). This is not at variance with the com-
positions above since selectivity in the oxidation
of monoenes, as previously postulated, still may
occur without a net decrease in the level of PC.
Consistent with this, we noted in the preceding
paper that total lipid falls during this period of
starvation without greatly altering the relative
amounts of total polar and total neutral lipids,
ie. there is a general reduction in all lipid
classes (1).

The fatty acid composition of yolk sac polar
lipids was similar to that of the larval bodies
and whole larvae, with only slightly lower PUFA
and higher saturates (Table 3). Little change
was detected between day 1 and day 4 post-
hatch. Analysis of the lipid classes in yolk sacs
and larval bodies had indicated that there was
movement of intact phospholipid (PC and PE)
from the yolk sacs to the larval bodies (1) and
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TABLE 3

Fatty Acid Composition of Polar and Neutral Lipids from Separated Herring Larvae Bodies
and Yolk Sacs at 1 Day and 4 Days Post-Hatch?2

Polar lipids

Neutral lipids

Time after hatching (days)

Time after hatching (days)

1 4 1 4

Larval Yolk Larval Yolk Larval Yolk Larval Yolk

bodies sacs bodies sacs bodies sacs bodies sacs
14:0 1.3 2.0 1.2 1.7 4.3 7.2 4.4 7.8
15:0 0.3 0.4 0.3 0.3 0.4 0.6 0.5 1.2
16:0 23.8 28.0 24.1 25.8 19.5 21.7 20.1 20.6
16:1(n-9) - - - - - - 0.4 5.4
16:1(n-7) 3.2 2.5 3.1 2.6 6.3 8.1 6.4 6.5
17:0 0.3 - 0.3 0.2 0.5 0.7 0.4 1.4
18:0 3.9 3.5 3.6 4.1 2.7 2.3 2.8 3.3
18:1(n-9) 7.1 5.1 6.7 5.7 16.2 24.1 15.7 25.1 -
18:1(n-7) 4.4 5.4 4.3 5.1 7.2 4.7 5.9 4.1
18:2(n-6) 0.8 0.3 0.8 0.5 1.1 1.5 1.0 2.0
18:3(n-3) 0.5 0.3 0.5 0.3 1.2 1.6 1.1 1.2
18:4(n-3) 0.3 0.3 0.3 0.3 14 1.4 1.3 1.2
20:1(n-9) 0.3 1.4 0.4 0.9 1.9 5.2 2.3 2.3
20:4(n-6) 1.0 1.0 1.1 1.1 0.6 — 0.5 —
20:4(n-3) 0.6 0.5 0.6 0.5 0.9 1.1 0.9 0.9
20:5(n-3) 14.7 12.7 14.7 13.5 8.6 4.2 8.2 3.5
22:1 - 1.2 - - 0.7 5.1 1.0 1.4
22:5(n-3) 1.5 1.2 1.3 1.4 1.1 0.6 1.0 -
22:6(n-3) 33.2 31.4 35.1 33.2 22.0 6.3 21.1 5.1
24:1 0.2 0.8 04 1.0 0.1 - 0.4 -
Total saturates 29.6 339 29.5 32.1 27.4 32.5 28.2 343
Total monoenes 15.0 16.4 14.9 15.3 32.4 47.2 32.1 44.8
Total (n-3) 50.8 46.4 52.5 49.2 35.2 15.2 336 . 11.9
Total (n-6)b 1.8 1.3 1.9 1.6 1.7 1.5 2.1 2.0
(n-3)/(n-6) 28.2 35.7 27.6 30.8 20.7 10.1 16.0 6.0
Total unknown 2.8 2.0 1.2 1.8 3.3 3.6 4.0 7.0

2As in Table 1.

bTotals include 18:3(n-6) and 20:3(n-6) present in some samples at < 0.5%.

the fatty acid analysis is consistent with this.
Furthermore the yolk sac neutral lipids one day
after hatching had low levels of 22:6(n-3), and
(n-3) PUFA in general, and increased levels of
saturates and monoenes, as compared with larval
bodies (Table 3). The percentage of (n-3) PUFA
decreased further in yolk sac neutral lipids by
4 days post-hatch. The data suggest that during
embryogenesis, there is a selective transfer of
neutral lipid rich in PUFA from the yolk to the
larval body and that the neutral lipid remaining
in the yolk sac is chiefly an energy store for the
larvae, utilized after the yolk sac is absorbed
and prior to the commencement of feeding.
The lipid class analysis was consistent with this
in that the neutral lipid in the yolk sac after
hatching was conserved relative to yolk sac
polar lipids and also relative to larval body neu-
tral lipids (1).

Overall the results indicate that the high
level of PUFA, laid down during vitellogenesis

and present in the ripe egg at spawning, are of
major importance in the embryonic and early
larval development of the Atlantic herring, The
PUFA are largely conserved during these devel-
opmental periods, despite specific utilization of
PUFA-rich polar lipid (PC) (1) by a selective
concentration of PUFA in the neutral lipid pool
at the expense of monoenes. A special role for
PUFA, at or immediately following fertilization,
is also suggested by their sudden decrease in
neutral lipid witin 0.1 day (3 hr). Finally, in an
earlier study of the lipids of larval herring from
hatching to 90 days post-hatch we noted an
increased level of PUFA, especially 22:6(n-3)
and 20:5(n-3), occurring in TAG in the first 20
days post-hatch (11). We interpreted that in-
crease as consistent with a marked dietary input
of PUFA, possibly from phytoplankton (11).
The present results show clearly that the trend
of increasing % of polyunsaturates in neutral
lipid during the first 20 days post-hatch is in

LIPIDS, VOL. 20, NO. 2 (1985)
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reality a continuation of a trend established
immediately post egg fertilization. As such it is
unlikely to be related solely or even partly to
dietary inputs in the period immediately post-
hatching. The precise role of the quality and
quantity of polyunsaturates in the natural diets
of marine fish larvae, particularly in relation to
the role these lipids play in larval survival
during the critical period when the animals
start to feed, remains to be elucidated.

REFERENCES

1. Tocher, D.R., Fraser, A.J. Sargent, J.R., and
Gamble, §.C. (1984) Lipids 20, 84-89.

2. Tocher, D.R,, and Sargent, J.R. (1984) Lipids
19,492-499.

LIPIDS, VOL. 20, NO. 2 (1985)

10.

11.

Lasker, R., and Theilacker, G.H. (1962) J. Lipid
Res. 3, 60-64.

Ackman, R.G., and Burgher, R.D. (1964) J. Fish.
Res. Bd. Canada 21,469-476.

Kaitaranta, J.K. (1980) J. Sci. Food Agric. 31,
1303-1308.

Eldridge, M.B., Joseph, J.D., Taberski, K.M. and
Seaborn, G.T. (1983) Lipids 18; 510-513.

Grigor, M.R., Thomas, C.R., Jones, P.D., and
Buisson, D.H. (1983) Lipids 18, 585-588.
Kanazawa, A., Teshima, S.-i. and Sakamoto, M.
(1982) Bull. Jpn. Soc, Sci. Fish. 48, 586-590.
Folch, J., Lees, M., and Sloane Stanley, G.H.
(1957) J. Biol. Chem, 226, 497-509.

Christie, W.W. (1982) Lipid Analyses, 2nd Edi-
tion, pp. 52-53, Pergamon Press, Oxford.

Gatten, R.R., Sargent, J.R. and Gamble, J.C.
(1983) J. mar. biol. Ass. U.K. 63, 575-584.

[Received May 9, 1984]



75

Inhibition of Acyl CoA: Cholesterol Acyltrahsferase and
Sterologenesis in Rat Liver by Diazepam, /n Vitro

FRANK P, BELL, Atherosclerosis and Thrombosis Research, The Upjohn Company,

Kalamazoo, M| 49001

ABSTRACT

Diazepam, a commonly prescribed tranquilizer, was found to inhibit cholesterol biosynthesis in rat
liver minces; inhibition appeared to occur at multiple post-mevalonate sites. Diazepam also inhibited
cholesterol esterification by acylCoA:cholesterol acyltransferase in isolated liver microsomes and
minces. Liver minces incubated with [!*C]oleate demonstrated increased uptake of the fatty acid
and a greater incorporation of the substrate into triglycerides, diglycerides and phospholipids when
diazepam was present. The results suggest possible mechanisms for the hypocholesterolemic effect of
diazepam in experimental animals and for the elevation of triglycerides and very low-density lipopro-

teins in man and the rat.
Lipids 20:75-79, 198S.

INTRODUCTION

Benzodiazepine drugs have been reported to
alter the pattern of circulating plasma lipopro-
teins in man (1) and rat (2) and to possess
antiatherosclerotic effects in rabbits (2-4) and
roosters (5,6). Diazepam (the active ingredient
in Valium®), the most widely used member of
the benzodiazepine group, also has been re-
ported to exert a hypocholesterolemic effect in

the normal rat (2,7) and in hyperlipemic rats

(8), roosters (5) and rabbits (4).

Interest in this laboratory has been on in-
vestigating the mechanisms of these diazepam
effects. Our initial studies showed that diaze-
pam inhibits plasma LCAT (lecithin:cholesterol
acyltransferase, EC 2.3.1.43) in a variety of
species including man (9,10) and that it also
inhibits the esterification of cholesterol by
arterial ACAT (acylCoA :cholesterol acyltrans-
ferase, EC 2.3.1.26) (10). In the present report,
attention has been directed toward the effects
of diazepam on hepatic lipid metabolism,
in vitro, using rat liver mmces and isolated
microsomes while employmg [ C}mevalonate
[¥C)oleate and [ CloleoylCoA as substrates.
The results indicate that diazepam inhibits
hepatic sterologenesis at multiple sites, inhibits
hepatic ACAT, and stimulates phospholipid and
triglyceride synthesis. The possible relationship
of these observations to in vivo effects of
diazepam reported previously (1-8) is discussed.

MATERIALS AND METHODS

Animals and Tissues

Male Sprague-Dawley rats of the Upjohn
strain (Upj: TUC(SD)spf, 225-250 g) were main-
tained on Purina Chow ad libitum. The rats

were decapitated between 9 and 10 a.m. and
the livers were quickly excised. The livers were
rinsed in chilled 0.9% NaCl and used to prepare
tissue minces (11) or homogenized in 0.1 M
phosphate buffer, pH 7.4, and the microsomal
fraction isolated by differential centrifugation

(12).

Assay Procedure for Microsomal AcylCoA:
Cholesterol Acyltransferase

Cholesterol esterification by microsomal
acylCoA: cholesterol acyltransferase (ACAT)
was assayed as previously described (13,14).
Briefly, ACAT was assayed in a total volume of
345 ul of 0.1 M phosphate buffer (pH 7.4)
containing 0.8-1.0 mg microsomal protein (15)
and 0.2 uCi [1-**CloleoylCoA (sp. act. 50.0
Cifmol, New England Nuclear Corp., Boston,
Massachusetts). Diazepam (supplied by Roche
Laboratories, Nutley, New Jersey) was added
dissolved in 25 pl dimethylsulfoxide. Controls
received 25 ul dimethylsulfoxide alone in order
to internally correct for any possible solvent
effects among the assays. Assays were per-
formed in 13 x 125 mm glass tubes at 37 C
for 5 min and were initiated by adding the
[*CloleoylCoA in 10 ul sodium acetate
buffer. The assays were terminated by the addi-
tion of 1 ml CH3;OH. The samples then were
reduced in volume to about 0.2 ml under N,
and extracted with 4 ml CHCl3/CH;0H (2:1,
v/v) according to Folch et al. (16). The lipid
extracts were fractionated by thin-layer chro-
matography (TLC) as previously described (17)
after adding unlabeled cholesteryl oleate as a
carrier. The cholesteryl ester fraction was
scraped from ‘the chromatoplates (17) and
assayed for radioactivity by liquid scintillation
counting (18). Recovery of labeled cholesteryl
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oleate was 97-98% based upon recovery of
cholesteryl-[ * C)oleate standards.

Liver Mince Incubations

Hepatic lipid synthesis was studied in paired
liver minces (500 mg) prepared from tissue
taken from the central region of the large lobe
(18,19). The tissue minces were incubated for
periods of up to 90 min at 37 C in 3.5 ml
Krebs-Ringer-bicarbonate buffer (pH 7.4) (18)
containing either 2 uCi[1-**Cloleic acid,
sodium salt (sp. act. 52.6 Ci/mol) or 2 uCi
DL-[2-*C]mevalonic acid, DBED salt (sp. act.
50.1 Ci/mol) which were obtained from New
England Nuclear Corp., Boston, Massachusetts.
Diazepam, when present, was added to the
incubations dissolved in 50 ul acetone; control
incubations received 50 ul acetone alone. After
incubation, tissues incubated with [ C}-
mevalonate were treated with alcoholic KOH to
hydrolyze the tissue and to saponify the lipids
as detailed previously (19). The non-saponi-
fiable lipids were extracted with n-hexane and
fractionated by TLC into C,,-sterols, Csp-
sterols and squalene (19,20) and their radio-
activity assayed by liquid scintillation counting
as above. A portion of the non-saponifiable
lipid also was redissolved in CH3;COCH;:
C,H5;0H (1:1, v/v), treated with digitonin to
precipitate cholesterol, and the cholesterol
digitonides were isolated (21) and their radio-
activity assayed (22). Tissues incubated with
[*Cloleate were extracted with CHCl;/
CH;O0H (2:1, v/v) (16), and the resulting lipid
extract was fractionated by TLC to separate
the polar and neutral lipids (23) which were
scraped from the chromatoplates and analyzed
for radioactivity (23).

Statistical analysis of the data was per-
formed using Student’s t-test for paired variates.

RESULTS

The addition of diazepam to isolated rat
liver microsomes inhibited the esterification of
cholesterol to [14C]oleoy1CoA by acylCoA:
cholesterol acyltransferase (ACAT) (Fig. 1).
The inhibition by diazepam was concentration-
dependent with 50% inhibition occurring at
about 0.25 mM; activity was essentially abol-
ished at 1.0 mM, ACAT activity in microsomes
re-isolated after a 5-min pre-incubation with
diazepam at 37 C was reduced to a similar
extent, i.e., inhibition was 42% and 70% when
pre-incubation concentrations were 0.25 and
0.5 mM, respectively (mean of 2 experiements).
This inhibitory activity was confirmed in liver
mince preparations using [*” CJoleate as a sub-
strate (Table 1). The incorporation of [*C]-
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FIG. 1. Inhibition of acylCoA:cholesterol acyl-
transferase in isolated rat liver microsomes by diaze-
pam. The enzyme was assayed by measuring the
incorporation of [1-'*CjJoleoylCoA into cholesteryl
esters over a 5-min period at 37 C. The incubation
mixtures consisted of 345 ul 0.1 M phosphate buffer
(pH 7.4) containing 0.8-1.0 mg microsomal protein
and 0.2 pCi [1-'*C]oleoylCoA (sp. act. 50.0 Ci/mol).
Diazepam was added in 25 ul dimethylsulfoxide;
control incubations received 25 ul dimethylsulfoxide
alone. Data points are the mean of 2 experiments
performed with microsomes isolated from 2 normal
rat livers.

oleate into cholesteryl-[*4CJoleate by the liver
was reduced about 64% (P < 0.001) by 1.0 mM
diazepam in paired tissue samples. The inhibi-
tion cannot be attributed to a generalized
poisoning effect since [14C]oleate incorpora-
tion into the liver phospholipids and triglycer-
ides was enhanced about 47% (P < 0.001).

In addition to inhibiting cholesterol esterifi-
cation, diazepam was found to be an inhibitor
of sterologenesis as well. A time-course for the
incorporation of [14C]mevalonate into squa-
lene, Cgo-sterols, C,q-sterols and digitonin-
precipitable sterols in paired liver minces in the
presence of 0.5 mM diazepam is shown in
Figure 2. Inhibition of [*C]mevalonate incor-
poration into the cholesterol precursors squa-
lene and the Cjp-sterols was evident within
15 min after diazepam. By 30 min, a 32%
inhibition of ['*C]mevalonate incorporation
into the C,,-sterol fraction of the diazepam-
treated tissue became apparent as well. Between
15 and 90 min, incorporation into the Coyy-
sterol fraction of the diazepam-treated tissue
rose a mere 50% from 4,500 to 6,800 dpm/g,
while incorporation into the same fraction in
control tissue increased about 5-fold, from
4,600 to 23,500 dpm/g. In tissue samples
incubated for 90 min, the inhibition of incorpo-
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TABLE 1

Effect of Diazepam on the Incorporation of [ ' C}oleate
into Lipids of Rat Liver Minces in vitro
(dpm/mg wet weight)

- Free Cholesteryl
Phospholipid Diglyceride Triglyceride fatty acid ester
Control 1918 51 529 687 22
+9 +3 +36 +50 +2
Diazepam 281b 100b 7770 1004b gb
(1.0 mM) +8 +4 +44 +39 +]

Liver minces (500 mg) prepared from paired tissue samples from normal male rats were
incubated for 90 min at 37 Cin 3.5 ml Krebs-Ringer-bicarbonate buffer (pH 7.4) containing
2 uGi [1-**C]Joleic acid sodium salt (sp: act. 52.6 Ci/mol) in the presence and absence
(control) of 1.0 mM diazepam.

2Values are means + SEM of 7 animals/group.

bpiffers significantly (P < 0.001) from control values using Student’s t-test for paired

717

varjates.

ration into C,,-sterols and squalene was about
70% and 66% respectively in the presence of
diazepam. A reduction in the formation of
digitonin-precipitable sterol in diazepam-treated
tissue at all time points further confirmed inhi-
bition of sterologenesis. In control tissues,
approximately 80% of the radioactivity of the
C,q-sterol fraction was precipitable as choles-
terol digitonide, whereas in the treated tissues
only about 20% was digitonin precipitable.
These data specifically indicate inhibition of
cholesterolgenesis by diazepam.

DISCUSSION

The studies presented here identify several
alterations to hepatic lipid metabolism that
occur in the presence of diazepam. Most
notable, perhaps, is the inhibitory effect of
diazepam on cholesterol esterification and on
cholesterol biosynthesis. From the data pre-
sented in Figure 2, it appears that the overall
effect of diazepam on sterologenesis results
from inhibition at multiple sites in the sterol
biosynthetic pathway. The first site lies be-
tween mevalonate and squalene, as evidenced
by inhibition of labeled squalene formation
from labeled mevalonate. A second site appears
to lie between lanosterol and the C,;-sterols.
Evidence for the second site comes from a
calculation of the ratio of labeled Cjp-sterol:
Cyy-sterol in  control vs. diazepam-treated
tissue pairs at each time interval. In control
tissues, the ratio declined stepwise from 1.8 at
15 min to 0.5 at 90 min, whereas in the treated
tissue the ratio increased from 1.1 to 1.8 over
the same period, indicating a disproportionate
accumulation of radioactivity in Cjzg-sterols vs
Cyq-sterols in the treated tissue. The similarity

1801: 2
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ISQUALENE!|

i
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FIG. 2. Inhibition of sterologenesis from [2-**C]-
mevalonic acid in rat liver minces by diazepam. Minces
(500 mg) from paired samples of liver were incubated
at 37 C for periods of 15-90 min with (®) and without
(o) 0.5 mM diazepam in 3.5 ml Krebs-Ringer-bicar-
bonate buffer (pH 7.4) that contained 2 uCi {2-'*C]-
mevalonic acid, DBED salt (sp. act. 50.1 Ci/mol). Data
for each time period are means of 2 experiments.

in Cjg-sterol labeling at 90 min in the control
and diazepam-treated tissue (12,800 vs 11,900
dpm/g, respectively) is probably a reflection of
the cumulative decrease in flow-through of
Cap-sterol to C,;-sterol with diazepam treat-
ment as opposed to some other effect, such as
a reversal of the inhibition of Csq-sterol forma-
tion seen at 15, 30, and 45 min. The inhibition
of cholesterol synthesis observed may offer an
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explanation for the plasma cholesterol lowering
effect of orally administered diazepam in
normal (2,7) and in Triton W1339-induced
hyperlipidemic rats (8). Inhibition of sterolo-
genesis, however, is unlikely to be important as
a mechanism of cholesterol-lowering observed
with diazepam treatment in cholesterol-fed
roostérs (5) and rabbits (4). Conceivably,
cholesterol lowering under those conditions
could be a result of decreased absorption of
cholesterol through inhjbition of intestinal
ACAT (24,25). Data presently available on the
effects of diazepam in man suggest that the
drug neither inhibits sterologenesis, as deter-
mined with liver biopsy material (26), nor
affects plasma cholesterol levels (26). These
differences in drug effect between man and rat
could reflect inherent differences in the en-
zymes involved or factors such as differences in
drug distribution and metabolism.

The dual effects of cholesterol synthesis
inhibition and ACAT inhibition shown by
diazepam in liver preparations have been
observed previously with other membranophilic
agents such as lidocaine (19) and chlorproma-
zine (18,23). The blockade of sterol synthesis
by these agents also occurs at multiple sites in
the biosynthetic pathway beyond HMGCoA
reductase (3-hydroxy-3-methylglutaryl coen-
zyme A reductase, EC 1.1.1.34) (18,19). The
fact that these agents have little structural
similarity suggests that their effects on the
enzymes may be indirect rather than direct.
Since ACAT and the enzymes of the post-
mevalonate stages of sterologenesis reside in
the endoplasmic reticulum, the possibility that
the drugs exert their effects by affecting the
physical state of the membrane (e.g., change
lipid fluidity or bilayer thickness) seems plausi-
ble (19,27); the fact that ACAT inhibition
persisted after re-isolation of diazepam-treated
microsomes is not inconsistent with this view.
There is evidence which suggests that altera-
tions in membrane lipid fluidity can affect the
conformation of particulate enzymes and thus
alter their rates of catalyses (28-30). The fact
that ACAT and various particulate enzymes of
the sterol synthesis pathway are affected
similarly by the 3 drugs also could indicate a
close topological proximity of the enzymes in
the membrane or that the enzymes have simi-
larly structured lipid boundary layers which are
affected in a similar fashion by the drugs
(31,32).

Other effects of diazepam on liver lipid
metabolism presented here include the stimula-
tion of ['¥CJoleate incorporation into the
glycerolipids (phospholipids, diglycerides and
triglycerides). While the precise mechanism of
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these effects is not known, it seems probable
that the increased incorporation into the
glycerolipids could be accounted for on the
basis of increased availability of [*C]oleate
substrate, i.e., diazepam-treated tissues accumu-
lated significantly higher levels (P < 0.001) of
unesterified ['¥Cloleate during incubation but
the percentage distribution of [*CJoleate
incorporated into those fractions was similar to
controls. )

Plasma VLDL (very low density lipopro-
tein), whose major lipid component is triglyc-
eride, has been reported to increase in patients
receiving benzodiazepine therapy (1). Although
the mechanism of this response is unknown, it
has been suggested that it could reflect in-
creased triglyceride synthesis secondary to
increased plasma-free fatty acid levels arising
from drug-stimulated lipolysis (1). The stimula-
tion of hepatic triglyceride synthesis from fatty
acid observed in the present studies also sug-
gests a mechanism for the hypertriglyceridemic
effect of diazepam in normal rats (8). In
addition to a direct stimulation of hepatic
triglyceride synthesis, diazepam may indirectly
promote VLDL-triglyceride elevations by im-
pairing VLDL clearance. Evidence for this
possibility comes from observations that
diazepam is an inhibitor of LCAT (lecithin:
cholesterol acyltransferase, EC 2.3.1.43) in
plasma from man and rat (9,10); LCAT, in
conjunction with lipoprotein lipase, participates
in the normal catabolism of VLDL (33).

Because the present studies are short-term in
design, correlations of the observations with ef-
fects observed in the long-term in man and
animals (1-8) must be viewed cautiously.
Despite this limitation, the data presented
suggest a mechanistic basis of cause-effect
relationships which may be explored more fully
with different experimental approaches.
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Action of Cobra Venom Phospholipase A, on Large Unilamellar
Vesicles: Comparison with Small Unilamellar Vesicles and

Multibilayers
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ABSTRACT

Phospholipase A, (Naja naja naja) catalyzes the

hydrolysis of dipalmitoyl phosphatidyicholine in

small unilamellar vesicles (SUVs) with a faster initial rate than in large unilamellar vesicles (LUVs) and
multilamellar vesicles (MLVs). For the SUVs, the hydrolysis was initially faster for gel phase than
liquid crystalline phase phospholipid. For both LUVs and MLVs, hydrolysis was low except in a small
temperature range around the thermotropic phase transition of the phospholipid. In this temperature
range, the reaction time course of phospholipase action on dipalmitoyl phosphatidylcholine in LUVs
and MLVs included a lag period. With SUVs, a lag period also was observed above the phase transition

temperature, but it was not observed below it.
Lipids 20:80-83, 1985.

INTRODUCTION

Phospholipase A, (EC 3.1.1.4) from Naja
naja naja cobra venom is a small, water-soluble
enzyme that catalyzes the hydrolysis of the
sn-2 fatty acid ester of phosphatidylcholine
(PC) to form lysophosphatidylcholine (LPC)
and fatty acid. It preferentially catalyzes the
hydrolysis of gel phase dimyristoylphospha-
tidyicholine (DMPC) or dipalmitoylphospha-
tidylcholine (DPPC) in small unilameliar
vesicles (SUVs) under initial rate conditions,
with the activity immediately above the phase
transition temperature (T.) being 1/2 to 1/3 of
the activity immediately below the transition
(1). The activity at T, is not enhanced over that
expected from the temperature dependence
observed below T.. However, Naja naja naja
phospholipase A, catalyzes the hydrolysis of
1,2-dimyristoyl-sn-glycero- 3-phosphorylcholine
(DMPC) in multibilayers or multilamellar
vesicles (MLVs) very poorly, except in a small
temperature range around T, (1). This en-
hanced activity near T, is similar to the results
observed for the action of the phospholipases
A, from pancreas, bee venom and Crotalus
atrox venom on various DMPC and 1,2-dipal-
mitoyl-sn-glycero-3-phosphorylcholine (DPPC)
vesicle preparations after long time periods of
reaction (2-4).

The activity of the cobra venom enzyme
evidently is very sensitive to the aggregation
state and phase of PC with saturated fatty acid
chains. The differing activity of this enzyme
toward PC in SUVs and MLVs could result
from packing differences in the highly curved

*To whom correspondence should be addressed.
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outer surface of the SUVs (5) compared to the
relatively flat, planar outer surface of the
MLVs, but other factors such as the larger
number of layers, slower rate of diffusion and
greater heterogeneity in sizes of the MLVs
could be responsible. It was therefore of inter-
est to determine the dependence of the phos-
pholipase A, activity on the phase of PC in
large unilamellar vesicles (LUVs) which could
more directly be compared with the highly
curved SUVs. We report here the reaction time
courses of the phospholipase A, catalyzed
hydrolysis of DPPC in LUVs at temperatures
above, below and at the phase transition and
compare them with those of SUVs and MLVs.

EXPERIMENTAL PROCEDURE

MLVs of L-a-DPPC (Calbiochem) were pre-
pared by suspending the dry phospholipid in
buffer (100 mM Tris-HCI, pH 8.0, 10 mM
CaCl,) by repeated pipetting of the solution
while it was maintained above T.. SUVs were
prepared by sonication of the MLVs above T,
centrifugation and annealing as described pre-
viously (1). LUVs were prepared by the follow-
ing modification of the alcohol injection
method (6). DPPC in absolute ethanol (75 mM
PC) was allowed to flow by gravity through
disposable 1-ml syringes attached to luer-lock
syringe needles (28 gauge, Hamilton N-72822)
which were inserted approximately 1 cm into a
rapidly stirred buffer solution (100 ml) main-
tained ato 50 C. The average flow rate of each
syringe was 10 ul/min; the combined flow rate
from several syringes was under 50 pl/min. The
final volume of ethanol did not exceed 7.5% of
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FIG. 1. Elution profile of DPPC LUVs (303 umol
applied in 10 ml) on CL-Sepharose 2B (2.0 cm X
50 cm). The temperature was maintained at S0C. V
and T refer to void and total volumes, respectively.
The vesicles used for the phospholipase A, assays
were taken from the fractions bounded by and includ-
ing those marked by the arrows. .

the volume of the vesicle solution. The vesicles
were dialyzed extensively to remove the etha-
nol and concentrated in an Amicon ultrafiltra-
tion apparatus with an Amicon XM-100 or
Nucleopore type C (molecular weight cutoff
100,000) uitrafiltration membrane. The vesicles
were then chromatographed on a CL-Sepharose
2B gel filtration column in order to isolate a
relatively homogeneous population of LUVs,
The buffer consisted of 100 mM Tris-HCI,
pH 8.0, and 10 mM CaCl,. The first portion
of the peak eluting in the internal volume was
concentrated by ultrafiltration (2-3 fold) and
used immediately for the enzyme assay.

Phospholipase A, was purified from Ngja
naja naja cobra venom as described by Deems
and Dennis (7) and Darke et al. (8). Assays
were conducted by adding the phospholipase in
10 ul of water to 1.00 ml of the appropriate
vesicle preparation in buffer (100 mM Tris-HCI,
pH 8.0, 10 mM CacCl, ) at the temperature indi-
cated. The final DPPC concentration in each
preparation was determined by a phosphate
analysis (9). The hydrolysis of PC was followed
by phosphate analysis of the reaction products,
PC and LPC, after they were extracted into
organic solvent and separated by thin-layer
chromatography (TLC) (1).

RESULTS AND DISCUSSION

Figure 1 shows a typical elution profile on
Sepharose CL-2B of large unilamellar vesicles
of DPPC prepared by the ethanol injection
method. The fraction bounded by the arrows
was used for the phospholipase A, assays. This
sample contained vesicles ranging in size from
540 A to 1260 A in diameter with an average

- large unilamellar vesicles,

diameter of 760 A (determined by negative
staining electron microscopy). Thus, the LUVs
used here were larger in size than the highly
curved sonicated vesicles (250 A diameter
(10)), but were much smaller and more homo-
geneous than multibilayer preparations (5,000
- 20,000 A diameter (11)).

The time courses for phospholipase A,
action on this fraction of LUVs and on SUVs of
DPPC are shown in Figure 2. The initial activity
was highest toward DPPC in SUVs at all tem-
peratures tested. However, the reaction time
course toward DPPC in LUVs was biphasic at
temperatures near T. (which is about 42 for
DPPC in MLVs (12)) with an acceleration of
hydrolysis such that the PC in LUVs was
hydrolyzed faster than that in SUVs at long
reaction times. At lower temperatures such as
36 and 21, the reaction did not appear biphasic
even after 121 min of hydrolysis at the latter
temperature, although an eventual acceleration
could not be ruled out. For both the small and
a stimulation of
activity after a lag period was observed above
T.. However, this stimulation was not observed
with the small vesicles at low temperatures,
using either the thin-layer chromatography
assay at fixed time points as indicated in the
present study or the continuous pH-stat assay
for the first minutes of reaction (1). The re-
action time courses on DPPC LUVs were very
similar to those observed on DPPC MLVs which
also exhibit biphasic reaction time courses near
T, (Fig. 3). The peak of hydrolysis of DPPC in
both LUVs and MLVs after long reaction times
was highest at temperatures around the phase
transition. From the similarity of the reaction
time courses, it is apparent that the action of
Nuaja naja naja phospholipase A, is affected by
the physical state of DPPC in LUVs and MLVs
in a similar fashion.

It should be noted that in the initial stages
of the reaction, the vesicles are presumed to
remain intact. Thus, only the outer monolayer
of phospholipid (68% for SUVs, 55% for LUVs
of 760 A diameter, and 10 to 15% for MLVs) is
exposed to the enzyme. The amount of phos-
pholipid used in each experiment was set so
that the concentration of exposed phospholipid
(that on the outside of the vesicle) was roughly
equal at the start of each kinetic experiment.
During the course of the reaction, the fraction
of PC hydrolyzed eventually exceeded the frac-
tion of phospholipid on the outer monolayer,
suggesting either an increased permeability to
the phospholipase A, or a rearrangement of the
vesicle structure to allow hydrolysis of the.
inner layer or layers.

With all vesicles, the initial enzyme activity

LIPIDS, VOL. 20, NO. 2 (1985)



82 C.R. KENSIL AND E.A. DENNIS

(mM)

LPC

1

0 30 a5 20

i
40 20 40 20 40

TIME (MIN)

FIG. 2. Time course of action of phospholipase A, on DPPC SUVs (0) and LUVs (#) at°
vatious temperatures: (A) 21 C, (B) 36 C, (C) 39 C, (D) 42 C, and (E) 49 C. The production
of LPC is shown. The concentration of DPPC in the SUV preparation was 5.5 mM and in the
LUV preparation was 6.9 mM. The concentration of enzyme employed was 0.82 pg/ml.
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FIG. 3. Time course of action of phospholipase A,
toward DPPC MLVs at 5 temperatures: 21 C (w), 36 C
(2), 39 C (0), 42 C (), and 49 C (o). The production
of LPC is shown. In the assays, the concentration of
DPPC was 23.9 mM and the concentration of enzyme
was 0.82 ug/ml.

appears t¢ be optimal at temperatures in which
the packing of PC is imperfect. For example,
gel phase SUVs have been postulated to contain
circular planar regions or “facets” of about
75 A in diameter in a polyhedral arrangement
with packing irregularities or defects in the

LIPIDS, VOL. 20, NO. 2 (1985)

regions which join the adjacent facets (13). The
PC molecules in these edge regions may contain
a higher fraction of gauche bonds which can
pack into these regions. Experimental support
for this is provided by Raman spectroscopy,
which showed a higher fraction of gauche
bonds for gel phase SUVs compared to gel
phase MLVs (14). Below the pretransition
temperature, the PC in MLVs is packed tightly
with the chains tilted; between the pretransi-
tion and T, the bilayers become rippled (15).
Similar packing is expected for PC in LUVs, as
the phase transition behavior is similar to that
of MLVs (16). A pretransition also is observed
in SUVs (17). In MLVs, LUVs and SUVs, there
is a coexistence of the gel and liquid crystalline
phases at T, itself. These regions also may be
imperfectly packed (as with the planar regions
of the gel phase vesicles). Thus, there is defec-
tive packing in the gel phase of SUVs and at
T, itself. These regions also may be imperfectly
packed (as with the planar regions of the gel
phase vesicles). Thus, there is defective packing
in the gel phase of SUVs and at T, for MLVs
and LUVs as well as SUVs. It has been sug-
gested that the pancreatic phospholipase A,
favors gel phase SUVs as a substrate over liquid
crystalline phase SUVs because of the defects
in the packing of the gel phase vesicles (18).
This enzyme may prefer the phase transition



COBRA VENOM PHOSPHOLIPASE A, 83

temperature of other vesicle preparations be-
cause of the coexistence of 2 phases, due to an
increased penetration of the enzyme into the
bilayer (2). While this explanation also may
account for the results reported here for the
Naja naja naja phospholipase A,, it also is
possible that the rate of hydrolysis of gel phase
PC in SUVs is higher than in the liquid crystal-
line phase because of contributions from other
subtle differences in phospholipid conforma-
tion or the properties of the phospholipid/
water interface such as surface polarity, hydra-
tion, or [H+] concentration. These are impor-
tant in the non-enzymatic hydrolysis of phos-
pholipids (19) as well as in the action of phos-
" pholipase A, on micellar interfaces (20).

An apparent increase in activity after long
time periods of hydrolysis is observed above T,
for DPPC dispersed in small and large unilamel-
lar vesicles and multibilayers. There are several
explanations for this. It could be the end of an
initial slow step resulting in an apparent lag
phase, such as the pre-steady state suggested for
the action of pancreatic phospholipase A, on
PC monolayers (21), which for SUVs may be
rate-limiting above the phase transition, but not
below it (18). However, it also may be due to

* an effect of the reaction products in the bilayer
by either their direct interaction with the en-
zyme or by their alteration of the physical state
of the remaining phospholipid substrate due to
changes in phospholipid phase or aggregation
(3). Fatty acids are known to raise the phase
transition temperature of saturated phospha-
tidylcholine (22). As fatty acid and LPC ac-
cumulate in the bilayer, the PC eventually may
go into the gel phase or be at the transition at
the higher temperature due to an increase in T,.
This would cause a stimulation of the activity if
the enzyme prefers small unilamellar vesicles in
the gel phase and multibilayers at the transition
temperature (3). Yet another possibility is that
a phase separation of one or both of the prod-
ucts into a region of the vesicle distinct from
the PC region occurs. The phase separation
would result in the co-existence of 2 regions
(similar to the situation at the phase transition)
with defective packing between the regions. If
phospholipase A, activity is indeed correlated
with the presence of defective packing, a phase
separation would be expected to increase the
phospholipase A, activity.

The present study has shown that the re-
action time courses of the phospholipase A,
toward bilayer PC is quite different for gel
phase SUVs and gel phase LUVs, where there is
a difference in the packing of the outer surface
of phospholipid. The activity clearly is highest

on phases which contain defective packing, but
further work is required to confirm whether or
not this preference of the enzyme is for all PC
phases with defective packing and to determine
whether this preference is related to binding of
the enzyme to the surface, phospholipid, or
some other factors similar to those occurring
with micellar interfaces (20).
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ABSTRACT

The lipid class compositions of Atlantic herring eggs and larvae were determined immediately before
fertilization, after fertilization and at various times during subsequent embryonic and early larval
development. Total lipid constituted 15% of the dry wt of ripe eggs, 70% of the total lipid being polar
lipid with phosphatidylcholine (PC) accounting for almost 90% of the polar lipid. In general, the total
lipid content decreased gradually during embryogenesis and in particular during larval development.
Within 3 hr after fertilization the relative percentage of neutral lipid decreased slightly. This was
followed by a general decrease in polar lipid which, by the stage of yolk sac absorption, was reduced
to 52% of the total lipid. The decreased percentage of polar lipid was due entirely to a decrease in PC,
which was reduced to 66% of the polar lipids at the stage of yolk sac absorption. The accompanying
increase in the percentage of neutral lipids was mainly due to increased percentages of triacylglycerols
(TAG) up to yolk sac absorption and cholesterol esters in the larval stages, During the first 4 days after
hatching, phospholipids and to a lesser extent cholesterol were preferentially depleted in the yolk sacs,
which also had higher levels of free fatty acids. The results are discussed in relation to possible roles of

different lipids during embryonic and early larval development.

Lipids 20:84-89, 1985,

INTRODUCTION

The lipids in many marine teleost eggs are
rich in phospholipids (14). In a recent survey
we found that in teleost eggs with relatively
short incubation periods (up to 20 days), e.g.
cod (Gadus morhua), haddock (Melanogrammus
aeglefinus), whiting (Merlangus merlangus),
saithe (Pollachius virens), and herring, phospho-
lipid accounted for 62-72% of the total lipid (4).
PC was the major phospholipid class in each
case, ranging from 63-83% of the total phos-
pholipid (4). However, marine teleost eggs with
relatively longer incubation periods (over 20
days), e.g. sand eel {Ammodytes lancea) and
capelin (Mallotus villosus), had higher lipid
levels, with neutral lipids, mainly TAG, account-
ing for up to 77% of ‘the total lipid (4). These
findings suggest that in marine teleost eggs with
relatively short incubation periods the majority
of the lipid may be destined for biomembrane
formation rather than energy production during
development,

Studies of energy metabolism in developing
fish eggs have been concerned mainly with mea-
suring levels of potential energy reserves, metab-
olites and relevant metabolic enzyme systems
(5-8). Deuchar (5) concluded that the order of
utilization of energy reserves in teleost fish eggs
was carbohydrate, then protein and finally lipid,
This was questioned by Terner (6) on the basis

*To whom correspondence should be addressed.
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of testing the ability of various externally added
substrates to stimulate respiration in developing
trout eggs. Acetate, a product of fatty acid
catabolism, stimulated respiration to a greater
extent than glycolytic substrates, including glu-
cose (9). Radioactive acetate also was incorpor-
ated into polar lipid and subsequently into
neutral lipid (10). Furthermore, the glycogeno-
lytic and gluconeogenic pathways, although
apparently operative in developing trout eggs,
could not account for all of the endogenous
respiration (11). More recently Vetter et al. (12)
studied energy metabolism including lipid util-
ization in the rapidly developing egg of a marine
teleost, the red drum (Sciaenops ocellata), and
established that lipid was utilized from both
polar and neutral fractions throughout the
developmental period.

The present study was undertaken to deter-
mine changes in the lipid class composition
during embryonic and early larval development
in a typical marine teleost, Atlantic herring,
which has a high content of phospholipid (70%
of totallipid) in its egg. The aim was to elucidate
possible different roles of the various lipid
classes during this period.

MATERIALS AND METHODS

Eggs. Roe was excised from ripe Atlantic
herring (Clupea harengus) caught at the end of
March 1983 on the Ballantrae Bank in the
lower Clyde Estuary, Scotland. A batch of
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unfertilized eggs was retained and the remainder
fertilized with milt taken from 5 ripe males.
The fertilized eggs were allowed to attach to
glass plates and were maintained in outside
tanks supplied with running sea water at an am-
bient temperature of approximately 8-10 C.
Samples of 200-400 eggs were taken at time
intervals during embryonic development, frozen
at -15C for 1-2 weeks and finally stored at
-70 C for 6 mo prior to analyses.

Larvae. Roe was collected and eggs fertilized
and maintained as above during March and April
1984, Hatching occurred after 20-21 days, and
approximately 300-500 larvae were collected at
time intervals and immediately frozen and stored
in liquid nitrogen before transfer to the -70 C
freezer, Yolk sacs were separated from the
bodies of further samples of approximately 250-
300 larvae before freezing in liquid nitrogen.
Liguid nitrogen treatment was necessary with
larvae due to the presence of highly active phos-
pholipases which may maintain residual activity
at -15 C. The sea water supplied to the tanks
was passed through a 64 um filter which re-
moved all zooplankton, although phytoplankton
passed through.

Analytical. Moisture contents were deter-
mined after freeze drying samples in an Edwards
“Speedivac” centrifugal freeze drier. Total lipid
was extracted by the method of Folch et al.
(13), determined gravimetrically and stored in
chloroform/methanol (2:1, v/v) containing
0.05% butylated hydroxytoluene at -20 C be-
tween analytical procedures,

Lipid Analyses. Lipid class analyses were
carried out using Chromarods-SII and an latro-
scan TH-10 Mark II analyzer (latron Labora-
tories Inc., Tokyo) coupled to a Hewlett Pack-
ard 3390A recording integrator. Samples of 0.5
ul containing approximately 50 ug of total lipid
were spotted on the origins of the rods using dis-
posable 0.5 ul micropipettes (Camlab Ltd., Cam-
bridge, U.K.). To analyze polar lipid classes the
rods were developed in chloroform/methanol/
distilled water (70:35:3.5, v/v/v). To analyze
neutral lipid classes the rods were developed in
hexane/diethyl ether/formic acid (85:15:0.04,
v/v/v). The former procedure separated indi-
vidual phospholipid classes together with neutral
lipids as a single unresolved zone. The latter pro-
cedure separated individual neutral lipid classes
together with phospholipids as a single unre-
solved zone. Developed rods were dried at
100 C for 2 min before being scanned at 3.1 mm
sec™! . The flame ionization detector was oper-
ated at a hydrogen pressure of 0.71 kg em™!

and an air flow of 2000 ml min~'. The rods’

were stored in a constant humidity chamber
between analyses and were scanned twice
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before each development and analysis, Peak
areas for each lipid class obtained from the
integrator were converted into ug of lipid using
calibration curves constructed from standard
solutions of known concentrations and with
compositions similar to those of the experi-
mental samples analyzed. Data obtained from
scanning 18 individual rods were used for each
single analytical determination.

RESULTS AND DISCUSSION

Upon release and fertilization there is an in-
crease in the water content of the eggs (Table 1),
a phenomenon noted in the past (14). The pre-
sumed uptake of water is rapid in the initial
phase of development and essentially complete
by 3 days. Thereafter the water content remains
relatively constant up to yolk sac absorption
after day 25. The initial uptake of water could
reflect simply a difference in osmolarity between
the sea water and the eggs on spawning (15) or
be a residual trace of the hydration that occurs,
during maturation of marine teleost eggs, in-
cluding demersal eggs (16,17). During the first
3 days the lipid content as a per cent of the egg
dry weight shows a downward trend, although
the lipid content -increases again at 7 days
(Table 1). Thereafter the per cent total lipid in
the developing eggs fluctuates, although the
value immediately after hatching increases
2-fold, due to the loss of much of the dry weight
in the form of the chorion and associated
material, The chorion alone can account for up
to 1/3 of the dry wt of unfertilized herring eggs
and, presumably, an even greater proportion
after 3 weeks of development (18). Throughout
early larval development the lipid content falls
if no food is available to the larvae, as is the
case here (Table 1). Overall, and despite some
fluctuations, the results indicate that lipid is
utilized during embryonic development and this
utilization is accelerated in the early larval
stages. This is consistent with the results of
Boulekbache, who detected increasing lipid
metabolism as embryonic development con-
tinued (7).

The results for changes in the proportion of
total polar and total neutral lipids as well as the
individual lipid classes can be considered, for
convenience, in 4 developmental periods, The
first of these is 0.1 day (approximately 3 hr)
after fertilization of the eggs. The percentage of
neutral lipids decreases and the percentage of
polar lipids increases during this period (Table 1).
The change is small but in this single sample set
is statistically significant (p<0.001, Student
t test, t(pgy = 7.01). The change in the relative
proportions of polar and neutral lipids is re-
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Time after fertilization (days)

TABLE 1
Lipid Content and Lipid Class Analysis from Developing Herring Eggs and Larvae?
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Weight %

i " L

2 24 28 82 36
Hatch .
Time after Fertilization(Days)

FIG. 1. Major lipid class composition of herring eggs during embryonic and subsequent
early larval development. Samples of eggs and larvae were taken at the times indicated ‘as
described in Materials and Methods. 2 = phosphatidylcholine; ® = phophatidylethanolamine;
® = triacylglycerol; & = cholesterol /diacylglycerol; = free fatty acids, and ¥ = sterol esters.

flected in the percentages of the individual
neutral and major phospholipid classes (Table 1,
Fig. 1).

The second developmental period is between
0.1 day and 15 days when there is a progressive
decrease in the percentage of polar lipid, due
entirely to a decreased percentage of PC, accom-
panied by a reciprocal increase in total neutral
lipids, ‘predominantly TAG (Table 1, Fig. 1).
During the third developmental period, from
day 15 to day 29, the proportion of polar lipids
initially continues to decline but then increases
due to a slight reversal in the decrease of PC and
an increase in the percentage of phosphatidyl-
ethanolamine (PE) (Table 1, Fig. 1). Similarly,
the increase in the percentage of TAG continues
initially and then is reversed after yolk sac ab-
sorption, which had occurred in over 95% of
larvae sampled on day 29 after fertilization.
Hatching occurs in the middle of this period
without any major changes in the lipid class
composition other than the trends already noted
and a 2-fold rise in sterol esters(Table 1, Fig. 1).

During the final developmental period,-after

yolk sac absorption, the percentage of total
polar lipids decreases again due to a renewed
decrease in PC and also PE in the later stage
(Table 1, Fig. 1). TAG decreases sharply through-
out this period and free fatty acids (FFA) in-
crease some 4-fold from day 29 to day 36.
Diacylglycerol .(DAG) could not be resolved

consistently from cholesterol during the analyti-
cal procedure used with the latroscan in the
present study. However, examination of the
total lipid . by, TLC-densitometry revealed an
increase in DAG during this period, probably
underlying the increased percentage of choles-
terol/DAG recorded in Table 1 and Figure .1.
Combined with the decreasing lipid content of
the larvae (Table 1), these results suggest a
general mobilization. and utilization of baqth
polar and, increasingly, neutral lipids in these
starving larvae. )

The lipids of the yolk sac in newly hatched
(day 1) larvae show a class composition very
similar to the larval bodies (Table 2). However,
there are relatively high levels of lyso-PC and
FFAs in the yolk sac lipids, probably reflecting
the pattern of lipid mobilization at that time.
At this stage the yolk sacs are large and can

“account for up to 50% of the dry wt of the

larvae (19). By 4 days post-hatch (day 25 after
fertilization) the yolk sacs. are considerably
depleted of polar lipids, in particular PC and PE,
but of the neutral lipid classes, only cholesterol/
DAG decreases (Table 2). This, combined with
corresponding increases of these components in
the larval bodies (Table 2) and the increase of
PC, PE and cholesterol/DAG in the whole larvae
(Fig. 1) during this period, suggests movement
of intact biomembrane components from the

"yolk sac to the larval body. By this time the
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TABLE 2

Lipid Class Analyses of Separated Larval Bodies and Yolk Sacs at 1 Day and 4 Days Post-Hatch?@

Time after hatching (days)

1 4

Larval bodies Yolk sacs Larval bodies Yolk sacs
% Polar lipids "53.1 £2.6 57.5+2.8 55.0 £1.8 379+1.7
% Neutral lipids 46.9 £ 2.6 42.5+2.8 45.0 + 1.8 62.1 £1.7
Neutral classes (% total lipids)
Triacylglycerol 25.6 + 1.6 187+1.6 23.7 £ 0.6 33.3+2.4
Cholesterol/DAG 109 £ 0.7 6.1 £1.7 125 £ 0.4 4.3+0.7
Free fatty acids 2.7 +0.8 102+04 3.2 £0.5 12.3+1.8
Sterol esters 7.0 £ 1.4 75+t1.0 52 t04 92.7+1.0
Fatty alcohols 0.7 £04 N.D. 04 £0.2 2.5+1.0
Polar classes (% total lipid)
Phosphatidylcholine (PC) 40.1 + 3.0 40.1 £2.3 423 £2.1 33.5+1.1
Phosphatidylethanolamine 94 0.9 7.8+13 10.8 £1.7 1.9+0.8
Phosphatidylserine 1.5 £ 0.6 0.30.1
Phosphatidylinositol 1.0 £ 0.4 J2320s JRERTE 0.4 %01
Sphingomyelin 1.3 0.6 1.8%0.5 0.7 £ 0.2 0.7+0.3
Lyso - PC N.D. 55%1.4 N.D. 1.3+£0.5

2Asin Table 1.
N.D. = Not detected.

yolk sac has decreased generally to only 10-20%
of the total dry wt of the larvae (19), and the
total lipid content of the whole larvae has de-
creased also (Table 1). Therefore, significant
amounts of lipid are still being catabolized,
reflected in the continued presence of lyso-PC
and even higher levels of FFAs in the yolk
sac (Table 2).

Overall the results indicate that after fertili-
zation there is a very early, short period where
some neutral lipid is utilized, predominantly
FFA and TAG. Subsequent to this there is
overall, a preferential net consumption of a
single phospholipid class, PC, rather than neutral
lipid which is conventionally regarded as more
of an energy reserve than phospholipid. The
major result of this process is that PC, which in
the unfertilized eggs originally constituted
almost 90% of the total phospholipids, is
reduced by the time of yolk sac absorption to a
level where the composition of the phospholipid
pool is more characteristic of that found in
most biological membranes. The precise reasons
underlying the preponderance of PC in the
released eggs are not clear at the present time.
However, in addition to providing fatty acids,
utilization of PC provides inorganic phosphate
for intermediary metabolism including nucleic
acid synthesis as well as choline for, possibly,
Cl (methyl) metabolism (20) and neurotrans-
mission, The 2-fold increase in TAG during
embryonic and early larval development suggests

LIPIDS, VOL. 20, NO. 2 (1985)

that this lipid is preferentially retained up until
yolk sac absorption, when it becomes an impor-
tant energy source for the larvae until feeding
commences,

The results presented here show net con-
sumption of the polyunsaturated fatty acid-rich
(4) phospholipid PC during embryonic and
early larval development in Atlantic herring.
One possible consequence of this strategy could
be the catabolism of essential polyunsaturated
fatty acids, deposited and concentrated in the
eggs, that would have been expected to be con-
served for biomembrane formation, The fatty
acid compositions of the polar and neutral lipid
fractions throughout embryonic and early larval
development in Atlantic herring are the subject
of a further report (21).
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ABSTRACT

The triacylglycerols of very low density lipoproteins (VLDL) and of chylomicrons were analyzed
in the fasting and postabsorptive states from normolipemic subjects and patients with Frederickson’s
Type II hyperlipoproteinemia, who subsisted on free choice diets, standard diets excluding lard, or
were given a breakfast enriched in lard. The VLDL and chylomicrons were obtained by conventional
ultracentrifugation, and the triacylglycerols were isolated by thin-layer chromatography (TLC).
Representative sn-1,2-, sn-2-3- and sn-1,3-diacylglycerols were generated by partial Grignard degrada-
tion of the triacylglycerols and a stereospecific hydrolysis by phospholipase C of the mixed sn-1,2(2,3)-
diacyl phosphatidylcholines prepared as intermediates. Representative sn-2-acylglycerols were ob-
tained by hydrolysis with pancreatic lipase. Positional distribution of the fatty acids was established
by subtracting in tum the fatty acid composition of the sn-2-position from the fatty acid composition
of the sn-1,2- and sn-2,3-diacylglycerols. The molecular association of the fatty acids in the diacyl-
glycerol moieties was determined by gasliquid chromatography with mass spectrometry (GC/MS) of
the tertiary-butyldimethylsilyl (t-BDMS) ethers. The molecular association of the fatty acids in the
triacylglycerols was determined by 1-random 2-random 3-random calculation following experimental
validation of the distribution. The results confirm a marked asymmetry in the positional distribution
of the fatty acids in all triacylglycerol samples, with the palmitic acid predominantly in the sn-1-posi-
tion, the unsaturated acids about equally divided between the sn-2- and sn-3-positions, and the stearic
acid divided about equally between the sn-1- and sn-3-positions. The overall structure of the VLDL
and chylomicron triacylglycerols from patients and control subjects was characterized by a non-

correlative distribution of fatty acids under all dietary conditions.

Lipids 20:90-101, 1985.

INTRODUCTION

Previous studies of the composition (1-5)
and stereospecific distribution (2-4) of fatty
acids in the VLDL-TG and total plasma TG
have shown significant differences between
patients with hyperlipoproteinemia and normo-
lipemic subjects. Thus, Gordon et al. (3) have
reported that Type Il patients and normal
subjects on a controlled diet differ in the
asymmetry of distribution of linoleic acid in
the sn-1- and sn-3-positions of the VLDL and
LDL, while structural analyses of plasma total
triacylglycerols by Parijs et al. (2,4) have shown
statistically significant differences between
normal subjects and Type IV patients for
palmitic and linoleic acids in the sn-2-, and for
oleic acid and linoleic acid at the sn-3-position,
when subsisting on free choice diets. Recently
we have determined the positional distribution
of the fatty acids in the triacylglycerols and the
molecular association of the fatty acids in the
sn-1,2(2,3)- and sn-1,3- diacylglycerols of
VLDL of normal subjects and patients with
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Type III and Type IV hyperlipoproteinemia
(6). Although we confirmed the overall asym-
metry of distribution of the fatty acids, in al}
triacylglycerol samples, we could not obtain
any evidence for significant differences in the
positional distribution or molecular association
of the fatty acids between the normal subjects
and patients. In all instances the triacylglycerol
structures agreed closely with those calculated
on the basis of the l-random 2-random 3-
random -distribution. In the present study we
have compared the structures of the VLDL and
chylomicron triacylglycerols from normal sub-
jects and patients with Type II hyperlipopro-
teinemia on free choice and controlled diets, as
well as following a lard challenge. The results
confirm the high asymmetry of the triacyl-
glycerols in the VLDL and chylomicrons of
both normal subjects and patients, but fail to
show structural differences following correction
for discrepancies in the fatty acid composition.
It is concluded that patients with hyperlipo-
proteinemia synthesize and secrete triacyl-
glycerols of apparently normal molecular struc-
ture. A preliminary report has appeared (7).



PLASMA TRIACYLGLYCEROL STRUCTURE

MATERIALS AND METHODS

Standards

Purified synthetic sn-1,2-, sn-2,3- and sn-
1,3-diacylglycerols containing the common
fatty acids were available from a previous study
(8). Reference fatty acid methyl esters, syn-
thetic triacylglycerols and diacylphosphatidyl-
cholines were obtained from Supelco, Belle-
fonte, Pennsylvania. Phospholipase C (Clostri-
dium perfringens) was from Sigma Chemical
Co., St. Louis, Missouri. The chemical reagents
and solvents were as described previously (6).

Subjects and Samples

The plasma samples were obtained from 4
normolipemic subjects and 4 patients (30-59
years old) with Type II hyperlipoproteinemia at
St. Michael’s Hospital Lipid Clinic, Toronto,
Ontario. The type of hyperlipoproteinemia of
each patient was established on the basis of
clinical and biochemical criteria published by
the Lipid Research Clinics Program (9). The
subjects and patients were taken off all lipid
lowering medication and therapeutic diets.
They were instructed to follow a free choice
diet for one month and were seen at weekly
visits for fasting blood samples, weight checks
and diet interviews (Visit 1). After determining
each individual’s energy intake, the subjects
were placed on a standardized diet for 2 weeks
(Visit 2). The diet consisted of 45% of energy
as fat, 40% as carbohydrate and 15% as protein.
The fat.intake came entirely from beef, chicken,
eggs, olive oil, butter and 2% milk. Hydrogen-
ated, highly polyunsaturated fat and long chain
fatty acids were avoided. The chicken, beef and
olive oil were weighed and measured by the
dietitian, and these foods, as well as rye and
Italian bread, were given to the subjects for the
2-week period. The subjects were asked to
abstain from alcohol during this period. Blood
samples (20 ml) were taken after a 12-hr fast
at 7,10 and 14 days, and the subjects’ compli-
ance to diet and weights were checked at each
visit. On the final day of the 2-week period,
following a fasting blood sample, the subjects
ate a special 1300-calorie breakfast containing
74 g of fat from a standard lard obtained from
a single batch (Visit 3). A second blood sample
was. taken 4 hr after the breakfast. The blood
samples were not pooled.

Preparation of Lipoproteins

The chylomicron, VLDL, LDL and HDL
fractions were isolated essentially according to
Hatch and Lees (10), as described in detail pre-
viously (11). The identity of the lipoproteins
was confirmed by determination of protein and
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FIG. 1. Total lipid profiles of VLDL and chylo-
microns from representative control subjects and
patients with Type II hyperlipoproteinemia. A, VLDL
of control subject; B, VLDL of Type II patient; C,
Chylomicrons of control subject; D, chylomicrons of
Type II patient. Peak 27, TMS ether of cholesterol;
Peak 30, tridecanoylglycerol internal standard; Peak
34, TMS ether of palmitoylsphingosine; Peaks 36-40,
TMS ethers of diacylglycerols of a total of 34-38 acyl
carbons; Peaks 43-45, cholesteryl esters of fatty acids
with a total of 16-18 acyl carbons; Peaks 48-56, tri-
acylglycerols with a total of 48-56 acyl carbons. Sam-
ple size: 1 ul of an approximately 1% solution in
silylation mixture. Attenuation: 100 times full sensi-
tivity. Other operating conditions as given in text. )

the total lipid profile. The protein concentra-
tion in the lipoprotein fractions was determined
by the method of Lowry et al. (12), using
bovine serum albumin as standard. The prepara-
tions of chylomicrons and the VLDL were
extracted with diethyl ether after the color
development. The total lipid profiles of the dif-
ferent lipoprotein classes were determined as
described previously (11). Figure 1 gives the
total lipid profiles of the VLDL and chylo-
micron fractions of representative control sub-
jects and patients with Type I hyperlipopro-
teinemia.

Analysis of Lipids

Total lipid extracts of the various lipopro-
tein fractions were obtained by a modification
of the method of Folch et al. as previously
described (11). The triacylglycerols were iso-
lated by preparative TLC on silica gel H plates
with petroleum ether (b.p. 30-60 C)-diethyl
ether (150:20, v/v) as the developing solvent.
About 5-15 mg of triacylglycerol were ob-
tained. Stereospecific analyses of the total tri-
acylglycerols were performed according to
Myher and Kuksis (13). Mixed sn-1,2(2,3)
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diacylglycerols were generated by a partial
Grignard degradation of the triacylglycerols as
described by Yurkowski and Brockerhoff (14),
but the proportions of the sample and reagents
were scaled down for 'smaller quantities of
material (13). The diacylglycerols resulting
from the reaction were isolated by TLC using
borate-impregnated silica gel G and chloroform-
acetone (97:3, v/v) as the developing solvent to
give pure sn-1,2(2,3) and sn-1,3-diacylglycerols
(15). The mixed sn-1,2(2,3)-diacylglycerols
were converted into the sn-1,2(2,3)-diacyl-
phosphatidylcholines using a modification of
the original procedure of Baer and Kindler (16).
The mixed diacylphosphatidyicholines were
purified and isolated by TLC using silica gel H
and chloroform-methanol-acetic acid-water (25:
45:12:6, v/v/v[v) as the developing solvent
(17). The sn-1,2- and sn-2,3-diacylglycerols
were released from the mixed phosphatidylcho-
lines by stepwise hydrolysis with phospholipase
C as previously described (13). The released
sn-1,2- and sn-2,3-diacylglycerols were purified
separately by TLC on borate impregnated
silica gel G and were recovered and used for the
determination of the composition and molecu-
lar association of the fatty acids as described
below. The fatty acid composition of the 2-
monoacylglycerols was obtained independently

J.J. MYHER, A. KUKSIS, W.C. BRECKENRIDGE, V. MCGUIRE AND J.A. LITTLE

by hydrolysis of triacylglycerols with pan-
creatic lipase (18), using a diethyl ether-ex-
tracted porcine pancreatic lipase, tristhydroxy-
methyl)-aminomethane buffer and gum Arabic
(Analabs, North Haven, Connecticut). The
monoacylglycerols were isolated by TLC on
borate impregnated silica gel G with chloro-
form-acetone (88:12, v/v) as the developing
solvent (15). Intact triacylglycerols and diacyl-
glycerol-t-BDMS ethers were resolved according
to their acyl carbon number by GLC on 3%
OV-1 (19). The molecular species of the various
diacylglycerol preparations were determined by
GC/MS of their t-BDMS ethers as previously de-
scribed (20,21). The t-BDMS ethers were pre-
pared by reacting the diacylglycerols with ter-
tiary-butyldimethyl chlorosilaneimidazole rea-
gent (Applied Science Laboratories, State
College, Pennsylvania) at 80 C for 20 min (20).
Before GLC, the t-BDMS ethers of diacyl-
glycerols were purified by TLC using toluene-
diethyl ether (97:3, v/v) as the developing
solvent. Fatty acid methl esters were analyzed
on conventional GLC columns packed with
10% EGSS-X and 3% SILAR 5CP as previously
described (22). The fatty acid methyl esters
were prepared using 6% H, SO, in absolute
methanol or 1IN NaOMe in methanol-benzene
(60:40, v/v) as the catalyst.

TABLE 1

Fatty Acid Composition of VLDL and Chylomicron* Triacylglycerols of Control Subjects

and Patients with Type

II Hyperlipoproteinemia

Fatty acids

Subjects

Diets 14:0 16:0 16:1 18:0 18:1 18:2 18:3/20:1 20:3/20:4
Mole %
Controls
L1858 FC 2.8 26.2 4.6 2.0 22.6 29.7 1.4 0.8
L1690 ¥C 1.6 26.7 4.4 5.5 41.0 18.1 1.8 0.9
L1689 FC 2.0 31.3 4.7 2.8 41.4 16.1 1.2 0.5
Type I1
L1899 FC 1.0 27.7 5.6 2.2 404 19.9 1.0 1.0
M0009 FC 1.0 26.1 3.6 2.6 37.0 26.1 1.4 1.0
M0010 FC 1.7 28.6 4.4 2.4 37.2 219 1.5 1.3
Controls
L1824 LD 1.5 32.2 3.6 5.6 42.7 12.6 1.2 0.7
L1825 LD 1.5 29.3 4.7 4.5 44,3 13.6 1.4 0.8
L1824* LD 1.5 27.9 3.4 10.0 43.5 114 1.2 1.0
L1825* LD 1.7 26.3 3.2 11.3 43.2 11.6 1.3 0.9
Type 11
L1924 LD 1.9 28.2 4.0 5.1 42.7 16.2 1.1 0.9
Mo0044 LD 1.1 26.2 3.2 2.5 39.8 234 1.2 1.3
M0046 LD 1.0 26.1 3.2 4.0 37.9 24.4 1.5 1.1
FC = free choice diets; fasting plasma.
LD = breakfast including lard; plasma 4 hr after meal.
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Calculations

The fatty acid composition of the sn-1- and
sn-3-positions were taken as the average values
calculated by 2 methods (13). The composition
of the sn-1-position was derived by subtracting
the composition of position 2 from that of the
sn-1,2-diacylglycerols and by subtracting the
composition of the sn-2,3-diacylglycerols from
the composition of the triacylglycerols. Simi-
larly, the composition of the sn-3- position was
derived by subtracting the composition of
position 2 from that of the sn-2,3-diacyl
glycerols and by subtracting the composition
of the sn-1,2-diacylglycerols from the compo-
sition of the triacylglycerols. Theoretical com-
positions of triacylglycerols and diacylglycerols
were calculated on the basis of l-random 2-
random 3-random distribution (8), which
assumes that the fatty acid composition of each
position of the acylglycerol molecule is in-
dependent of the composition of the other 2
positions. The corresponding carbon number
and double bond number proportions of the
triacylglycerols and sn-1,2-, sn-2,3- and sn-1,3-
diacylglycerols were calculated by summing and
normalizing the appropriate products of multi-
plication. The determined fatty acid composi-
tions of the various diacylglycerols and of the
total ftriacylglycerols were cross-checked by
appropriate algebraic methods using various
combinations of the fatty acid composition of
the mono-, di- and triacylglycerols as outlined
previously (13,23,24). An index of nonrandom-
ness (INR) of distribution of molecular species
of diacylglycerols was computed (6) by the
formula

INR = X (Expt. — Calc.)?

where Expt. and Calc. are the experimentally
determined and the calculated compositions of
the molecular species, and the summation is
made over the entire series of molecular species.
A value close to zero indicates a complete
randomness. Duplicate analyses of a complex
mixture of natural diacylglycerols give INR
values of 0-20. Values exceeding twice the error
of determination were considered significantly
different from the calculated distribution (6).

RESULTS

Analysis of Total Triacylglycerols

Table 1 gives the fatty acid composition of
the triacylglycerols recovered from the VLDL
fractions of 3 control subjects and patients with
Type 11 hyperlipoproteinemia on a free choice
diet and of VLDL and chylomicron fractions of
two control subjects and patients after a break-

fast containing large amounts of lard. The fatty
acid compositions are closely similar among the
triacylglycerols of both lipoprotein classes of
all the subjects despite the lack of deliberate
dietary control, except .for control subject
L1858, whose VLDL triacylglycerols were
much richer in 18:2 and poorer in '18:1 than
the corresponding samples from other subjects.
There was also a significantly higher proportion
of 18:0 in the chylomicron triacylglycerols
when compared to the VLDL triacylglycerols
of the same subjects. We have shown elsewhere
(11) that the fatty acid composition of the
VLDL triacylglycerols is closely similar to that
of the LDL and any HDL triacylglycerols of the
same subject. However, the fatty acid composi-
tion of the chylomicron triacylglycerols usually
differs significantly from that of the VLDL tri-
acylglycerols.

Table 2 gives the carbon number distribution
of the VLDL and chylomicron triacylglycerols
for the control subjects and patients with
Type 11 hyperlipoproteinemia. All samples con-
tain the bulk of the molecular species in the
form of Cs, triacylglycerols, which represént
combinations of one C;4 with two C;g acids.
The Cso and Csq species are made up of two

TABLE 2

Carbon Number Distribution in Triacylglycerols
of VLDL and Chylomicrons* from Normolipemic
Subjects and Patients with Type II
Hyperlipoproteinemia

Carbon numbers

Subjects Diets 46 48 50 52 54 56
Controls

L1689 FC 0.8 4.1 203 61.2 12.8 0.5

L1690 FC 0.6 4.3 183 54.1 20.8 1.9

L1858 FC 0.6 44 17.5 593 16.3 1.9
Type I1

L1899 FC 0.4 2.8 182 589 174 23

M0009 FC 0.2 1.9 13.7 59.8 21.7 2.7

MO00O10 FC 0.4 3.2 167 582 189 25§
Controls

L1824 LD 0.1 2.5 174 627 14.7 2.7

L1825 LD 0.2 2.8 17.9 599 17.0 2.2

L1824% LD 0.3 33 181 503 250 3.0

Li1825% LD 0.5 3.5 182 483 26.8 2.8
Type I1

M0044 LD 0.3 2.2 146 60.0 20.5 2.5

MO046 LD 0.3 2.3 150 597 205 23
Controls

L1822 Ch 0.3 3.2 19.2 57.1 179 24

FC = free choice diet, fasting plasma.
LD = breakfast with lard, plasma 4 hr after meal.
CD = controlled diet, fasting plasma.
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TABLE 3

Positional Distribution of Fatty Acids in VLDL and Chylomicron* Triacylglycerols
of Control Subjects and Patients with Type Il Hyperlipoproteinemia

Fatty acids

Sn-position Diet 14:0 15:0 16:0 16:1 17:0 18:0 18:1 18:2 18:3 20:3 20:4
Moles %
Controls
L1822 CD
1 3.0 1.1 62.8 5.5 1.1 5.5 15.9 3.6 1.6
2 0.8 0.3 12.8 4.8 0.4 2.8 60.8 14.9 1.1 o1 1.2
3 1.0 0.2 8.9 2.9 0.1 4.2 64.3 14.5 2.9 06 0.6
L1824 LD
1 2.5 69.7 3.5 8.1 12.1 2.8 06 0.1 0.4
2 1.6 21.2 5.0 3.3 50.2 17.3 0.9 001 0.5
-3 0.3 5.7 2.3 5.3 65.7 17.6 2.1 03 0.8
L1824% LD
1 1.9 40.7 3.1 16.9 29.7 6.0 1.0 0.6
2 1.8 33.2 4.3 4.8 41.1 134 0.9 0.4
3 0.8 9.8 2.8 8.5 59.6° 177 1.8 0.6 1.4
L1825% LD .
1+3 1.4 19.4 2.5 14.6 417.5 11.6 1.6 0.2 1.2
2 2.3 41.6 4.7 4.6 344 14.7 0.7 - —
Type 11
L1899 FC
1 2.0 0.6 63.5 6.9 0.5 3.6 15.5 6.4 1.0 - -
2 1.0 0.2 12.4 6.4 0.2 1.6 51.2 24.9 1.0 0.1 1.1
3 0.4 0.1 8.3 3.6 0.03 2.1 55.4 26.0 22 04 1.3
M0009 FC
1 2.0 0.7 63.2 5.2 0.7 4.8 15.1 7.1 1.3 - -
2 04 - 0.1 7.7 3.6 0.1 1.2 44.4 39.7 1.4 0.2 1.3
3 0.6 0.1 7.8 1.9 0.2 2.6 51.6 31.3 2.5 0.6 1.1
MO0010 FC
1 3.2 0.7 67.0 5.5 0.7 3.8 12.7 5.5 1.1 - -
2 0.9 0.3 8.3 5.2 0.1 1.8 49.3 30.8 1.6 0.3 1.3
3 0.9 10.7 2.6 0.1 2.8 51.5 26.5 2.8 0.5 1.6
M0044 LD
1 2.0 0.5 62.7 4.1 0.6 5.0 16.6 6.0 1.5 0.1 0.9
2 1.1 0.4 12.2 4.1 0.1 1.5 44,4 34.5 0.8 0.3 0.8
3 0.4 0.3 3.6 1.3 0.2 2.0 58.0 29.5 2.7 0.3 1.7
M0046 LD
1 1.9 0.3 57.7 4.0 0.6 7.6 17.4 8.2 1.5 0.1 0.7
2 0.8 0.6 16.1 3.2 0.2 1.9 42.8 33.4 0.5 0.1 0.5
3 0.4 0.1 43 24 0.2 34 53.2 31.5 2.8 0.5 1.4

FC, CD and LD as explained in Table 2.

Ci¢ and one Cyg acids, and of three Cyg acids,
respectively, and also contribute significant
proportions of mass to the total triacylglyc-
erols. Smaller amounts of species of C4 and
C,4s triacylglycerols also are seen. These repre-
sent mainly combinations of one Cy4 with two
Cy¢, and three Ciq acids, respectively. The
VLDL triacylglycerols possess similar carbon
number profiles for all subjects, which must be
due to the consumption of more or less similar
diets by these subjects. The consumption of a
single meal of lard brings about little change in
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the overall distribution of the carbon numbers
of the VLDL triacylglycerols. The carbon num-
ber distribution of the chylomicron triacyl-
glycerols, however, has been altered markedly,
resulting in a significant reduction in the pro-
portion of the Cs, triacylglycerols and an
increase in the Csq triacylglycerols, when com-
pared with the corresponding VLDL triacyl-
glycerols. These changes apparently reflect the
presence of increased amounts of dietary stearic
acid as already noted in Table 1. ‘

Table 3 gives the positional distribution of
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TABLE 4

Relative Distribution of Fatty Acids in the sn-1, sn-2- and sn-3-positions of VLDL
and Chylomicron* Triacylglycerols from Normal Subjects and Patients
with Type II Hyperlipoproteinemia

Sn-position

Sn-position

Subjects/ -
Patients Diet 1- 2- 3- 1- 2- 3-
Moles %
18:1 18:2
Controls
L1822 CD 11.3 43.1 45.6 11.0 45.2 43.7
L1824 LD 9.5 39.2 51.3 7.5 45.8 46.6
L1824%* LD 22.8 31.5 45.7 17.6 39.3 43.1
Type II
M0009 FC 13.6 40.0 46.5 9.1 50.8 40.1
Mo0010 FC 11.2 43.4 45.4 - 8.7 49.1 42.2
L1899 FC 12.7 41.9 45.4 11.1 43.5 45.4
M0044 LD 14.0 37.3 48.8 8.6 49.2 42.1
M0046 LD 15.4 37.7 46.9 11.1 45.7 43.2
16:0 16:1
Controls
L1822 CD 74.3 15.2 10.5 41.4 36.0 21.8
L1824 LD 72.1 22.0 5.9 32.4 46.5 21.1
L1824*% LD 48.6 39.6 11.7 30.7 42.3 27.0
Type 11
M0009 FC 80.3 9.8 9.9 46.7 33.5 17.8
M0010 FC 77.9 9.6 12.4 41.2 39.2 19.7
L1899 FC 75.4 14.8 9.8 40.6 38.1 21.3
Moo044 LD 79.8 15.6 4.6 43.3 43.4 13.3
M0046 LD 73.9 20.6 5.5 42.3 33.1 24.6
18:0 18:3
Controls
L1822 CD 46.7 18.8 34,4 32.1 16.0 52.1
L1824 LD 48.8 19.6 31.5
L1824%* LD 55.9 16.0 221
Types II '
M0009 FC 58.5 10.9 30.6 26.1 26.9 47.0
M0010 FC 47.1 18.0 34.8 27.2 26.3 46.7
M1899 FC 49.1 184 32.2 23.1 27.9 48.7
M0044 LD 62.1 12.7 25.2 23.1 10.4 66.4
M0046 LD 61.3 12.6 26.1 11.0 8.8 80.2
14:0 18:3/20:1
Controls
L1822 CD 63.1 16.2 20.7 32.1 15.9 52.0
Type I1.
M0009 FC 66.0 14.7 19.3 26.1 26.9 47.0
M0010 FC 63.6 18.6 17.8 27.2 26.2 46.6
L1899 FC 58.9 28.6 12.5 23.1 28.0 48.9
M0044 LD 62.1 24.8 131 32.2 18.8 49.0
M0046 LD 58.0 30.6 11.4 35.0 10.6 54.4

Abbreviations as explained in Table 2.

fatty acids in the VLDL and chylomicron tri-
acylglycerols of the control subjects and
patients with Type II disease. The distribution
.of the fatty acids is highly asymmetrical in all
VLDL and chylomicron samples, which con-

firms the results of previous analyses (3). The
sn-1-position is occupied largely by palmitic
acid, while the sn-2- and sn-3-positions are
preferentially esterified with oleic and linoleic
acids in about equal proportions. The amount

LIPIDS, VOL. 20, NO. 2 (1985)



96

A 34 B 36 c

Lsf‘i

J.J. MYHER, A, KUKSIS, W.C. BRECKENRIDGE, V. MCGUIRE AND J.A. LITTLE

| D 36 £ 34 F

36

T e UV

34
2

RN

FIG. 2. Carbon number profiles of sn-1-2- and sn-2,3-diacylglycerol moieties of VLDL triacylglycerols of a
control subject and a patient with Type II hyperlipoproteinemia. A, sn-1,2-diacylglycerols of control subject;
B, sn-2,3-diacylglycerols of control subject; C, sn-1,2-diacylglycerols of Type II patient; D, sn-2,3-diacylglycerols
of Type 11 patient; E, sn-1,2-diacylglycerols of the same patient after a lard meal; F, sn-2,3-diacylglycerols of the
same patient after a lard meal. Peaks 30-40, TMS ethers of diacylglycerols with a total number of 28-38 acyl
carbons. GLC conditions as given in text. Meals and diacylglycerol preparations as described in text.

of stearic acid is only slightly greater in the sn-1
position than in the sn-3 position of the glyc-
erol molecule. There are no major consistent
differences found in the positional distribution
of the fatty acids in the VLDL triacylglycerols
between control subjects and Type II patients.
Table 4 shows the per cent distribution of
the major and some minor fatty acids in the 3
positions of sn-glycerol. Although the diet
affects the total content and quantitative posi-
tional distribution of a given fatty acid, it has
much less influence upon the overall structure
of the triacylglycerol molecules, with the rela-
tive distributions of the fatty acids among the 3
positions of the glycerol molecule remaining
little affected. A similar distribution is seen for
the fatty acids in the chylomicron samples,
except for an elevation of palmitic acid in
position-2. Gordon et al. (3) had reported pre-
viously that the VLDL-TG of control subjects
and of Type II patients contained about 5% of
the 18:2 in sn-l-position and 40% in sn-3-
position, which is of the order observed here,

Analyses of Derived Diacylglycerols

Figure 2 compares the carbon number dis-
tribution in the sn-1,2- and sn-2 3-diacylglyc-
erol moieties of the triacylglycerols of VLDL
and chylomicrons from representative subjects.
The marked differences in the patterns reflect
the overall asymmetry of the fatty acid distri-
bution in the triacylglycerols. Table 5 gives the
calculated and determined distribution of the
sn-1,2-diacylglycerols derived from the VLDL
triacylglycerols of the control subjects and
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patients with Type II disease along with the
theoretical composition obtained by the 1-
random 2-random 3-random distribution. There
is a reasonably close agreement between the
experimental and the calculated composition
of the sn-1,2-diacylglycerols of both control
subjects and patients, although the non-ran-
domness indices (INR) in 2 instances exceed
-significantly the values observed for replicate
analyses of the same sample. Likewise, there
were significant differences between the calcu-
lated and determined compositions of the
sn-1,2-diacylglycerol moieties of the VLDL
and chylomicron triacylglycerols (results not
shown). Apparently, the fatty acids are esteri-
fied to each position of the glycerol molecule
on the basis of their relative masses without
regard for the composition of the other posi-
tions. It should be noted, however, that in case
of the chylomicrons, the non-correlative distri-
bution refers to the random reesterification of
the sn-2-monoacylglycerols or of the sn-2,3-
diacylglycerols with the fatty acids in the sn-1-
position (23), while in the VLDL of hepatic
origin, the non-correlative distribution would
refer to the independent acylation of the sn-1-
and sn-2-positions of the glycerol phosphate.
Table 6 shows the calculated and determined
composition of the molecular species of the sn-
2,3-diacylglycerol moieties of the correspond-
ing triacylglycerols. Again, the indices of non-
randomness in 2 instances exceed several times
the values observed for duplicate analyses of
the same sample. In most instances, however,
the indices are within the range of duplicate
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TABLE 5
Molecular Species of sn-1,2-diacylglycerols Derived from VLDL Triacylglycerols
of Normal Subjects and Patients with Type II Hyperlipoproteinemia

L1822% L1899%* MO0009** MOO1O** MO0044*** MO0046***
Molecular
species Exptl. Calc. Exptl. Calc. Exptl. Calc. Exptl. Calc. Exptl. Calc. Exptl. Calc.

Mole %

30:0 1.2 0.9 0.8 0.9 0.5 0.4 1.0 0.9 0.8 0.9 0.7 0.7
30:1 0.3 0.2 0.6 0.2 0.3 0.1 0.5 0.2 0.3 0.1 0.3 0.1
32:0 7.8 8.2 1.3 8.0 4.2 4.9 5.3 5.8 5.8 7.7 5.6 9.4
32:1 6.9 5.7 7.1 6.1 5.2 3.6 6.0 5.6 4.4 4.2 4.3 3.4
32:2 0.9 0.7 0.8 1.0 0.7 1.0 1.7 1.3 1.2 0.9 1.2 0.8
34:0 2.7 1.9 - 1.2 1.8 0.9 0.3 1.2 1.8 1.2 3.5 2.1
34:1 46.1 40.6 43,8 34.8 33.7 29.4 36.1 34.3 34.3 30.1 31.2 27.8
34:2 14.1 14.0 19.7 21.1 27.8 28.4 25.8 24.5 26.0 24.8 25.6 22.9
34:3 0.8 1.7 1.7 2.8 1.9 3.1 3.4 2.8 1.2 2.2 1.7 2.1
36:0 - 0.1 0.1 0.04 — 0.04 0.1 0.1 0.3 . 0.1 0.2 0.1
36:1 3.3 3.4 1.3 1.8 2.9 2.1 1.9 1.9 2.1 23 2.6 3.5
36:2 14.1 10.5 9.6 8.8 8.5 8.6 7.8 7.4 9.0 9.1 8.6 10.1
36:3 0.9 4.7 4.4 7.3 7.6 9.2 6.3 6.9 7.4 8.6 7.5 9.4
36:4 - 2.4 1.0 2.8 1.9 4.3 1.4 3.3 2.3 34 3.5 3.8
36:5 — 0.3 0.7 0.3 1.5 0.4 1.3 0.4 1.2 0.5 0.9 0.5
38 (total) 0.9 0.4 - - 1.5 0.4 1.3 0.4 2.0 1.1 1.9 0.9
INR 67 100 35 13 28 51

*Control subject, controlled diet (CD).
**Type II patients, free choice diet (FC).
**%Type II, patients, breakfast with lard (LD).

analyses and suggest that the calculated and
determined distributions of the sn-2,3-diacyl-
glycerols are identical. Therefore, the fatty
acids have been esterified to each position of
the glycerol molecule independently of the
fatty acid composition of any other position.
In the case of the chylomicrons (results not
shown), the non-correlative esterification refers
again to the molecular association of the sn-2-
acylglycerols or of the 1,2-diacyliglycerols and
the fatty acids entering the sn-3- position (23),
while in the VLDL of hepatic origin the associa-
tion would concern the 1,2-diacylglycerols
originating from the phosphatidic acid pathway
and the free fatty acids entering the sn-3-
position.

A comparison of the molecular species calcu-
lated for the sn-1,2- and sn-2,3-diacylglycerol
moieties, using the l-random 2-random and
2-random 3-random method, indicated marked
differences in the proportion of the species
representing the reverse isomers. These differ-
ences were seen for the VLDL and chylomicron
triacylglycerols of both control subjects and
patients and were a result of the overall asym-
metry of the fatty acid distribution in the tri-
acylglycerol molecules. In view of the close
agreement between the determined and calcu-
lated compositions of the species by carbon and

double bond number of the sn-1,2- and sn-2,3-
diacylglycerols (Tables 5 and 6), it may be con-
cluded that the calculated species provide a
correct account of the molecular association
and positional distribution of the fatty acids in
the diacylglycerol moieties of the triacylglyc-
erols for all samples of the control subjects and
patients. These distributions allow a complete
reconstitution of the original triacylglycerol
composition by calculation as shown below.

Reconstitution of Molecular Species
of Triacylglycerols

Since the experimental and calculated dis-
tributions for the sn-1,2- and sn-2,3-diacyl-
glycerol moieties of the triacylglycerols agreed
closely when compared on the basis of propor-
tions of the various unsaturation classes within
each carbon number, it was possible to derive a
valid approximation of the true composition of
the original triacylglycerols by means of the
l1-random 2-random 3-random calculation (24).
Table 7 gives the calculated compositions of the
major molecular species of VLDL triacylglyc-
erols from a control subject and a patient with
Type Il hyperlipoproteinemia. The molecular
species are arranged in order of increasing
double bond number within each carbon num-
ber, which are listed in order of increasing chain
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TABLE 6

Molecular Species of sn-2,3-diacylglycerols Derived from VLDL Triacylglycerols
of Normal Subjects and Patients with Type II Hyperlipoproteinemia

L1822* L1899** MO009** Mo0010*#* M0044**=* MOO46***
Molecular
species Exptl. Calc. Exptl. Calc. Exptl. Calc. Exptl. Calc. Exptl. Calc. Exptl. Calc.

Mole %

30:0 0.2 0.2 0.47 0.1 — — 0.1 0.2 0.1 0.1 0.1 0.1
30:1 0.2 0.1 0.1 0.1 0.1 0.1 0.1 - 0.0 - 0.0
32:0 1.1 1.2 0.9 1;1 0.4 0.6 0.8 0.9 0.6 0.0 1.’i 0.7
32:1 2.3 1.9 1.9 1.7 0.8 0.9 2.3 1.7 1.1 1.1 1.3 1.1
32:2 1.1 0.4 0.9 0.6 0.5 0.4 0.7 0.7 0.6 0.5 0.5 0.5
34:0 - 0.7 — 0.4 0.3 0.3 — 04 0.4 0.3 1.1 0.1
34:1 15.3 13.8 12.7 11.3 7.7 1.5 11.1 9.7 8.6 8.8 10.6 10.5
34:2 9.3 8.0 11.0 10.7 9.3 8.2 9.6 9.5 6.3 7.8 6.2 9.2
34:3 0.8 1.1 2.1 2.6 1.4 2.1 1.4 2.5 1.8 1.9 2.8 2.1
34:4 - 0.2 - 0.1 — - - - — - —
36:0 0.1 0.1 - 0.03 — 0.02 0.1 0.03 0.1 0.0 0.6 0.6
36:1 1.3 3.6 3.4 1.7 1.3 1.5 1.2 1.3 1.2 1.4 1.9 2.2
36:2 45.3 39.9 36.2 .29.2 26.0 24.1 26.4 26.5 27.1 26.7 23.0 24.3
36:3 13.5 18.5 21.2 27.2 31.3 34.5 26.8 29.1 334 33.2 31.4 31.4
36:4 5.3 4.4 3.5 8.0 10.4 14.0 10.0 10.1 9.5 11.6 9.9 11.9
36:5 0.5 0.6 — 0.7 4.2 1.2 2.2 1.0 3.1 0.9 3.5 0.9
38 (total) 45 2.3 49 2.7 53 3.1 5.3 1.2 47 2.0
INR 66 116 42 15 29 30

*Control subject, controlled diet (CD).
**Type II patients, free choice diet (FC).
***Type II, patients, breakfast with lard (LD).

length. Table 7 includes only the species con-
tributing more than 0.5% of the total VLDL-
TG in at least one of the samples. The 36 spe-
cies identified account for about 80% of the
total triacylglycerol mass of VLDL in each
instance. It is interesting to note that 16:0 18:1
18:1 species make up about 25% and 17% of
the total in the control subject and patient,
respectively, and that it is essentially one and
the same enantiomer type in both instances.
Likewise, the 16:0 18:2 18:1 species, which is
present to the extent of 6% and 11% in the con-
trol subject and the patient, respectively, is also
essentially one enantiomer. Therefore, the
marked asymmetry of the VLDL triacylglyc-
erols is due largely to the asymmetry of a few
major triacylglycerols.

DISCUSSION

Validity of Calculation of Molecular
Species of Triacylglycerols

The calculation of the molecular species of
triacylglycerols on the basis of the l-random
2-random 3-random distribution is justified by
the experimental demonstration of the exist-
ence of a non-correlative distribution of fatty
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acids in the sn-1,2- and sn-2,3-diacylglycerol
moieties of the original triacylglycerols. A fur-
ther experimental validation of the calculated
distribution is provided by the close agreement
between the calculated and the determined
composition of the sn-1,3-diacylglycerols, and
the close agreement between the triacylglycerol
compositions calculated from the sn-1,2-, sn-2,3-
and sn-1 3-diacylglycerol randomization with
the corresponding compositions of the fatty
acids in the sn-1-, sn-3 and sn-2-positions (6).
The l-random 2-random 3-random distribu-
tion is consistent with certain metabolic facts
about triacylglycerol biosynthesis and secretion
by animal and human liver. Thus, it is known
that acyltransferases exist, which are specific
for the sn-1- and sn-2-positions of sn-glycerol-
3-phosphate leading to the formation of phos-
phatidic acids with distinctly different comple-
ments of fatty acids in these positions (25,26).
Furthermore, final acylation of the sn-3-posi-
tion occurs independently of the fatty acid
composition of either the sn-1- or the sn-2-
position. It is also well known that the sn-3-
position of the triacylglycerol molecule is syn-
thesized last and that a fatty acid pool different
from that involved in the synthesis of the
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TABLE 7

Distribution of Molecular Species of Triacylglycerols in VLDL from a Normal Subject
and a Patient with Type 1I Hyperlipoproteinemia

Carbon Molecular Control subject Type 11 patient
number species® (L1822 CD) (M0010 FC)
Moles %

48:0 16:0 16:0 16:0 0.737 0.604
50:1 16:0 16:0 18:1 5.340 2.910
50:1 16:0 18:1 16:0 3.495 3.599
50:2 14:0 18:1 18:1 1.204 0.814
50:2 16:0 16:0 18:2 1.200 1.498
50:2 16:0 16:1 18:1 1.993 1.838
50:2 16:0 18:1 16:1 1.143 0.880
50:2 16:0 18:2 16:0 0.859 2.252
50:3 14:0 18:2 18:1 0.296 0.509
50:3 16:0 16:1 18:2 0.448 0.946
52:1 16:0 18:0 18:1 1.162 0.644
52:1 16:0 18:1 18:0 1.618 0.931
52:2 16:0 18:1 18:1 25.327 17.336
52:2 18:1 16:0 18:1 1.351 0.550
52:2 18:1 18:1 16:0 0.884 0.681
52:2 16:0 18:2 18:0 0.398 0.582
52:3 16:0 18:1 18:2 5.695 8.926
52:3 16:0 18:2 18:1 6.225 10.846
52:3 16:1 18:1 18:1 2.226 1.422
52:3 18:1 16:1 18:1 0.504 0.348
52:4 16:0 18:1 18:3 0.565 0.474
52:4 16:0 18:2 18:2 1.399 5.585
52:4 16:1 18:1 18:2 0.500 0.732
52:4 16:1 18:2 18:1 0.547 - 0.889
54:2 18:0 18:1 18:1 2.206 0.960
54:2 16:0 18:1 20:1 0.565 0.474
54:3 18:0 18:2 18:1 0.542 0.600
54:3 18:1 18:1 18:1 6.411 3.280
54:4 18:1 18:1 18:2 1.441 1.689
54:4 18:1 18:2 18:1 1.575 2.052
54:4 18:2 18:1 18:1 1.468 1.417
54:5 16:0 20:4 18:1 0.504 0.487
54:5 16:0 18:1 20:4 0.251 0.520
54.5 18:1 18:2 18:2 0.354 1.056
54:5 18:2 18:1 18:2 0.330 0.729
54:5 18:2 18:2 18:1 0.361 0.886

*Positions of enantiomeric
sn-2- and sn-3-position.

phosphatidic acid is utilized (27). Previously, a
non-correlative esterification of fatty acids in
the various glycerol positions had been claimed
by Slakey and Lands (28) for total rat liver
triacyliglycerols, which possess fatty acid com-
positions closely similar to those seen in the
VLDL and chylomicrons of man. Interestingly,
Wood-and Harlow (29) could not confirm the
findings of Slakey and Lands with rat liver
triacylglycerols, although a relationship of this
kind was found in tumor triacylglycerols (30).
In contrast, Christie and Moore (31) obtained
excellent agreement for a variety of pig tissues,
except the blood triacylglycerols. We also have

triacylglycerols read from left to right as follows: sn-1-,

shown a non-correlative distribution of fatty
acids for lard (13).

Effect of Diet on Triacylglycerol Structure

The structural analyses of the VLDL triacyl-
glycerols were performed on one or more
normolipemic subjects and one or more Type II
hyperlipoproteinemia patients after 2 weeks on
a free choice diet (Visit 1), after 2 weeks on a
standardized diet excluding lard (Visit 4) and
4 hr after a breakfast containing lard (Visit 5).
In all instances the triacylglycerol composition
was clearly consistent with a non-correlative
distribution of fatty acids. After the lard meal,

LIPIDS, VOL. 20, NO. 2 (1985)
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there was relatively more palmitic acid in the
sn-2-position and stearic acid in the sn-3-posi-
tion. Since lard contains a high proportion of
palmitic acid in the sn-2-position and since
this position is believed to survive intestinal
lipolysis, it would be anticipated that increased
proportions of palmitate in the sn-2-position of
the chylomicron triacylglycerols would be
found. The proportion of total palmitate in the
sn-2-position increased from about 10% to
nearly 40% after the lard meal. However, the
bulk of palmitate was still present in the sn-1-
position.” As a result relatively more oleate and
linoleate appeared in the sn-1-position, but the
bulk of these acids again was confined to the
sn-2- and sn-3-positions. On the basis of the
present results it is obvious that the composi-
tion and positional distribution of fatty acids in
the VLDL and chylomicron triacylglycerols is
affected by both the composition and posi-
tional distribution of the fatty acids in the diet.
The molecular association, however, remained
characteristic of the l-random 2-random 3-
random distribution.

Triacylglycerol Differences Among Normal Subjects
and Patients with Type Il Hyperlipoproteinemia

Theoretically, the VLDL triacylglycerols of
the control subjects and Type II patients sub-
sisting on free choice diets could have differed
in the overall composition of the fatty acids, in
the positional and stereospecific placement of
the fatty acids and in their molecular associa-
tion. These differences could have occurred
because of discrepancies in the uptake and
utilization of the individual dietary fatty acids
and monoacylglycerols, and in the relative
levels and activity of different acyltransferases,
and the relative overall activity of the different
metabolic pathways contributing to the bio-
synthesis of the triacylglycerols in the intestine
and in the liver (32). For similar reasons, there
could have been differences in the composition,
positional distribution and molecular associa-
tion of the fatty acids in the chylomicron tri-
acylglycerols between the normal subjects and
Type II patients, although chylomicrons are
produced only in the intestinal mucosa. In addi-
tion, differences in the composition, positional
distribution and even molecular association of
the fatty acids of the VLDL triacylglycerols
could have resulted from differences in the
positional and fatty acid specificity of lipopro-
tein and hepatic lipase, which convert the
chylomicrons into VLDL-like lipoproteins, and
VLDL into LDIL-ike or remnant particles
(33-35). As a result characteristic differences
could have been expected in the structure of
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plasma triacylglycerols as already reported by
Gordon et al, (3) for Type II patients and by
Parijs et al. (2,4) for Type IV patients. The
present results and the results of our previous
study (6), however, fail to establish the antici-
pated differences or to confirm the differences
claimed by previous investigators to exist
between normal subjects and patients with
hyperlipemia in the structure of their VLDL
and chylomicron triacylglycerols. These find-
ings tend to refute the possibility that differ-
ences exist in the relative positional placement
and molecular association of fatty acids of
plasma triacylglycerols between normolipemic
and hyperlipemic individuals.
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ABSTRACT

The metabolism of 4 dietary 24-alkylsterols was investigated in the freeliving nematode Caenor-
habditis elegans. The major unesterified sterols of C. elegans in media supplemented with either
campesterol, 22-dihydrobrassicasterol or stigmasterol included cholesta-5,7-dienol, cholesterol,
cholest-7-enol, and 4a-methylcholest-8(14)-enol. Dietary stigmastanol yielded cholest-7-enol, choles-
tanol, cholest-8(14)-enol, and 4a-methylcholest-8(14)-enol as major unesterified sterols. Esterified
sterols comprised less than 22% of the total sterol. Removal of a C-24 ethyl substituent of sterols was
neither hindered by the presence of a A*2-bond in the sterol side chain nor was it dependent on unsat-
uration in ring B of the steroid nucleus, C. elegans reduced a A?2-bond during its metabolism of
stigmasterol; it did not introduce a A%-bond during stigmastanol metabolism. C, elegans was capable of
removing a C-24 methyl substituent regardless of its stereochemical orientation. Metabolic processes
involving the steroid ring system of cholesterol (C-7 dehydrogenation, A%-reduction, 4a-methylation,
A‘(“’)-isomerization) in C. elegans were not hindered by the presence of a 24-methyl group; various
24-methylsterol metabolites from campesterol were detected, mostly 24-methylcholesta-5,7-dienol.
In contrast, no 24-ethylsterol metabolites from the dietary ethylsterols were found. More dietary
24-methylsterol remained unmetabolized than did dietary 24-ethylsterol. A 24a-ethyl group and a
24g-methyl group were dealkylated to a greater extent by C. elegans than was a 24a-methyl group,
perhaps reflecting the substrate specificity of the dealkylation enzyme system, or suggesting different

enzymes altogether,
Lipids 20:102-107, 1985.

INTRODUCTION

A structure-function relationship appears to
exist between sterols lacking a 24-alkyl substit-
uent and their occurrence in animals possessing
well-defined nervous systems (1,2). In nervous
tissue, these 24-desalkylsterols function as
membranous components, Although plants and
fungi are able to alkylate sterols at C-24, it is
generally accepted that animals do not possess
a C-24 alkylation mechanism. Animals that can
biosynthesize sterols de novo produce solely
24-desalkylsterols, whereas most of those inca-
pable of de novo sterol biosynthesis exhibit a
preference for 24-desalkylsterols. Such prefer-
ence is demonstrated either by an absolute
nutritional requirement for 24-desalkylsterols,
selective uptake from an exogenous sterol
mixture, or an ability to dealkylate 24-alkyl-
sterols,

The conversion of exogenous 24-alkylsterols
to cholesterol and/or other 24-desalkylsterol
metabolites is found in a number of inverte-
brate animals (3). These include the sea anemone
Calliactis parasitica and the oyster Ostrea
gryphea (4), the snail Omphalius pfeifferi (5),

*To whom correspondence should be addressed at

Insect Physiology Laboratory, Bldg. 467, BARC-East,
Belisville, MD 20705.
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,many but not all insects (6-8), and 2 free-living

nematodes, Turbatrix aceti (9) and Caenor-
habditis elegans (10-12). Sterol dealkylation at
C-24 also occurs in the protozoan Tetrahymena
pyriformis (13).

C. elegans has been utilized widely as a model
for studies of aging, genetics, embryological
development and biochemistry. Like many
invertebrates, nematodes are incapable of bio-
synthesizing sterols de novo (9,14-17) and
possess a nutritional requirement for sterol
(18-20). Both C. elegans and T. aceti are capable
of removing the C-24 ethyl group of sitosterol
(24a-~ethylcholest-5-en-33-0l) (9-12). This ability
does not extend to all nematodes; the animal
parasite Ascaris lumbricoides did not metabolize
injected sitosterol (15). ,

It is unknown whether C. elegans can deal-
kylate sterols that differ from sitosterol in their
C-24 alkyl group structure or stereochemical
orientation or in their nuclear or side chain
unsaturation. In the present study, C. elegans
was propagated in media individually supple-
mented with a variety of sterols differing from
sitosterol in one of the above structural features.
The resulting sterol compositions of the har-
vested nematodes were identified to determine
the extent of metabolism of these 24-alkyl-
sterols by C. elegans.



STEROL DEALKYLATION IN C. ELEGANS

MATERIALS AND METHODS

C. elegans was cultured axenically in a semi-
defined aqueous medium as previously described
(12) and supplemented with sterol at a concen-
tration of 25 ppm. The dietary sterols were:
campesterol (24a-methylcholest-5-en-38-o0l),
22-dihydrobrassicasterol (24f-methylcholest-5-
en-38-ol), stigmasterol (24a-ethylcholesta-5,22F-
dien-38-0l), and stigmastanol (24a-ethyl-Sa-
cholestan-38-0l). The purity of each sterol was
greater than 98% by gas liquid chromatography
(GLC). NMR analysis indicated that dihydro-

brassicasterol contained ca 25% of the 24a-

epimer campesterol (21),

Lipid extraction of lyophilized nematodes
harvested after 2 weeks (1-2 g dry wt) was per-
formed as before (12). Steryl esters were sepa-
rated from free sterols by chromatography of
the neutral lipid fraction (ca 90 mg)ona 13.0 ¢
column of silica gel 60 using the following elu-
tion scheme: a) 100 ml 10% benzene in hexane;
b) 50 ml 50% benzene in hexane; c¢) 100 mi
benzene; d) 50 m! chloroform;e) 50 ml diethyl
ether; f) 50 ml methanol. Fractions were mon-
itored by thin-layer chromatography in 2 solvent
systems of hexane/diethyl ether/acetic acid:
S; (80/20/1) and S, (98/2/1) using standards
of cholesterol (R¢:S;, 0.10; Sy, 0.03), choles-
teryl acetate (S, 0.50; S,,0.18), and cholesteryl
oleate (S, 0.68; S,, 0.38). The steryl ester
fraction (b+c) and the free sterol fraction (e)
each were saponified in 5% methanolic KOH
for 3hr at 70 C followed by isolation proce-
dures previously described (12): separation of
4-methylsterol and 4-desmethylsterol fractions,
acetylation and separation of steryl acetates by
argentation column chromatography.

Quantitative analyses were accomplished by
GLC. Final identifications were made by GLC,
gas chromatography-mass spectrometry (GC-MS)
and, for certain samples, UV spectroscopy (of
steryl acetates in hexane). GLC of free sterols
and steryl acetates was performed using 2
chromatographic systems: a coiled glass column

103

(2m x 2 mm ID) packed with 2.0% OV-17 (50%
phenyl-50% methyl silicone) at 250 C and a
fused silica capillary column (13.8 m x 0.25 mm
ID) with a 0.25 um film of DB-1 (bonded
methyl silicone) at 240 C. GC-MS was carried
out on a Finnigan model 4510 instrument
equipped witha 15m x 0.32 mm DB-1 capillary
column (0.25 um film). Other instrumental
details have been supplied previously (12).

RESULTS

Growth of C. elegans was neither stimulated
TABLE 3

GLC Analysis of Sterols from Caenorhabditis elegans

RRT2

Sterol acetate bB-1 0OV-17
Cholesta-5,7,9(11)-trienol 0.98 1.06
Cholest-8(14)-enol 0.99 1.02
Cholesterol 1.00 1.00
Cholestanol 1.02 1.02
Cholesta-5,7-dienol 1.10 1.17
Cholest-7-enol 1.13 1.18
24-Methylcholesta-5,7,9(11)-trienol  1.26 1.40
24-Methylenecholesterol 1.27 1.35
24-Methyicholesterol "1.29 1.32
24-Methylenecholesta-5.7-dienol 1.40 1.56
24-Methylcholesta-5,7-dienol 1.43 1.53
Stigmasterol 1.40 1.44
24-Methylcholest-7-enol 1.46 1.56
Stigmastanol 1.65 1.66
4a-Methylcholest-8(14)-enol 1.14 1.13

(1.17)b (1.16)
4a-Methylcholest-7-enol 1.27 1.31

(1.31)b (1.35)b
4a,24-Dimethylcholest-8(14)-enol 1.47 1.48

(1.51)P (1.52)P
4a,24-Dimethylcholestanol ; 1.5

51 1.48
(1.55)0 (1.52)b

ARRT = Retention time of sterols as acetate deriv-
atives relative to cholesteryl acetate under chromato-
graphic conditions as described in Experimental
Conditions.

bRetention time of sterols as free alcohol relative
to cholesterol.

TABLE 1

Lipid and Sterol Content of Caenorhabditis elegans
Propagated with Different Dietary Sterois2

Total lipid

Dietary sterol (% of dry wt)

Total sterol
(% of dry wt)

Esterified sterol
(% of total sterol)

Campesterol 18.7
Dihydrobrassicasterol 18.4
Stigmasterol 19.0
Stigmastanol 18.7
Sitosterol 18.3

0.12 15.9
0.10 21.3
0.11 17.1
0.14 7.3
0.13 13.3

8Sitosterol data were reported previously (11).
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TABLE 2 .

Sterol Composition (as relative percentages) of Free Sterol (FS) and Steryl Ester (SE) Fractions
from C. elegans Propagated with Different Dietary Sterols?

Dietary sterolb

Dihydro-

Campesterol brassicasterol Stigmasterol  Stigmastanol  Sitosterol
Recovered sterol FS SE FS SE FS SE FS SE FS SE
Unmetabolized dietary sterol 35.8 533 242 317 205 219 142 30.1 16.7 316
Cholesta-5,7-dienol 294 109 45.0 21.5 55.6 26.5 - - 66.5 30.5
Cholesterol 3.9 3.7 1 8.5 8.6 11.3 -~ - 6.7 9.3
Cholest-7-enol 3.7 1.8 .5 1.6 3.9 9.4 68.3 28.6 4.4 3.6
Cholestanol - - - - - - 3.8 5.6
Cholest-8(14)-enol - - - - - 37 64 - -
Cholesta-5,7,9(11)-trienol 1.9 - 6.5 3.4 5.8 24 -~ 0.8 0.3
4a-Methylcholest-8(14)-enol 3.6 9.7 6.7 14.7 5.4 21.5 9.3 27.0 4.2 233
4a-Methylcholest-7-enol 0.2 0.2 0.3 0.6 0.2 1.0 0.7 2.3 0.7 1.4
24-Methylcholesta-5,7-dienol 14.1 12.9 5.4 7.1 - - -~ - - -
24-Methylcholest-7-enol 0.6 1.1 0.2 - - - ~ - - -
24.Methylenecholesterol 3.1 3.7 1.3 8.8 - - ~ — — -
24-Methylenecholesta.-5,7-dienol 1.3 - 0.3 - - - - - - -
24-Methylcholesta-5,7,9(11) trienol 1.0 0.3 1.1 1.3 - - - - - -
4a,24-Dimethylcholest-8(14)-enol 0.7 1.4 0.3 0.4 - - ~ - - -
4a,24-Dimethylcholestanol 0.4 0.8 0.1 0.4 - - ~ - - -
Fucosterol — - - - - -~ - 0.1 0.1
24-Desalkylsterol metabolites 427 26.3 67.1 50.3 79.5 78.1 85.8 699 83.3 684
24-Alkylsterol metabolites 21.2 20.2 8.7 18.0 - - - - 0.1 0.1

aDashed line (-) indicates sterol not detected.
bgitosterol data were reported previousty (11).

nor inhibited by the presence of any of the
4 dietary sterols, relative to its growth in
sitosterol-supplemented media. Total lipid and
sterol . content values (Table 1) showed little
deviation, regardless of the dietary, sterol. In
all cases, steryl esters were present, but the
recovered sterols were mostly nonesterified;
free sterols comprised 79-93% of the total
sterol (Table 1). Stigmastanol yielded less
esterified sterol than did the other dietary
sterols.

The sterol compositions of free sterol and
steryl ester fractions obtained from C. elegans
propagated with each of the 4 dietary sterols
are shown in Table 2. Identification of sterols
from C. elegans was made on the basis of their
GLC relative retention time (RRT) values
(Table 3), both as free sterols and as steryl
acetates, and confirmed by GC-MS. All data
were in agreement with those of authentic sterol
standards, with the exception of the following,
for which no reference compounds were avail-
able: 24-methylcholesta-5,7,9(11)-trienol, 24-
methylenecholesta-5,7-dienol, 4a,24-dimethyl-
cholest-8(14)-enol, and 4w,24-dimethylcholes-
tanol, These 4 sterols previously have not been
detected in nematodes. However, their experi-
mental RRTs agreed with their calculated
values, GC-MS analyses yielded fragmentation
patterns expected of the proposed structures

LIPIDS, VOL. 20, NO. 2 (1985)

and UV spectroscopy of the conjugated diene
and triene confirmed their identification.

The mass spectrum of 24-methylenecholesta-
5,7-dienyl acetate included the following signifi-
cant ions [m/z (fragment, relative intensity)] :
438 (M*, 1%), 378 (M"-HOAc, 45), 363 (M'-
HOAc-CH;, 6), 253 (M*-HOAc-side chain, 8),
227 (M*-HOAc-side chain-C,H,, 1), 211 (M*-
HOAc-side chain-C3Hg, 5),195(Cy5H;5,3),158
(Cy2Hy4, 30), 143 (Cyy Hyy, 29), and 55 (C4Hg,
100). Ions corresponding to these fragments
were produced by 24-methylcholesta-5,7,9(11)-
trienyl acetate at 438 (5%), 378 (100%), 363
(23%), 251 (27%), 225 (13%), 209 (64%), 195
(53%), 158 (14%), 143 (19%), and 55 (99%).
As for the pair of 4,24-dimethylsterols, charac-
teristic ions were observed in the mass spectrum
of 4,24-dimethylcholest-8(14)-enol: 414 (M*,
63%), 399 (M*-CHs, 10), 381 (M-H,O-CH3, 1),
287 (M*-side chain, 9), 269 (M*-H, O-side chain,
4), 245 (M*=side chain-C3Hyg, 3), 243 (M*-H, O-
side chain-C,H,, 6), 227 (M*-H,O-side chain-
C3Hg, 8), and 55 (C4H,, 100). Correspondingly,
4,24-dimethylcholestanol produced the follow-
ing ions: 416 (21%), 401 (7%), 383 (3%), 289
(1%), 271 (0%), 247 (18%), 245 (1%), 229
(31%), and 55 (100%).

The GLC RRTs (Table 3) of the 4 4-methyl-
sterols as free alcohols relative to cholesterol
were 0.03-0.04 units greater (ca 3% greater)
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'FIG. 1. Hypothetical pathways of sterol metabolism in C. elegans.

than their corresponding acetate RRTs relative
to cholesteryl acetate. Such an increase is char-
acteristic of 4-methylsterols (22).

UV spectra of the A5 -diene sterols (cholesta-
5,7-dienol, 24-methylcholesta-5,7-dienol, 24-
methylenecholesta-5,7-dienol) exhibited typical
absorgption at Apax 262, 270, 280, 292 nm; the
ASTOAD trienols (cholesta-5,7,9(11)-trienol
and 24-methylcholesta-5,7,9(11)-trienol) ab-
sorbed characteristically (23) at Ay ax 308, 322,
338 nm.

DISCUSSION

Dietary stigmasterol was metabolized by

C. elegans to yield the same sterol metabolites
in approximately the same relative percentages
as those obtained previously from dietary sito-
sterol (11,12). All of the detected metabolites
(ca. 80% of total recovered sterol) of stigmas-
terol were 24-desalkylsterols, predominantly
cholesta-5,7-dienol, indicating that C. elegans is
capable of dealkylating stigmasterol. Metabolism
of stigmasterol likely occurs in the sequence
shown in Figure 1. Removal of the 24a-ethyl
group is therefore not hindered by the presence
of a A?2-bond in the sterol side chain. C, elegans
is capable of A%?-reduction, since no A%2-sterol
metabolites were detected. Dealkgllation either
proceeds in the presence of the A%*2-bond, after
which the double bond is reduced, or else
dealkylation occurs after A% reduction. Un-
published studies, in which we have identified
A22-24-desalkylsterols (but not 22-dihydro-24-

alkylsterols) in .cultures grown in media con-
taining stigmasterol plus a dealkylation inhibitor,
suggest that dealkylation proceeds in the
presence of the A% _bond which subseguently is
reduced. The tobacco hornworm, Manduca
sexta, similarly dealkylates stigmasterol to pro-
duce cholesterol by first removing the C-24
ethyl substituent to yield a A?*#* side chain,
and then reducing the A% -bond (24). A A2
sterol substrate is essential for A% reduction to
occur, in this insect, as dietary 22-dehydro-
cholesterol was not converted to cholesterol
(25). Possibly, the A%2reductase in C. elegans
might also require a A?2* sterol substrate.

. Since C. elegans could dealkylate sitosterol
and stigmasterol, both of which contain a AS-
bond in ring B, it was of interest to determine
whether ring B unsaturation (or lack of it)
affected C-24 dealkylation in the sterol side
chain. From our results, stigmastanol, the
saturated analog of stigmasterol and sitosterol,
also was dealkylated and was further metab-
olized to produce mostly cholest-7-enol.
Although cholesta-5,7-dienol isthe predominant
metabolite of dietary AS-sterols, no AS- or
A% sterols were produced from stigmastanol.
C. elegans thus may lack a AS-dehydrogenase.
Figure 1 illustrates 2 possible metabolic path-
ways originating from stigmastanol. Presumably,
cholestano! is an intermediate from the 24-
ethylstanol to cholest-7-enol. Studies (unpub-
lished results) utilizing cholestanol as dietary
sterol support its metabolic conversion as
proposed here. Thus, removal of the 24a-ethyl
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group proceeded in the presence of a saturated
steroid nucleus and is probably independent of
ring B unsaturation. Metabolism of stigmastanol
in C. elegans is similar to that exhibited by the
Mexican bean beetle, Epilachna varivestis (26).
This phytophagous insect reduces A®-24-ethyl-
sterols to stigmastanol; as in C. elegans, the
ethylstanol is then dealkylated to cholestanol,
which is converted to cholest-7-enol.

With regard to the 24-methylsterols, metab-
olism of both epimers by C. elegans occurred,
but in a manner different from its metabolism
of 24-ethylsterols, as proposed in Figure 1. Both
24-methylsterols were dealkylated and then
metabolized within the ring nucleus in the same
manner as the dealkylated 24-ethylsterols. How-
ever, a significant portion (ca 20%) of dietary
campesterol remained alkylated, yet modifica-
tions to the ring system of campesterol pro-
ceeded as usual (A7-dehydrogenation, 4o-methyl-
ation, etc.) to form several 24-methylsterol
metabolites, predominantly 24-methylcholesta-
5,7-dienol (Table 2). The sterol composition
obtained from dihydrobrassicasterol is equivocal
due to the substantial campesterol impurity in
the diet; the 24-methylsterol metabolites (9%
of free sterol) may have originated from the
campesterol rather than the 248-epimer. Never-
theless, this percentage of 24-methylsterol
metabolites was less than that obtained from the
stereochemically pure campesterol, indicating
that more dihydrobrassicasterol than campe-
sterol was dealkylated. In contrast, the 24-
ethylsterol substrates yielded no detectable
24-ethyl-(or methyl-) sterol metabolites. Much
more dietary 24a-methylsterol remained un-
metabolized than did dietary 24a-ethylsterol
(Table 2). Altogether, 24a-ethyl and 248-methyl
groups were dealkylated to a greater extent than
was a 24a-methyl group. These findings could
reflect substrate specificity of the dealkylation
enzyme system whereby 24a-ethyl and 248-
methyl groups are more efficiently removed
than a 24c-methyl group. Alternatively, 2
enzymes may function according to the size of
the 24-alkyl substrate: one highly efficient sys-
tem which catalyzes dealkylation of 24-ethyl-
sterols, and another enzyme that dealkylates
C-24 methyl groups and for which a 248-
methylsterol provides a better substrate than a
24a-methylsterol. Yet another pair of enzyme
systems might exist, based on the stereochem-
ical orientation of the 24-alkyl substrate: one
enzyme removing only a-alkyl groups for which
ethylsterols are better substrates than methyl-
sterols, and another enzyme dealkylating only
sterols with B-alkyl groups.

The nuclear modifications (C-7 dehydro%en-
ation, ASreduction, 4c-methylation, A%(4).
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isomerization) which occur to cholesterol in
C. elegans (11) also .occurred to 24-methyl-
cholesterol. Thus, metabolism of the sterol
ring system was not hindered by the presence
of a 24-methyl group. Possibly, a 24-ethyl
substituent abolishes any affinity for binding
between the sterol substrate and the enzyme(s)
for nuclear metabolism, whereas a 24-methyl-
sterol substrate still retains some affinity.
However, 4a,24-dimethylcholest-7-enol (corre-
sponding to 4a-methylcholest-7-enol which was
present) was not discovered, nor was 4a-methyl-
cholestanol (corresponding to 4a,24-dimethyl-
cholestanol} found. Possibly, these 2 sterols
may have been present but quantitatively
insufficient for detection.

The occurrence of the A2(®8).gterol 24-
methylenecholesterol indicates its intermediate
role in the dealkylation of 24-methylicholesterol.
If so, the C-24 demethylation mechanism in
C. elegans is perhaps similar to that in insects
which also proceeds via a Am(zs)-methylene-
sterol (27). It previously has been demonstrated
that the pathway of 24-ethylsterol (sitosterol)
dealkylation in C. elegans shares similarities
with that process in insects, such as the inter-
mediacy of 2 A¥@8)ethylidenesterol, fucosterol
(11,12).

The steryl ester compositions generally were
similar to the corresponding free sterol compo-
sitions, with some notable exceptions. The
predominant sterol metabolite in each case
(either cholesta-5,7-dienol or cholest-7-enol)
comprised a percentage of the free sterol fraction
which was more than twice its percentage of
the steryl esters. Unmetabolized dietary sterol
generally formed a greater proportion of the
ester fraction than of the free sterols; an ability
of C. elegans to sequester or store unmetabolized
24-alkylsterols as steryl esters was suggested
previously (11). The ester fraction also contained
a much greater proportion of 4a-methylcholest-
8(14)-enol than did the free sterol fraction,
a finding we also observed using other dietary
sterols (11). Steryl esters are considered to
function primarily as storage forms of free
sterol, to be hydrolyzed as requirements for
free sterol arise. Based upon the propensity of
C. elegans to biosynthesize and esterify 4o-
methylcholest-8(14)-enol, this sterol may indeed
function in some as yet unknown, specialized
capacity as a steryl ester, rather than fulfill the
general role of esters as storage products.
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Lipid Analyses of Isolated Surface Membranes of
Leishmania Donovani Promastigotes
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Infectious Diseases, National Institutes of Health, Bethesda, MD 20205

ABSTRACT

Constituent lipids of surface membranes (SM) isolated from Leishmania donovani promastigotes
were analyzed and compared with those obtained from whole cells and an isolated kinetoplast-mito-
chondrion fraction (KM). On a dry weight basis, the total extractable lipids constituted V47%, 12%
and 24% of the SM, cells and KM, respectively. The total lipids of SM, cells and KM all were composed
of ~70% phospholipids (PL), 20-25% neutral lipids and 5-10% glycolipids. Sterols and diglycerides
composed 60% and 30%, respectively, of the various neutral lipid fractions. Several mannose- and
galactose-containing glycolipids were fractionated but not identified. The glycolipid fractions from
cells and SM had demonstrable antigenic activities with rabbit anti-SM sera. Striking quantitative dif-
ferences were apparent between the PL profiles of the 3 cellular components examined. The PL of SM,
whole cells and KM, respectively, were composed of: 15%, 51% and 24% phosphatidylcholine; 37%,
13% and 11% phosphatidylethanolamine (PE); 18%, 10% and 14% phosphatidylinositol; 10%, 1% and
4% phosphatidylserine and traces of cardiolipin, phosphatidylglycerol and phosphatidic acid. An
unknown PL containing sphingosine, choline and vicinal hydroxyl groups but no free amino moieties
made up V19% of the PL of SM and whole cells, but it constituted N27% of the PL of KM. The PL
side chain constituents of whole cells and SM were composed mainly of longchain fatty acids (C18-
20). Further, over 50% of the PE of SM was in the alkyl and alK-1-enyl ether forms. These SM prop-
erties might contribute to the organism’s resistance to digestion in the hydrolytic environs of both its

insect vector and mammalian hosts.
Lipids 20:108-115, 1985.

INTRODUCTION

The protozoan parasite Leishmania donovani
has a digenetic life cycle which includes an
extracellular flagellated promastigote stage in
the alimentary tract of its insect vector and an
obligate intracellular amastigote stage within
the lysosomal system of mammalian' macro-
phages (1-4). This life cycle is sustained by a
number of phenomena that presumably are
dependent upon mediation by the parasite
plasma membrane, Therefore, examination of
the biochemical and physiological properties of
the parasite surface membrane may elucidate
the mechanisms which ultimately lead to host
infection.

Purified surface membranes (SM) from L.
donovani promastigotes were isolated first in
this laboratory and demonstrated to consist of
a stable structural complex of the organism’s
plasma membrane with subpellicular micro-
tubules attached to their inner (cytoplasmic)
surface (5,6). Using such isolated preparations,

*Current address: Lipid Metabolism-Atherogenesis
Branch, Division of Heart and Vascular Diseases,
National Heart, Lung and Blood Institute, Federal
Building, Bethesda, MD 20205

**To whom correspondence should be addressed
at LPD, NIAID, Bldg. 5, Rm. 112, NIH, Bethesda, MD
20205. :
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we demonstrated the net negative surface
charge of SM and the uniform external distribu-
tion of carbohydrate ligands on them (6). Fur-
ther, the SM were shown to contain ~ 23 iodin-
able mannose-containing glycoproteins and
other glycoconjugates (7,8). Moreover, using
purified SM we have identified and character-
ized an unusual externally oriented membrane-
bound acid phosphatase (9-11), 2 separate (a
5'- and a 3'-) nucleotidase activities (12,13) and
3 distinct lipolytic enzymes (phospholipases
Ay, A, and C) (manuscript in preparation).

Although it is well recognized that lipids are
an integral part of cellular membranes, to date
the lipid composition of the Leishmania pro-
mastigote SM has remained unidentified. There-
fore, the current study was undertaken to
determine the constituent lipids of SM isolated
from L. donovani promastigotes. For compara-
tive purposes, lipid analyses also were per-
formed with whole L. donovani promastigotes
and kinetoplast-mitochondria isolated from
such cells.

MATERIALS AND METHODS

Leishmania donovani strain 1-S, clone 2D
promastigotes (14) were maintained and grown
in Steiger and Black’s chemically defined RE-IX
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medium (15) at 26 C. Mid- to late-log phase
cells (3-6 x 107 /ml) were harvested by centrifu-
gation at 6,000 x g for 10 min at 4 C. The cells
were resuspended and washed once in ice-cold
Hanks’ balanced salt solution (GIBCO, Grand
Island, New York) and subsequently 3 times in
Tris-buffered saline (10 mM Tris-HCl, 145 mM
NaCl, pH 7.4). Total lipids were extracted from
whole washed cells suspended in Tris-buffered
NaCl. Surface membranes (SM) and kinetoplast-
mitochondrion (KM) fractions were isolated
from whole cells according to the method of

Dwyer (5) as modified by Gottlieb and Dwyer

(10). The purity/enrichment of these fractions
was assessed as previously described (5,10). The
isolated subcellular fractions were washed twice
in 20 mM Tris-HCl, 3 mM MgCl,, 0.25 M
sucrose buffer, pH 8.0 by centrifugation at
48,000 x g for 30 min at 4 C. Subsequently,
they were resuspended in the Tris-NaCl buffer
above prior to lipid extraction.

Lipids were extracted by adding a volume of
chloroform and 2 volumes of methanol (1:2,
v/v) to a volume of either whole cells, isolated
SM or KM in buffer above (16). These mixtures
were somicated in an ice bath for a total of
5 min with intermittent high speed vortex mix-
ing for 1 min, Subsequently, these samples were
centrifuged at 6000 x g for 5 min at 4 C. The
organic phase was removed and the pelleted
material was exhaustively reextracted by
sonication and centrifugation in sequentially
increasing concentrations of chloroform in
methanol and finally in chloroform. The com-
bined supernatants were concentrated in vaccuo
to ~1.5-2 ml and freed of non-lipid contami-
nants via passage through a Sephadex G-25
column (17). Subsequently, the total lipid
extracts were fractionated according to their

polarity using silicic acid column chromatogra-

phy as described by Rouser et al. (17).

Quantitative analyses of individual phospho-
and glycolipid components in fractions ob-
tained from silicic acid column chromatography
were made by separation on 2-dimensional thin
layer chromatography (TLC) plates (Supelco,
Inc., Bellefonte, Pennsylvania) (17). Individual
lipid spots were analyzed for phosphorus (18)
and sugar (19) contents. Ester bond and plas-
malogen contents were assessed on the TLC-
separated components using the procedures of
Ferrel et al. (20) and of Renkonen (21), respec-
tively, as described by Kates (19). Neutral lipids
were subfractionated by TLC on silica gel-HR
thin layer plates (Analtech Inc., Newark, Dela-
ware) using a hexane/ether/glacial acetic acid
(40:60:1, v/v/v) solvent system and visualized
by charring at 105 C for 3 min (22).

Individual phospholipid components, sepa-
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rated by 2-dimensional TLC and visualized by
exposure to iodine vapor, were transmethylated
(23) and the resulting fatty acid methyl esters
were analyzed by gas-liquid chromatography
(GLC). Analyses were done using a Varian gas
chromatograph (Model 3700, Varian Instru-
ments, Palo Alto, California) equipped with a
Varian CDS-111 electronic integrator terminal
and a flame ionization detector. Samples were
separated using a glass column (2 mm id. X
2 m) packed with preconditioned and pretested
10% Silar-10C on Gas-CHROM Q support
(100-120 mesh, Applied Science, Inc., State
College, Pennsylvania). This column was run at
an initial temperature of 180 C for 10 min
using nitrogen as the carrier gas at a flow rate of
25 ml/min, Thereafter, the temperature was
increased at a rate of 5 C/min to a final of
225 C. The injection port and detector temper-
atures were set to 300 C, and the recorder was
set at 100 mv full-scale deflection with a chart
speed of 1 cm per min, Fatty acid methyl ester
standards were obtained from Supelco, Inc. and
Applied Science Inc.

Protein content was determined by the
method of Lowry et al. (24).

RESULTS

Overali Lipid Analysis

The growth of L. donovani promastigotes in
the macromolecule-free chemically defined RE-
IX medium provided reliable quantitative
measurement of a number of parameters. Total
protein content of 10° cells was 2.8-3.0 mg,
whereas total extractable lipids were 32.3% of
total cellular protein and 12.2% of dry weight
of cells. The contribution of isolated surface
membranes and kinetoplast-mitochondria to
total cellular protein and to total cell dry
weight are given in Table 1. Further, the
amount of total extractable lipids present in
each of these subcellular fractions per mg
protein and per dry weight of the fraction is
also given in Table 1.

Total lipids of whole L. donovani promasti-
gotes and their isolated SM and KM were frac-
tionated according to their polarity using silicic
acid column chromatography. The polar lipid
fraction was found to be made up almost
entirely of phospholipids. It comprised the
major fraction and constituted almost the same
percentage, 69-70%, of the total extractable
lipids from whole cells, isolated SM and KM
(Table 2). Phospholipids (PL) of the SM made
up about 33% of their dry wt or 25% per mg of
their protein, whereas the KM PL constituted
~17% of their dry weight and 19% per mg pro-
tein of these organelles (Table 2). The PL frac-

LIPIDS, VOL. 20, NO. 2 (1985)
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TABLE 1

Total Protein and Lipid Content of L. donovani Subcellular Fractions

% of whole cells

% lipid content

On protein Dry On protein Dry

Cellular fraction basis wt basis basis wt. basis
Surface

membranes 9.6 2.7 353 417.2
Kinetoplast-

mitochondria 14.3 3.1 27.0 24.4
Whole cells - - 32.3 12.2

TABLE 2
Lipid Distribution in L. donovani Promastigotes: Whole Cells,
Isolated Surface Membranes and Kinetoplast-mitochrondia

Cellular fraction/ Neutral
Lipid fraction lipids Glycolipids Polar lipids
Whole cells

% of total lipids 24.1 7.2 68.7

% per mg protein 8.0 0.3 2.1

% of dry weight 2.9 0.9 8.3
Surface membranes

% of total lipids 25.6 4.7 69.8

% per mg protein 9.1 1.7 24.7

% of dry weight 12.1 2.2 32.9
Kinetoplast-mitochondria

% of total lipids 19.9 11.3 68.8

% per mg protein 5.6 3.2 19.3

% of dry weight 5.0 2.9 17.4

tion of the whole cells was only 2% and 8% per
mg of cellular protein and dry weight, respec-
tively. The glycolipid fraction was 5-11% of
total extractable lipids in whole cells, isolated
SM and KM, but it accounted for 1-3% when
calculated on cell dry wt basis or 0.3-3% per mg
of their protein. Neutral lipids, on the other
hand, ranged between 20% and 25% of the total
lipids of whole cells, SM and KM. This lipid
fraction composed 12% and 9% of the SM, 3%
and 8% of whole cells and 5% and 6% of the
KM, calculated on a dry wt basis or per mg
protein, respectively (Table 2).

Spent growth medium also was analyzed for
possible released parasite lipids. After L.
donovani cells were harvested from their
growth medium as above, and the cell-free
(0.45 u filtered) spent medium was examined
for lipid content by extraction and TLC (17,18,
25). No detectable lipids were found in such
cell-free spent growth media.

Neutral Lipid Analysis
The neutral lipid fraction of whole cells and
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the 2 subcellular fractions were examined using
silica gel HR TLC. Sterols were the predomi-
nant neutral lipid component (60%) in this frac-
tion, followed by diglycerides (30%). Traces of
monoglycerides, free fatty acids, sterol esters
and other minor unidentified components also
were present in this fraction. Further character-
ization of the neutral lipid fraction was not
undertaken.

Glycolipid Analysis

Surface membrane glycolipid fractions were
separated on Silica gel HR TLC plates (26).
Upon charring or spraying with a phosphorus-
detecting reagent, there were no detectable
phospholipid or neutral lipid contaminants
present in this fraction. However, 4 compo-
nents were evident upon reaction with diphenyl-
amine reagent. These glycolipids contained
mannose- and galactose-moieties as determined
using lectin binding (6). Further, these glyco-
lipids had demonstrable antigenic activity as
determined by agarose gel immuno-diffusion
assays against rabbit anti-SM sera (6). Quantita-
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TABLE 3

Phospholipid Constituents of L. donovani Promastigotes: Whole Cells,
Surface Membranes and Kinetoplast-mitochondria

Lipid-P (%)?

Surface Kinetoplast-

Component? Whole cells membranes mitochondria
CL 1.9 0.6 10.5
PG tra tra 8.8
PE 13.3 37.7 10.7
PC 51.6 14.9 244
Unidentified® 18.5 19.0 27.5
PI 10.5 17.9 14.3
PS 1.0 9.9 3.9
PA 2.8 tra tra

aPC = Phosphatidylcholine; PE = Phosphatidylethanolamine; PG = Phosphatidylglycerol;
PS = Phosphatidylserine; PI = Phosphatidylinositol; CL = Cardiolipin, and PA = Phosphatidic

acid.

bLipid- P remaining at the origin was 3-5% of total and was subtracted.

CUsing the TLC-solvent systems of Rouser et al. (17), this component had mean (n = 6)
Ry values of 0.255 and 0.302 following separation in the first and second dimensions,

respectively.

tion, specific identification and further im-
munochemical characterization of these 4
glycolipids currently is under investigation.

Phospholipid Analysis

The phospholipid fractions from whole
cells, isolated SM and KM separated by silicic
acid column chromatography were examined
by 2-dimensional TLC. The identification and
quantitation of these TLC separated compo-
nents are given in Table 3. Qualitatively, the
phospholipid profiles for whole cells, SM and
KM are very similar. However, quantitatively, in
whole cells, phosphatidylcholine (PC) com-
posed more than 1/2 of the total phospholipids
(PL), whereas phosphatidylethanolamine (PE)
and phosphatidylinositol (PI) accounted for
only 13% and 10%, respectively, of this frac-
tion. Cardiolipin (CL), phosphatidic acid (PA)
and phosphatidylserine (PS) constituted only
very small portions of the total cellular PL. In
contrast, the SM fraction had aimost 38% of its
total PL as PE, whereas PC constituted only
15%. The SM also contained elevated levels of
PI (18%) and PS (10%), but only very small
quantitites or traces of CL, PG or PA. On the
other hand, the KM fraction contained 11% of
the total PL as PE and 24% as PC and had
elevated amounts of CL (10.5%), PG (9%) and
PI (14%).

An unidentified phospholipid that had a
mobility very similar to that of ceramide
aminoethylphosphonate (27) also was present
in considerable amounts in whole cells and the
2 subcellular fractions. Further, this unidenti-

fied compound constituted more than 1/4 of
total PL of the KM fraction and almost 19% of
both the SM and whole cell PL (Table 3). The
chemical characterization of this as yet uniden-
tified phospholipid has not been completed.
However, it gave positive reactions for phos-
phorus, choline and vicinal hydroxyl groups but
negative results for amino groups when sprayed
with ninhydrin reagent (19). Acid hydrolysis
and subsequent GLC analysis of this compo-
nent (27) confirmed the presence of a sphingo-
sine moiety. Complete characterization of this
PL is currently under investigation.

Table 4 compares the diacyl, alk-1-enylacyl
and alkylacyl contents of the major phospho-
lipid components of the isolated SM with that
of whole L. donovani promastigotes. The diacyl
form was the predominant moiety of PC in
both whole cells and the isolated SM. However,
up to 1/3 of the PE content was present in the
alk-1-enylacyl form in the SM but constituted
only 1/5 of the PE in whole cells. The ether
form of PI, on the other hand, constituted
almost 1/4 of the total PI content of the iso-
lated surface membrane PL but only 8% of the
Pi in whole cells. The diacyl form of PI consti-
tuted 60% and 84%, respectively, of the total
PI content of isolated SM and of whole L.
donovani promastigotes. Alkoxy-forms were
not identified in any of the phospholipids iso-
lated from either whole cells or their subcellular
fractions.

Fatty-Acids
The content and composition of various

LIPIDS, VOL. 20, NO. 2 (1985)
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TABLE 4

Diacyl, Alk-1-enylacyl and Alkylacyl Forms2 of the Major Phospholipid Components
of Whole L. donovani Promastigotes and Their Isolated Surface Membranes

Surface membrane (% of total) Whole cells (% of total)

Phospholipidb Diacyl Alk-1-enyl- Alkyl- Diacyl Alk-1-enyl- Ajkyl-
PC 92.6 7.4 trace 96 2 2
PE 43.1 33.1 23.8 68 20 12
PI 60.2 13.9 25.9 84 8 8

2Djacyl and alk-1-enylacyl forms were determined as described by Rinkonen (20) and
Ferrell et al. (19), respectively. The dialkyl forms were determined by subtracting the sum
of the content of diacyl and alk-1-enylacyl forms from the total.

b Abbreviations as in Table 3,
TABLE §

Fatty Acid Composition of the Major Phospholipids of Isolated Surface
Membranes and of Whole L. donovani Promastigotes?s

Surface membranes Whole cells

Fatty acid PC PE P1 PC PE P1
<12:0 2.9 3.9 4.3 0.8 0.7 0.3
12:0 3.6 4.3 5.6 0.2 1.4 2.8
14:0 4.7 5.5 8.0 8.7 7.3 5.0
14:1 2.0 4.1 7.1 3.2 7.1 4.2
16:0 20.9 10.8 12.7 17.7 15.8 9.6
16:1 5.6 3.9 4.7 3.6 4.7 3.5
18:0 8.1 4.5 2.0 19.1 9.4 24.1
18:1 12.7 12.6 13.5 11.0 15.6 17.2
18:2 5.5 6.3 2.8 7.3 6.2 4.9
18:3 8.0 1.7 4.5 6.6 9.1 9.8
20:0 5.1 5.4 4.4 3.8 5.0 2.4
20:2 6.1 4.8 5.2 5.0 4.6 2.7
20:3 6.6 7.2 8.0 2.6 8.2 3.3
20:4 5.3 6.5 9.8 7.0 3.1 1.7
Unidentified 2.9 12.5 6.4 3.6 1.9 8.6

2Abbreviations for individual phospholipids as in Table 3.
bFatty acid composition is given in mol %. Fatty acids are designated number of carbon

atoms: number of double bands.

fatty acids esterified to the major phospholipids
of isolated SM and of whole promastigotes are
given in Table 5. The fatty acids 16:0, 18:1,
18:3 and the C20 series were esterified in simi-
lar quantities to PC of SM and of whole cells.
However, C18:0 was the ‘major fatty acid (19%
of total) in PC of whole cells, whereas C18:0
constituted only 8% of the total fatty acid
content of PC in the isolated SM. The mole
ratio of unsaturated to saturated fatty acids in
PC of SM was almost the same as that deter-
mined for whole cells (Table 6).

The major fatty acids esterified to PE of
whole cells and of SM were C16:0 and C18:1
(Table 5). However, the fatty acids of PE in the
SM contained 1/2 the amount of C18:0 and
about 2/3 the amount of C16:0 of the PE in
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whole cells (Table 5). Moreover, the surface
membrane PE contained greater quantities of
unsaturated fatty acids in comparison to the PE
of whole cells (Table 6).

The PI of whole cells showed pronounced
differences in fatty acid composition in com-
parison to those of the isolated SM. While
C18:0 and C18:1 made up about 24% and 17%,
respectively, of the total fatty acids of PI in
whole cells, they constituted only 2% and 14%
of the total fatty acids of the surface membrane
PI. Fatty acids of PI in whole cells also con-
tained approximately 10% of C18:3 and 2% of
C20:4. These 2 components constituted ~5%
and 10% of the total fatty acids of the PI in the
SM (Table 5). Moreover, the mole ratio of un-
saturated to saturated fatty acids in the PI of
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TABLE 6

The Mole Ratio of Unsaturated to Saturated Fatty
Acids Esterified to Major Phospholipids of Whole
Promastigotes and Their Isolated Surface Membranes

Surface
Phospholipid? membranes Whole cells
PC 1.22 0.94
PE 2.59 1.51
PI 1.71 1.08

dAbbreviations as in Table 3.

SM and of whole cells was 1.7 and 1.1, respec-
tively (Table 6).

DISCUSSION

A considerable body of data has accrued
concerning the overall composition of Leish-
mania lipid classes and their metabolism. How-
ever, such lipid analyses have been confined to
whole cells (28-33), causing much speculation
as to the subcellular location of such Leish-
mania lipid components. The current study is
the first to analyze the lipid content of surface
membranes and kinetoplast-mitochondria iso-
lated from L. donovani promastigotes and com-
pare their content with that of intact cells.

The present results demonstrate that the sur-
face membrane of L. donovani promastigotes
possess a net enrichment in lipid content when
compared to either whole cells or to the KM
fraction. This is in general agreement with data
for plasma membrane fractions from other
protozoa and mammalian cells (34-36). This
further confirms that the L. donovani SM prep-
aration is a highly enriched subcellular fraction
(6) and is characterized in this report by a low
protein to high lipid ratio (i.e. greater than that
observed for either whole cells or the KM frac-
tion).

Currently PC, PE and PI were the major
phospholipids identified in whole L. dorovani
promastigotes. These constituents are the same
major phospholipids previously reported from
whole L. donovani promastigotes (28,29).
They also were observed in the same relative
proportions as those reported for a number of
trypanosomes and insect flagellates (36-41).

Analysis of the KM fraction indicated that
PE, PC and PI were the major PL components.
However, KM further contained remarkably
high proportions of cardiolipin and PG in com-
parison to the isolated SM and whole cells.
These results are not unexpected since high
content of these 2 phospholipids is character-
istic of mitochondrion lipids from mammalian
cells (42). Although the L. donovani KM
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fraction contains ~10-20% SM as a contami-
nant (6), the high levels of CL and PG are un-
mistakable characteristics of this subcellular
fraction. Further, this subcellular fraction is
enriched to ~>80% in kinetoplast-mitochon-
dria as assessed by electron microscopy (unpub-
lished observations).

The pronounced differences in the PL con-
tents between whole cells, SM and KM infers a
certain specificity as to the role of individual
phospholipids in the physiological and bio-
chemical functions of the latter 2 cellular com-
partments. It may be speculated that this
specificity is requisite because, e.g., a mem-
brane enzyme might have an absolute require-
ment for one or more specific phospholipid
species to maintain its functional activity, or
that the cell requires a precisely defined physi-
cal state (i.e. fluidity) within each membrane
for it to achieve its physiological function. The
exact reasons for such pronounced PL compart-
mental segregation obviously are not well estab-
lished. However, CL was shown to restore
activity to succinate cytochrome C reductase
and cytochrome oxidase complexes in Tetra-
hymena (43,44) and to regulate ATPase activity
in other eukaryotic inner mitochondrial mem-
branes (45). Little information is available to
suggest the role of CL in protozoan mitochon-
drial fractions, as most of the available informa-
tion is derived from mammalian systems. How-
ever, by extrapolation, similar roles are, in all
probability, applicable also to this unicellular
system.

Phosphatidylcholine was present predomi-
nantly in the diacyl form in both the isolated
SM and in whole L. donovani promastigotes.
However, about 1/3 and 1/4 of the PE in the
SM was present in the plasmalogen and ether
forms, respectively. Further, approximately
1/3 of the surface membrane PI content also
was present in the plasmalogen and ether forms.
It is of importance to note that PE and PI
together constitute >50% of the SM phospho-
lipids and that ether linkages are not readily
hydrolyzable by lipolytic enzymes. These
observations suggest that the presence of these
high levels of ether-linked lipids in the parasite
surface membrane may afford it some protec-
tion against the hydrolytic enzymes present in
both its insect and mammalian hosts.

The neutral lipid fraction of isolated SM
accounted for about 20-25% of the total
extractable lipids. Of this, sterols were the
predominant constituents (60%). The cur-
rently observed sterol/phospholipid molar ratio
is very similar to that previously reported for
plasma membranes isolated from mammalian
cells and other protozoa (35,36,41,46). The
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high concentration of sterols in the SM of L.
donovani might play an important role in the
control of membrane fluidity as has been sug-
gested for mammalian cells and for Tetrahy-
mena pyriformis (46-49).

The major phospholipids (PC, PE and PI) of
the SM and whole promastigotes contained
Cl16:0, C18:0,C18:1,C18:2 and C18:3 as their
major fatty acid constituents. More important,
however, is the molar ratio of unsaturated to
saturated fatty acids in these individual phos-
pholipids. These unsaturated fatty acids may
play an important role in the fluidity of the
surface membrane which readily can be adapted
to changes in environmental conditions (22,50).

The phase transition temperature of mem-
brane lipids is highly dependent upon the
length and degree of unsaturation of compo-
nent fatty acids as well as the nature of the
polar head group of the PL. These properties
are profoundly affected by, and dependent
upon, the environment in which the cell mem-
brane exists. Therefore, the opportunities exist
for metabolic regulation through surface mem-
brane lipid compositional changes in L. dono-
vani throughout its development in both its
insect vector and mammalian hosts.
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orbicularis, with Chemoautotrophic Symbionts
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ABSTRACT

Codakia orbicularis may obtain nutrients from chemoautolithotrophic bacteria. The chemical
composition of the C. orbicularis was investigated because of this unusual source of nutrition, and

because it is a human food source in the Caribbean.

The lipid fraction of these moiluscs is discussed in

detail. Polyunsaturated fatty acids account for only 11-15% of the total fatty acids, and non-methyl-
ene interrupted dienes are present as high as 9.5%. Cholesterol represents about 45% of the total

sterols present.
Lipids 20:116-120, 1985.

INTRODUCTION

Bivalve molluscs traditionally have been
thought to obtain nutrition solely from inges-
tion of photosynthetically-derived plant ma-
terial. However, recent discoveries of large
bivalves living in areas of hydrothermal activity
in the deep sea (1-3) and the discovery of
gutless bivalves (4,5) have necessitated a closer
examination of bivalve nutrition. It now ap-
pears that animals within the families Lucinidae,
Solemyacidae, Mytilidae and Vesicomyidae
may obtain significant amounts of reduced
carbon and nitrogen compounds from intra-
cellular chemoautolithotrophic bacteria (6-15).

The Lucinid clams, especially Codakia
orbicularis (Linné, 1758), are of additional
interest, because they constitute an artesinal
fishery for home consumption in the Caribbean
(16). Unlike other clams with symbionts, this
species is readily accessible in shallow waters
and reaches a large size (98 mm maximum shell
length). Our recent work on its morphology,
nutrition and growth (14,15) showed that, in
spite of its unusual energy source, C. orbicularis
exhibits growth rates comparable to those of
Mercenaria mercenaria (Gmelin, 1791), the
common quahog of the eastern United States.
This research investigates the chemical composi-
tion of the C. orbicularis meat in light of the
clam’s remarkable source of nutrition and
limited capacity for sterol synthesis (17).

METHODS

Specimens of Codakia orbicularis were
collected on two separate occasions, in the fall
of 1981 and again in the fall of 1982, from

*Mention of a commercial company or product

does not constitute- an endorsement by NOAA,
National Marine Fisheries Service.
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shallow-water turtle grass, Thalassia testudinum,
beds on the south shore of Grand Bahama
Island, Bahamas (26°37'N x 78°23'W) and
were brought to the laboratory in live, healthy
condition. On each occasion, enough raw clams
(about 50-60) were shucked and homogenized
to yield a single 200 g composite sample. The
shucking yield was about 22%. Aliquots were
taken from this composite for the following
procedures., Moisture content was determined
by drying 10 g samples at 100 C to a constant
weight. Ash content was determined on dried
samples according to AOAC (18) procedure
18.025. Fat content was determined by the
method of Bligh and Dyer (19).

A portion of the chloroform layer from the
Bligh and Dyer extraction procedure was evapo-
rated to dryness under nitrogen, saponified, and
trans-esterified (20) for fatty acid analysis by
gas-liquid chromatography (GLC). Fatty acid
methyl esters (FAME) were separated on a
Hewlett-Packard* (HP 5880) gas-liquid chroma-
tograph (GLC) with a flame ionization detector
(fi.d.). Esters were separated on a 50 m X
0.20 mm i.d. wall-coated open-tubular (WCOT)
fused silica column coated with Carbowax 20M.
The carrier gas was helium at a split ratio of
100:1. The injector and detector temperatures
were 275 C and 300 C, respectively. The oven
temperature was held at 190 C for 27 min,,
long enough to allow elution of C18:0 and
the C18:1 series. The oven temperature was
then raised to 220 C at 1 C/min. and held at the
final temperature for 26 min., long enough for
C24:1 to elute.

Fatty acid methyl esters also were separated
by thin-layer chromatography (TLC) on Silica
Gel plates that had been soaked for 30 min. in
5% AgNO; in acetonitrile and activated at
100 C for 30 min. The esters were separated by
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degree of unsaturation using hexane:ether:
acetic acid (90:10:1, v/v/v), scraped from the
plates and prepared for GLC according to
Dudley and Anderson (21). Samples were dis-
solved in hexane for injection into the GLC.

Identification was made by comparison of
retention times of C. orbicularis FAME to those
of available authentic standards, argentation
thin-layer chromatography followed by GLC of
the bands separated by degree of unsaturation,
and GLC of the hydrogenated FAME. The
thin-layer band containing the saturated fatty
acid methyl esters also was analyzed by gas
chromatography/mass spectrometry (GC/MS).

Polar and neutral lipids were fractionated by
silica gel chromatography (22) using a portion
of the chloroform layer from the Bligh and
Dyer extract. Fatty acid methyl esters were
prepared and analyzed as described above from
both polar and neutral eluted fractions.

Sterol analyses were done in triplicate by
direct saponification of about 2 g of the com-
posite sample as described in the method by
Kovacs et al. (23). The trimethylsilylether
derivatives of the sterols were separated on a
HP 5880 GLC with an fid. A fused silica
WCOT column (50 m X 0.20 mm i.d.) coated
with SE-30 was used for the separation. In-
jector and detector temperatures were 250 C
and 300 C, respectively. The column was held
at 240 C for 10 min., then raised to a final
temperature of 300 C at 3 C/min and held for
25 min. Quantitative analyses were done by
adding S5-a-cholestane to each sample as an
internal standard and running the samples
against a standard cholesterol curve, plotting
amount of cholesterol against peak area. For
qualitative analyses, retention times and mass
spectral data of the C. orbicularis sterols were
compared with those of a standard containing
brassicasterol, campesterol, stigmasterol and §-
sitosterol (Supelco, Inc., Bellefonte, Pennsyl-
vania). ‘

RESULTS AND DISCUSSION

Values for fat, moisture, ash, and cholesterol
are listed in Table 1. There was no significant
difference between the proximate composition
of the mollusc at the two different sampling
times based on the sampling error of the meth-
ods used. The values, therefore, represent an
average from the two sampling dates. Choles-
terol was the major sterol, accounting for
approximately 45% of the total sterols present.
Other sterols identified were brassicasterol,
campesterol, stigmasterol and S-sitosterol. Un-
identified C,¢ and C,, sterols, with molecular
ions at 370 and 384, respectively, accounted
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TABLE 1

Proximate Composition and Cholesterol Content
for Raw Codakia orbicularis®

Percent

Analysis wet weight

Fat 1.1 £ 0.1
CY

Moisture 74.8 £ 1.5
3)

Ash 2.9%0.8
3

Cholesterol (mg/100 g) 20.6 + 3.0
)

aSee also ref. 14.
b+ one std. dev. Number of samples is in paren-
theses.

TABLE 2

Sterols Present in Codakia orbicularis

Percent
Peak no. RRT of total
(Figure 1) Sterol SE-30 area
1 Cholestane 1.00
2 C,¢ sterol 1.06 19.6
3 C,, sterol 1.85 6.8
4 Cholesterol 1.92 44.5
5 Brassicasterol 1.99 9.2
6 Campesterol 2.10 6.2
7 Stigmasterol 2.15 8.1
8 B-Sitosterol 2.26 5.5

for 26.4% of the total (Table 2). The presence
of plant sterols in bivalves has been well docu-
mented (24-28). Another sterol associated with
bivalves and noticeable by its absence is 24-
methylenecholesterol. Figure 1 shows the
chromatographic trace of the sterols present in
C. orbicularis. The total amount of cholesterol
was very low at 21 mg/100 g meat, lower than-
any mollusc documented by Sidwell (29). The
awning clam, Solemya velum (Say, 1822), also
suspected of obtaining its nutrition from
endosymbiotic chemoautotrophic bacteria (13,
30), is very unusual in having cholesterol con-
stitute 100% of the sterol composition (31).
Differences in sterol composition of bivalves
may indicate major differences in metabolic
pathways or composition of dietary sterols.
Cholesterol dominates as the major sterol in
hydrothermal vent clams, Calyptogena mag-
nifica, and vestimentiferan worms, Raftia
pachyptila (32). The vent waters and R. pachy-
ptila contain the three major sterols, choles-
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. FIG. 1. Trimethylsilylether derivatives of C. orbicularis sterols separated by GLC on a
"WCOT fused silica column, 50 m X 0.20 mm, coated with SE-30. 1, cholestane; 2, C,4
sterol; 3, C,, sterol; 4, cholesterol; 5, brassicasterol; 6, campesterol; 7, stigmasterol, and

8, g-sitosterol.

terol, desmosterol and 24-methylenecholes-
terol, but 24-methylene cholesterol is also
absent from C. magnifica as was found with
C. orbicularis.

Fatty acid compositional data are shown in
Table 3. Only FAME commonly reported in the
literature have been included in the table. Each
value represents an average of two analyses
obtained from two separate Bligh and Dyer
extracts. No single fatty acid appears to be a
prominent fatty acid, 18:1w?7 being present at
only 12.5%. The lack of 22:6w3 and the small
amounts of polyunsaturates present are not
surprising, because high levels of unsaturation
probably are not necessary for survival of
animals living in tropical waters.

The 18:1w7 fatty acid is a precursor (33,34)
in the biosynthesis of another prominent fatty
acid, 22:2 (A7,15), a non-methylene-inter-
rupted-diene (NMID) present at up to 9.5% of
total FAME in C. orbicularis lipids. In fact,
fatty acids having an w7 olefinic bond, as
indicated by the letter “b” in Table 3, account
for a large percentage (about 30%) of the total
fatty acids in this species, suggesting an impor-
tant metabolic pathway. Only trace amounts of
NMIDs were present in the neutral lipids; the
greater portion appeared in the phospholipid
fraction. Similar findings were reported (35) for
Mercenaria mercenaria and speculation as to the
physiological function of the NMIDs has been
presented (36,37). Klingensmith (35) also
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found an inverse relationship between 22:2
NMID and the polyunsaturates 20:5w3 and
22:6w3.

Low amounts of plant-derived vitamins and
other biochemical components in C. orbicularis
(14) indicate that this species does not obtain
significant nutrition from any of the available
plant material. While 18:2w6 and 20:4w6 have
been found in substantial amounts in marine
algae, sea grasses and detritus (36), and are
present at almost half the total polyunsaturates
in the C. orbicularis, carbon and sulfur isotope
ratios rule out the utilization of carbon derived

- from photosynthesis. Berg and Alatalo (14,15)

have suggested that reduced carbon and nitro-
gen compounds in clam tissues are synthesized
by intracellular symbiotic bacteria within the
gills. Branched-chain fatty acids, commonly
associated with bacteria, tentatively were iden-
tified in the C. orbicularis FAME. Three esters
eluting between 16:0 and 18:0 were tentatively
identified as iso and anteiso 17:0 and branched
18:0 in Table 3 based on the following: The
ester labeled anteiso 17:0 eluted at the same
retention time as the same standard compound;
these esters migrated with the saturated FAME
in argentation TLC; they had molecular ions at
m/je 284 (for those identified as C17) and at
m/e 298 (for those identified as C18), and their
retention times did not change upon hydro-
genatiori. These compounds were present col-
lectively in the 1981 sample at 4.4% and in the
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TABLE 3

Fatty Acid Composition of C. orbicularis Total Lipids

Date of collection

Fall, 81 Fall, 82
aFatty acid Weight percent
methyl esters composition
14:0 0.7 0.6
15:0 0.5 0.5
16:0 7.6 7.1
17:0 2.7 2.9
18:0 7.4 8.4

.is0 17:0 1.5 0.8¢
anteiso 17:0 1.4 0.5¢
18:0 branched 1.5 1.1¢
16:1 7 6.6 7.3b
18:1 9 2.6 1.9¢
18:1 7 12.8 12.5b
20:1 11 5.1 6.0

20:1 9 1.7 1.3¢
20:1 7 8.0 7.6b
18:2 6 2.4 3.0

18:3 3 2.5 3.0

20:4 6 4.9 7.2

20:5 3 1.2 - 1.6

20:2 NMID (A5,11)¢ 1.2 0.8¢
20:2 NMID (A5,13)d 1.0 0.6b
22:2 NMID (A7,13)d 1.7 " 2.9¢
22:2 NMID( A7,15)d 5.6 9.5b

aShorthand notation for number of C atoms:
number of double bonds and position of last double
bond relative to terminal methyl group.

bPathway to major NMID biosynthesis.
CPathway to minor NMID biosynthesis.

dNon-methyleﬂe interrupted diene (A indicates
speculative positions of double bonds relative to car-
boxyl end of the chain.)

€Tentative identification.

1982 sample at about 2.4%.

Two GLC peaks which are not included in
Table 3, one eluting before 14:0 and one be-
tween 17:0 and 18:0, constituted about 3.5%
of the total FAME -and occurred only in the
neutral fraction of the lipids. If the total
saponified, methylated oil sample was first
purified by TLC and the FAME band then
chromatographed, these two compounds do not
appear in the GLC trace. They also did not
appear when the sample lipid was saponified
and methylated in hexane and 2N methanolic
KOH as opposed to MeOH-BF; methylation.
This suggests that they are dimethyl acetal
derivatives of plasmalogens (36). Glycerol
ethers and plasmalogens have been reported in
bivalves (37).

Codakia orbicularis appears to have similari-
ties to other bivalves, such as the presence of
plant sterols, non-methylene interrupted dienes
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and plasmalogens in the lipids. However, the
small percentages of the polyunsaturates,
20:4w6 and 20:5w3, the absence of 22:6¢w3,
and the presence of branched chain fatty acids
at 5% of the total FAME, combined with stable
isotope and enzymatic data (14,15) indicate a bi-
valve mollusc that is metabolizing and/or feeding
very differently from its conventional cousins.
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Separation of Phospholipids for Determination by the

latroscan TLC/FID
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ABSTRACT

Phospholipid separations were carried out using Chromarods-SII impregnated with oxalic acid
without interfering with Iatroscan TLC/FID detection and measurement. The resolutions were com-
pared with untreated rods. Oxalic acid impregnated Chromarods gave better resolution of phospho-
lipids, and the separations were more reproducible on a day to day basis compared to untreated
Chromarods. A concentration of 0.25 M oxalic acid in acetonitrile, with 15 min of impregnation,
followed by 60 min of activation at 110 C, provided the ideal conditions for coating. Three solvent
mixtures, viz. CHCl, :MeOH:HAc:H, O (50:30:8:4, v/v/v/v), CHCl, :MeOH:H, O (65:35:4, v/v/v), and
CHCl, :MeOH:28% NH,OH (70:30:2, v/v/v) were tested as developing solvents. CHCl,;MeOH:H, O
(65:35:4) was found to be the best solvent system. Double development (initially in acetqne, followed
by CHCl, :MeOH:H, O [65:35:4]) is of minor value in improving separations. All the above solvent
systems are capable of separating most of the commonly occurring plant phospholipids, except phos-
phatidylinositol and phosphatidylserine. Both of these phospholipids eluted together on Chromarods-
SII, giving a single peak on the Chromarod, regardless of whether the rods were impregnated with

oxalic acid.
Lipids 20:121-125, 1985.

INTRODUCTION

The use of the Iatroscan-TLC/FID for the
measurement of phospholipids separated on
Chromarods-S or -SII has been described by
. several workers (1). Tanaka et al. (2) originally
investigated the reliability of Iatroscan in the
determination of the composition of the polar
lipids. The composition of cardiac phospho-
lipids (3) and the separation of diacyl and
plasmalogen phospholipids (4) have been exam-
ined using the Chromarod-latroscan system.
However, there have been problems associated
with the separation of certain types of phos-
pholipids. Hiramatsu and Arimori (5), using
CHCl;:MeOH:H,O (60:30:3.5) containing
500 mg/dl of butylated hydroxy toluene
(BHT), found that phosphatidylinositol and
phosphatidylserine always eluted together on
Chromarods and gave a single peak on the
Iatroscan. Vandamme et al. (6), using CHCl;:
MeOH:H, O (80:35:3), separated lysophospha-
tidylcholine, sphingomeyelin, phosphatidylcho-
line and phosphatidylethanolamine, but were
unable to separate cardiolipin, phosphatidyl-
serine and phosphatidylinositol in the same
phospholipid mixture. Innis and Clandinin (7)
could separate the major phospholipid classes

*To whom correspondence should be addressed.

(diphosphatidylglycerol, phosphatidylethanol-
amine, phosphatidylinositol, phosphatidyiserine,
phosphatidylcholine, sphingomyelin and lyso-
lecithin) by developing the Chromarods in light
petroleum-diethyl ether (85:15) and CHCl;:
MeOH:H,0 (80:35:3) and specified the amount
of water in the second developing system as a
limiting factor for the separation. Instead of
pure water, an oxalic acid solution (in water)
has been used in the preparation of silica gel G
plates for thin-layer chromatography (TLC) by
Possmayer et al. (8) and by Ljima et al. (9) for
the separation of phosphatidic acid from the
total lipids, using petroleum ether (40-60°):
acetone:formic acid (74:26:0.25) as the solvent
system. We have now evaluated this modifica-
tion of TLC techniques based on a silica gel
Chromarod-SII impregnated with oxalic acid.
It was found that improved resolution of phos-
pholipids can be achieved with the modified
Chromarods.

EXPERIMENTAL

Phospholipid standards (phosphatidylethan-
olamine, phosphatidylinositol, phosphatidylcho-
line, cardiolipin, sphingomyelin and phospha-
tidic acid) were obtained from Serdary Re-
search Labs (London, Ontario, Canada). Phos-
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phatidylserine was obtained from Applied
Science Labs (Pennsylvania, U.S.A.). According
to the suppliers, the phospholipid standards
were 96-99%; when the phospholipids standards
were examined singly for purity, they produced
1 spot on the TLC plates and gave a single,
symmetrical sharp peak on latroscan TLC/FID
with the different developing systems described
in the Results and Discussion Section. Oxalic
acid (dihydrate) was Baker Chemical Co. (New
Jersey, U.S.A.), ACS reagent grade. All organic
solvents were redistilied under nitrogen before
use.

The airflow on the Iatroscan TH-10 Ana-
lyzer (Iatron Labs, Japan, distributed in Canada
by Technical Marketing Associates, world dis-
tributor Newman-Howells Assoc., Winchester,
United Kingdom) was 2000 m}/min, the hydro-
gen pressure was 0.73 kg/cm2 and the scan
speed 2 mmy/sec. Strip chart recorder Model 50
(Nissei Sangyo Instruments, Japan) was used
with attenuation 10 mv and chart speed of
20 cm/min. Chromarods-SII (latron Labs,
Japan), with a finer particle size than Chroma-
rods-S, were used for all experiments.

The Chromarods were immersed in 30%
nitric acid overnight, rinsed with distilled water
and activated by passing through the FID of the
Iatroscan immediately before use. The cleaned
Chromarods were impregnated with oxalic acid
by dipping the rods in a solution of the oxalic
acid (in acetonitrile) for 15 min (or more in the
case of optimization studies), activating them at
110 C for 30 min (or more in the case of opti-
mization studies) and then spotting in the
normal way. Standard mixtures of lipids in
chloroform were applied (3 ul) by means of
disposable pipettes (“Microcaps”~Drummond
Scientific Co., Broomall, Pennsylvania) onto
the rods. The Chromarods were kept in a satu-
rated sodium chloride humidity tank for
10 min, developed for 40 min in the solvent
system, dried at room temperature for 1 min,
at 110 C for 2 min, and then scanned in the
FID of the Iatroscan.

Standard solutions of samples were prepared
by dissolving weighed amounts of standards in
chloroform or chloroform:methanol (1 mg/ml).
Each standard was stored under an atmosphere
of nitrogen at —17 C.

Various concentrations of oxalic acid, differ-
ent solvent systems and different experimental
conditions were taken as parameters to opti-
mize the best possible conditions. The details
are given in the Results and Discussion Section.

RESULTS AND DISCUSSION

The decomposition of the formic acid mole-
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cule in the normal GLC type FID flame gives
little or no signal (10,11). Oxalic acid is essen-
tially 2 molecules of formic acid, and it has
been shown that the GLC-FID response of
dimethyl oxalate is essentially based solely on
the 2 methoxy functions (12). This character-
istic of oxalic acid suggested that this strong
organic acid could be impregnated in the silica
gel of the Chromarods-S or -SII to modify the
chromatographic characteristics towards phos-
pholipids without interfering with the Iatroscan
FID performance. This has been found to be
the case.

The humidity of the atmosphere, the surface
condition of the Chromarod and the type of
developing solvent system greatly influence the
resolution of phospholipids, especially the sepa-
rations among phosphatidic acid (PA), phospha-
tidylethanolamine (PE) and phosphatidylino-
sitol (PI) + phosphatidylserine (PS). On some
days it was possible to obtain a resolution be-
tween PA, PE and PI + PS. However, the same
rod, after cleaning and respotting with the same
mixture of standard phospholipids, could then
occasionally give a very poor separation of
these phospholipids in which there was a partial
separation between PA and the other phospho-
lipids, with PE, PI and PS eluting together to
give one peak. This indicates that the separa-
tions are not exactly reproducible on a day to
day basis, for the same rod using the same sol-
vent. However, much more reproducible separa-
tions could be obtained by impregnating the
Chromarods with oxalic acid. The impregnated
rods always showed a better resolution than the
untreated ones, as illustrated in Figure 1, re-
gardless of the other parameters, viz. concentra-
tion of oxalic acid, time of impregnation and
developing solvent system. Of the different
solvent systems tried, CHCl3; :MeOH:H,0 (65:
35:4) was found to be the best for overall
resolution and therefore, in one of the runs
with this solvent system 2 more lipid standards,
lysophosphatidylethanolamine (LPE) and lyso-
phosphatidylcholine (LPC), were added to the
“standard mixture of phospholipids” to investi-
gate their behavior. The peak for LPE followed
that of PI + PS and the peak for LPC that of
PC. These two standards (LPE and LPC) were,
however, not included in the “standard mix-
ture’” when other developing systems were
tried.

With the impregnated rods a distinct separa-
tion was always obtained between PA and PE
and also between PE and PI + PS. However,
there was no separation between PI and PS
(shown as PI + PS in figures), both being eluted
as a single peak. Apart from the reproducibility
of separation, the treated rods produce sharper
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FIG. 1. Separation of phospholipids on Chroma-
reds-SII. Development in: CHCl, :MeOH:H, O (65:35:
4) for 40 min. (A) untreated; (B) oxalic acid impreg-
nated.

and more symmetrical peaks than the untreated
Chromarods-SII.

Several experiments were performed taking
various concentrations (0.10, 0.15, 0.25, 0.30
and 0.35 M) of oxalic acid in acetonitrile for
impregnation of Chromarods to find the most
suitable concentration. Acetonitrile was pre-
ferred to water due to the ease with which it
evaporates out from the surface of the Chroma-
rods. The best concentration of oxalic acid for
impregnation was found to be 0.25 M, regard-
less of the solvent system,

The Chromarods were immersed in 025 M
oxalic acid for 15, 30 and 60 min, to investi-
gate the effect of time of impregnation on the
resolution of the various phospholipids. Longer
impregnation did not have much effect, but
60 min of activation of the coated rods at
110 C, instead of 15 or 30 min, gave a better
resolution of phospholipids. Possmayer et al.
(8) and lijima et al. (9) have used oxalic acid
impregnated thin-layer chromatographic (TLC)
plates for separation of phospholipids, particu-
larly PA. The generally improved resolution of
phospholipids on oxalic acid impregnated
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FIG. 2. Separation of phospholipids on Chroma-
rods-SII. Development in: CHCI,:MeOH:HAc:H,O
(50:30:8:4) for 40 min. (A) untreated; (B) oxalic acid
impregnated.

Chromarods observed in the present case prob-
ably is due to the formation of a complex
between the inorganic phospholipid moiety and
oxalic acid.

Developments of the impregnated Chroma-
rods were tried in 3 different solvent systems,
viz. CHCl;:MeOH:HAc:H,0 (50:30:8:4, v/v/
v/v), CHCL; :MeOH:H, O (65:35:4, v/v/v) and
CHCl3:MeOH:28% NH,4OH (70:30:2, v/v/v).
Consistently, CHCl; :MeOH:H,0 (65:35:4, v/
v/v) was found to be the best solvent system for
phospholipid separations on Chromarods-SII
coated with 0.25 M oxalic acid. The elution
order of the various phospholipids was similar
when the rods were developed in CHCl; :MeOH:
HAc:H,O (50:30:8:4) (Fig. 2A, without oxalic
acid, Fig. 2B with oxalic acid) or in CHCl;:
MeOH:H,0 (65:35:4) (Figs. 1A and 1B). In
both solvent systems PA was the most mobile
phospholipid, followed by PE, PI + PS and then
phosphatidylcholine (PC), but when CHCl;:
MeOH:28% NH4OH (70:30:2) was employed
as the solvent system, the elution pattern
changed (Figs. 3A and 3B), the most mobile
component being PE followed by PC, PI + PS
and PA. This different resolution profile could
be of importance for confirming the identity of
individual phospholipid classes developed in the
systems described above, through a different
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FIG. 3. Separation of phospholipids on Chroma-
rods-SII. Development in: CHCl, :MeOH:28% NH, OH
(70:30:2) for 40 min. (A) untreated; (B) oxalic acid
impregnated.

elution profile. The oxalic acid had a relatively
minor effect with the strong base in the solvent
system (Figs. 3A and 3B).

A slight improvement of phospholipid sepa-
rations also could be obtained by double devel-
opment, i.e. initial development of coated rods
in acetone, drying at room temperature for
2 min and a final development in CHClj:
MeOH:H,O (65:35:4). There was not much
improvement to be expected when working
only with polar lipids, since these are as such
known to be not acetone-mobile (13). Very
moderate shifts of components are, however,
known to improve peak shape and response
often (14). The effect of oxalic acid persists
after the acetone development, suggesting that
the oxalic acid is firmly bound to the silica gel,
possibly as the anhydrous molecule. Oxalic acid
loses water at 101-102 C.

In all the solvent systems tested, PI and PS
emerged as one peak (PI + PS). This confirmed

the findings of Vandamme et al. (6) who found, -

using CHCl;:MeOH:H, O (80:35:5), that there
was no separation between PI and PS. Innis and
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Clandinin (7) suggested that the amount of
water in the solvent system is very important in
obtaining a clear resolution of these 2 phospho-
lipids. However, various combinations of the
volume ratios of CHCly:MeOH:H,0 did not
bring any effective change in the resolution of
PI and PS.

Sphingomyelin (SM) and cardiolipin (CL)
are biochemically important phospholipids in
many animal celis. Accordingly the behavior of
these 2 additional polar lipids also was tested
on oxalic acid impregnated as well as untreated
Chromarods with development in CHCl;:MeOH:
H,0 (65:35:4). On both impregnated and un-
treated rods there was a good separation of
SM from other phospholipids; it migrated in
between PC and lysophosphatidylcholine (LPC).
However, CL migrated along with PE and oxalic
acid treatment of the Chromarod-S or -Sii did
not separate these 2 phospholipids with this
solvent system. Recently Tanaka et al. (15)
have obtained a baseline separation of CL and
PE on Chromarods-A (alumina) instead of
Chromarods-S, with development in CHCl;:
MeOH:H,0:15N NH4OH:pyridine (65:27.5:
4:2:2).

One of the drawbacks of the oxalic acid
impregnation, as with any other modified
Chromarods, including addition of AgNO;
(16), boric acid (17), or CuSO,, is that the
Chromarods need to be impregnated every time
before use. Another limitation of this technique
is that, if neutral lipids are separated first,
followed by partial burn (19), the benefits of
oxalic acid impregnation for polar lipid separa-
tions may be removed. Therefore, prior separa-
tion of phospholipids and neutral lipids by
another chromatographic technique probably is
required. A combination TLC/HPLC approach
already has been proposed (20) as a solution to
the crowding of polar lipids on HPLC, a some-
what similar situation.
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Mass Spectrometry of Isomeric Fatty Acid Hydroperoxides by
Chemical lonization via Direct Exposure Probe

R.D. PLATTNER and H.W. GARDNER, Northern Regional Research Center,
Agricultural Research Service, U.S. Department of Agriculture, Peoria, IL. 61604

ABSTRACT

Intact isomeric methyl 9- and 13- hydroperoxy linoleates are analyzed by chemical ionization (CI)
mass spectrometry using a direct exposure probe. Both isobutane and ammonia CI spectra were
obtained. With isobutane CI, ions are observed for protonated fragments that are indicative of an acid
catalysis mechanism similar to that observed in solution, whereas ammonia CI yields primarily adduct
ions. The collisionally activated decomposition daughters of the high mass ions can be used to identify
the position of the hydroperoxy group in the isomers studied.

Lipids 20:126-131, 1985.

INTRODUCTION

Isomeric unsaturated fatty acid hydroperox-
ides are important products in the oxidation of
unsaturated fatty acids. Both the enzymatic
and autoxidation of linoleic acid can result in
mixtures of conjugated 9- and 13- hydroperoxy
dienes. Additionally, small amounts of non-con-
jugated isomers (typically <1%) are found in
autoxidation products (1).

Because unsaturated fatty acid hydroperox-
ides are thermally labile and thus unstable to
analysis by gas chromatography-mass spectrom-
etry (GC-MS), they customarily are converted
to saturated methyl hydroxy fatty acids prior
to analysis. The resulting hydroxy fatty acids
then can be derivatized to trimethylsilyloxy
groups and analyzed by GC-MS to determine
the position of the hydroperoxy group along
the fatty acid chain. Even though positional
isomers of the trimethylsilyloxystearates are
not completely resolved by GC, the composi-
tion of mixtures of simple allylic hydroperox-
ides can be determined by measuring the rela-
tive abundance of the scission products from
the isomeric TMS derivatives and comparing
them with standard mixtures (2).

An alternative procedure is the direct
analysis of the intact hydroperoxides by MS.
Electron ionization (EI) provides little, if any,
useful information about the molecular weight
for hydroperoxides because they are so labile.
In a preliminary study, chemical ionization (CI)
was shown to be useful for examining intact
hydroperoxides, since intense high mass frag-
ments indicative of molecular weight were
observed (3). Fragments arising from CI of in-
tact hydroperoxides can be isolated and studied
by tandem mass spectrometry. In this report,
we discuss the CI/MS spectra and MS/MS
studies of intact isomeric methyl-9 and methyl-
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13-hydroperoxylinoleates, which were intro-
duced into a triple quadrupole tandem mass
spectrometer through a direct exposure probe,

EXPERIMENTAL

Methyl 13-hydroperoxy-cis-9,trans-11-octa-
decadienoate and . 9-hydroperoxy-trans-10,cis-
12-octadecadienoate were prepared as de-
scribed previously (4). Isomeric purity of the
final products was >99% by HPLC (4). They
were stored as dilute solutions (~0.5 mg/ml)
in hexane at —20 C.

A Finnigan 4535/TSQ mass spectrometer
was used in this study. This instrument consists
of 2 independent quadrupole mass filters
coupled in tandem and can be used for either
normal MS scans or MS/MS experiments.
Either isobutane or ammonia was used as the
CI reagent gas at pressures of 0.1 to 0.5 torr as
measured by the source pressure thermocouple
gauge. The source temperature was maintained
at 70 C unless otherwise noted. Samples were
introduced via the direct exposure probe
(DEP). One microliter of dilute solution of
sample was deposited onto the tip of a rhenium
sample filament. After solvent had evaporated
by standing at room temperature, the probe
was inserted into the MS. Under CI conditions,
the filament is located approximately 1 mm
from the exit aperture of the ion source and is
completely surrounded by reagent gas plasma.
The sample is then rapidly heated by pro-
gramming the filament current to 400 ma at
20 ma/sec. The hydroperoxides eluted from the
DEP as an approximately 3-sec-wide peak about
10 sec after heating was initiated. This corre-
sponded to an estimated filament temperature
of 200-250 C when the sample volatilized. The
rapid heating of the probe gave a very rapid
desorption profile of ions with a width similar
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to a capillary GC peak profile. Intense spectra
were provided by as little as 100 ng of hydro-
peroxide,

Data acquisition and mass spectrometer con-
trol were accomplished by the Finnigan data
system. Software controlled both scanning and
mass setting of both quadrupoles in MS/MS ex-
periments. Conventional mass spectra were
obtained by operating Q; and Q; in the all-pass
modes while scanning Q3.

Argon was the target gas in the collision cell
(Q,) for collisionally activated dissociation
(CAD) experiments. The pressure of the colli-
sion cell was varied between 0.5 and 2.5 milli-
torr as measured by the Hastings gauge con-
nected to Q,. The collision energy for the CAD
was controlled by the DC offset of the Q, rods.
Typically it was at —20v. Daughter spectra pro-
duced in low-energy CAD experiments in quad-
rupole MS/MS are highly sensitive to both
target gas. pressure and collision energy. Careful
attention to setting instrumental parameters is
required to achieve reproducible daughter
spectra.

RESULTS AND DISCUSSION

The CI (isobutane) spectra of the 9- and 13-
hydroperoxy linoleate isomers are presented in
Figure 1. The direct exposure CI technique
vields spectra with more intense high mass
fragments than reported previously (3) for a
standard probe. Very little signal from the
protonated molecule (m/z 327) is observed. A
small signal at m/z 325 arises from the proton-
abstracted molecule, and weak signals are
observed from adduct ions of undetermined
structure at m/z 349 and 351. Intense frag-
ments at m/z 293 (MH-H, 0, ¥, 309 (MH-H, O}
and 311 (MH-O}" carry a large share of the total
ion current.

As seen in Figure 1, additional fragments are
observed in the spectra of the 2 hydroperoxide
isomers. These fragments may arise by 2 mech-
anisms of decomposition: a homolytic decom-
position mechanism and a heterolytic mechan-
ism that appear to be analogous to the mech-
anisms of decomposition observed in the forma-
tion of volatiles from the hydroperoxides of
methyl linoleate (4).

Fatty hydroperoxides decompose via [
scission of oxy radicals from homolysis of the
hydroperoxide to form volatile compounds (5).
Heating hydroperoxides in the injection port of
a GC and separating the volatile products is a
convenient way to initiate radical formation
and separate the products formed. In addition,
acid catalysis can lead to formation of a less
complex mixture of volatiles by a decidedly

different mechanism (4). Fragment ions in the
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FIG. 1. Chemical ionization (isobutane) MS of
(a) methyl 9-hydroperoxy-trans-10, cis-12-octadeca-
dienoate, and (b) methyl 13-hydroperoxy-cis-9,trans-
11-octadecadienoate.
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SCHEME 1

isobutane CI spectrum of isomeric hydro-
peroxy linoleates can be accounted for with 2
fragmentation pathways: molecular protona-
tion via isobutane, which leads to ions that can .
be compared with the acid-catalyzed fragmenta-
tion of linoleate hydroperoxides in BF;-ether
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FIG. 2. Chemical jonization (ammonia) MS of
(a) methyl 9-hydroperoxy-trans-10,cis-12-octadeca-
dienoate, and (b) methyl 13-hydroperoxy-cis-9,trans-
11-octadecadienoate.

(4) (Scheme 1), or oxy radical S-scission derived
from homolytic cleavage of the hydroperoxide
(Scheme 2). As discussed below, fragments
indicative of both pathways are observed in the
isobutane CI spectra of methyl 9- and 13-
hydroperoxylinoleates. From the 9-hydroper-
oxide isomer, a fragment ion at m/z 187 (pos-
sibly protonated C9 aldehyde ester) could
originate either by a heterolytic pathway or by
B-scission of an oxy radical. Also, the m/z 101
ion (protonated C6 aldehyde) could arise from
the 13-hydroperoxide by either pathway. More
characteristic of only a heterolytic cleavage
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were an m/z 141 ion (protonated C12:1 alde-
hyde ester) from the 13-hydroperoxide. The
fragment ions of m/z 159 (protonated C8 ester)
and m/z 153 (protonated C10:2 aldehyde)
from the 9-hydroperoxide were characteristic
of the fragmentation expected from homolytic
scission of an oxy radical. Likewise, a free radi-
cal cleavage of the 13-hydroperoxide may be
the source of the m/z 239 ion (protonated
C13:2 aldehyde ester). It is not completely
clear whether these protonated fragments arise
from decomposition of the molecule during
evaporation from the probe followed bv
protonation in the gas plasma or from fragmen-
tation of the ions produced by reaction of the
hydroperoxide with CI gas plasma ions.

With NH3; as the CI gas, the adduct ion
(M+NH,) becomes the base peak (Fig. 2).
Ammonia CI is well suited for analyzing acid-
labile compounds, such as hydroperoxides,
since the (M+NH, ) ion is more stable than the
(M+HY (6). Relatively less total fragmentation
is observed in the ammonia CI spectra, although
the fragmentation pattern is more complex.
With the 9-hydroperoxy isomer, the C9 al-
dehyde ester and C10:2 aldehyde homolytic
cleavage products are observed as their NHY
adducts at m/z 204 and m/z 170. The C13:2
aldehyde ester from the 13-hydroperoxy isomer
is observed as an NH% adduct by an intense
peak at m/z 256. The heterolytic cleavage prod-
ucts from both isomers also are observed as
their NH;, adducts. Two additional signals are
observed at m/z 140 in the 9-hydroperoxy iso-
mer and m/z 226 in the 13-hydroperoxy iso-
mer. It is not readily apparent whether these
fragments are the unprotonated C9:1 and
C12:1 aldehydes from heterolysis or whether
they arise from a more complex route from an

-ammoniation reaction occurring in the CI

plasma. Similar amines are reported to form
from ketones in the CI source (7,8).

MS/MS experiments with CAD daughters of
isomeric high mass fragments from hydroperox-
ides may prove useful in directly identifying
and quantitating the hydroperoxide isomers in
samples that have not been rigorously purified.
These samples may contain other components
withinterfering ions at lower masses which com-
plicate unambiguous identification of which
hydroperoxide isomer is present based on the
total spectrum. To examine this possibility, we
have recorded CAD daughter spectra of the
higher mass fragments that still could contain
information describing the position of the
hydroperoxy group on the fatty acid chain.

The 9- and 13-hydroperoxy isomers both
produce intense ions at m/z 309 and 311 in the
isobutane spectrum, as well as ions at m/z 309,
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FIG. 3. Collisionally activated decomposition
daughters of m/z 309 from (isobutane) chemical
ionization of (a) methyl 9-hydroperoxy-trans-10,cis-
12-octadecadienoate, and (b) methyl 13-hydroperoxy-
cis-9,trans-11-octadecadienoate. ‘

310, 326, 328 and 344 in the ammonia CI
spectrum that are of different structure. All
these ions contain at least one of the oxygen
atoms from the hydroperoxide attached to the
carbon backbone.

The CAD daughters of m/z 309 (isobutane)
are clearly different from the 9- and 13-isomers
(Fig. 3). The most intense daughter fragment
from the isomeric m/z 309 parents arises from
the loss of a neutral methanol molecule. It is
observed at m/z 277. Additionally, the loss of
water from the m/z 309 parent and the m/z
277 daughter are seen at m/z 291 and 259.

These ions are not useful in locating the posi-.

tion of the oxygen on the parent sidechain. The
relatively intense daughter at m/z 99 in the 13-
hydroperoxy isomer and the m/z 185 daughter
in the 9-hydroperoxy isomer can be explained
with simple cleavages that do locate the original
hydroperoxy group. These daughters arise from
cleavage of the parent at C13 or C9 toward the
saturated end of the molecule producing satu-
rated carbonyl acyl ions of the type seen in EI
spectra of saturated hydroxy fatty acids. The
daughter spectrum of the m/z 307 ion in the
CI mass spectrum (isobutane) of methyl-13-
hydroperoxy linolenate shows a similar frag-
ment at m/z 97 (data not shown). The intense
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FIG. 4. Collisionally activated decomposition
daughters of m/z 311 from (isobutane) chemical
ionization of (a) methyl 9-hydroperoxy-trans-10,cis-
12-octadecadienoate, and (b) methyl 13-hydroperoxy-
cis-9,trans-11-octadecadienoate.

daughter seen at m/z 179 in the 13-hydro-
peroxy linoleate isomer could be a, cyclic re-
arrangement that has lost the C5 hydrocarbon
tail (71 amu) and the carboxyl group (59 amu).
A counterpart to this fragment is not seen in
the 9-hydroperoxy isomers m/z 309 daughters.
These daughter spectra are further complicated
because the excess energy added to the parent
by the CAD process causes isomerization of the
double bonds and fragmentation which leads-to
a series of non-specific unsaturated hydrocar-
bon ions, The CAD spectra shown were taken
at a Q, pressure of 1 mtorr with a collision
energy of 20v. A large portion of the parent ion
did not undergo decomposition. Further in-
creases in either collision energy or pressure
decrease the size of the parent peak in the
daughter spectrum. However, the complexity of
the fragmentation increases, but the abundance
of the structurally significant daughters does
not. At lower collision pressures and energies
the parent and the fragment at m/z 277 arising
from loss of methanol from the methyl ester
become the only ions observed.

The CAD daughters of m/z 311 (isobutane)
for both isomers also are unique (Fig. 4). The
9-hydroperoxy isomer gives strong fragments at
m/z 153 and m/z 185 that are very small in the

LIPIDS, VOL. 20, NO. 2 (1985)
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13-hydroperoxy isomer, whereas m/z 99 and
147 are intense in the 13-hydroperoxy isomer
and small in the 9-hydroperoxy isomer. Again,
the major daughter arises from loss of methanol
from the parent.

The CAD daughters of the (M+NH,}
adduct of the hydroperoxide isomers are com-
plex spectra with many fragments (Fig. 5). The
parent shows successive losses of NH;, NH3+
H, 0, NH3+H202 and NH3+H2 O+CH3OH as
intense ions. The fragment at m/z 225 is rela-
tively more intense in the 9-isomer, whereas
m/z 139 is larger in the 13-isomer; m/z 139 is
an intense ion in both isomers, and most of the

fragments observed are common to both iso-

mers.

The CAD daughters of the m/z 328 (NH;)
and m/z 326 (NH;3) ions are the simplest and
most strikingly different of all the parents
(Fig. 6). The m/z 326 has the molecular mass of
the parent hydroperoxide but probably is not a
molecular ion. Rather, it either arises from loss
of water from the adduct ion or the loss of
water from an ammoniation reaction product in
the gas plasma. Similar reactions are reported to
occur (7,8) with ketones forming imines in the
CI source. Of those ions tested for daughter
spectra, those from m/z 328 probably are the
best we have examined for giving a distinctly
different spectrum for each of the hydroperox-
ide isomers. As seen in Figure 6, the intense
ions at m/z 185 and 99 are particularly charac-
teristic of the 9- and 13-hydroperoxides, respec-
tively. These ions would appear to offer a good
opportunity to analyze the isomeric composi-
tion of hydroperoxide mixtures. Other frag-
ment jons also differ between the 2 isomers,
such as m/z 125 and 153 for the 9-isomer and
m/z 124 and 219 in the features of the 13-
isomer,

The interesting gas phase chemistry that
occurs in the CI source with NHj; deserves
much further attention with model compounds
to unravel the details of just what structures are
represented by the ions formed in NH3 CI of
substituted fatty acids. In any event, the tech-
nique of using MS/MS daughters should be
helpful in studying these compounds. The
unique daughters from m/z 309 and m/z 328
from the isomeric hydroperoxides may prove
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FIG. 5. Collisionally activated decompositions of
the (M+NH, )" adduct at m/z 344 from (NH;) chemi-
cal ionization of (a) methyl 9-hydroperoxy-trans-10,
cis-12-octadecadienoate, and (b) methyl 13-hydro-
peroxy-cis-9,trans- 11-octadecadenoate.

useful for quantitative determination of iso-
meric mixtures directly without reduction and
hydrogenation.
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Metabolism of Lysophosphatidylcholine by Swine Platelets
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ABSTRACT

Incubation of intact platelets from Sinclair(S-1) miniature swine with *?P-labeled lysophospha-
tidylcholine (lyso PC) indicated the presence of an active lysophospholipase with a pH optimum of
8.0 for hydrolysis of the substrate. However, lyso PC was incorporated into the membrane phospha-
tidylcholines by the acyltransferase pathway upon addition of ATP, Mg* and CoA to the platelet
suspension. These results suggest that intact platelets are able to resist the cytotoxic effects of lyso PC
in plasma, and the phospholipids in platelet membranes are not readily affected by the lipid environ-
ment of the plasma. The acyltransfer reaction apparently is saturated with endogenous free fatty acids
since arachidonic acid added exogenously did not further enhance the incorporation activity. Neither
the acyltransferase nor the lysophospholipase activity was affected by Ca'™, but divalent metal ions
such as Za™ inhibited the lysophospholipase activity. Cholesterol but not cholesteryl esters elicited a
biphasic effect on both enzymes, stimulating at low concentration but inhibiting at a cholesterol to
lyso PC ratio greater than 1. Serum albumin inhibited the lysophospholipase but gave a small biphasic

effect to the acyltransferase.
Lipids 20:133-140, 1985.

INTRODUCTION

A considerable amount of lysophosphatidyl-
choline (lyso PC) is present in the plasma due
to the action of lecithin:cholesterol acylirans-
ferase (LCAT) (1,2). Because of their amphi-
pathic properties, the lysophospholipids are
cytotoxic and can cause lysis of cell membrane
when present in excess (3). In the plasma, lyso
PC tends to bind to lipoproteins with a much
higher affinity than to albumin (4). Since there
is no obviously active enzymic system in plasma
to metabolize the lyso PC directly, the major

" route for its clearance is probably through up-
take by various tissues and body organs (5,6).
Within the cells, three major enzymic pathways
have been identified for metabolism of lyso PC:
(i) hydrolysis by lysophospholipases to form
glycerophosphocholines (GPC) and free fatty
acid (7); (ii) transacylation of two lyso PC
molecules to form phosphatidylcholines (PC)
(8), and (iii) acylation of lyso PC via the lyso-
phospholipid:acyl-CoA acyliransferase to form
PC (9). More recent studies have indicated
other types of transacylases in which acyl
groups are donated from PC to lysophospho-
lipids such as lyso PE and lyso PS (10-12).
These transacylase pathways are CoA-depen-
dent and ATP-independent, and they are active
in human platelets.

Since the blood cells are constantly em-
bedded in an environment enriched in lyso PC,
it would be important to understand the type

present address: Sigma Chemical
P.O. Box 14508, St. Louis, MO 63178.

*To whom correspondence should be addressed.

Company,

of interaction between the cells and plasma
with respect to metabolism of this lipid. Joist
et al. (13) reported that lyso PC can cause both
inhibition and potentiation effects on platelet
functions, and these functional changes can
occur at lyso PC concentrations which do not
produce a gross structural modification or lysis
of the membranes. In the past, studies with
human platelets have presented evidence for
degradation as well as conversion of lyso PC to
PC (13,14). Intact human platelets were able to
incorporate fatty acids into phospholipids, and
this activity was enhanced by ATP, CoA and
exogenous lyso PC (15). The acyl-CoA:l-acyl-
GPC acyltransferase in platelet microsomes
showed a high preference for acylation of
arachidonic acid (16). The present study pro-
vides information regarding the metabolism of
labeled lyso PC by intact platelets isolated from
Sinclair(S-1) miniature swine. This animal
model is a good source of intact platelets for
biomedical research. The effects of divalent
cations, albumin, cholesterol and cholesteryl
esters on enzymes responsible for metabolism
of the lyso PC are described. Successful studies
using the swine platelets will be useful for
future investigations correlating platelet mem-
brane structure and functions.

MATERIALS AND METHODS

Materials

Sodium [”P]phosphate (0.67 mCi/ml) was
purchased from Mallinckrodt Diagnostics, St.
Louis, Missouri. Other chemicals and reagents
such as cholesterol, propranolol and phospho-

LIPIDS, VOL. 20, NO. 3 (1985)
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lipase A, (Naja naja) were purchased from
Sigma Chemical Co., St. Louis, Missouri.

Preparation of *?P-lyso PC

Livers were taken from 16 rats that were
injected ip. 12-14 hr earlier with sodium
[3*P]phosphate (0.27 mCi per 150 g rat).
Lipids were extracted from the liver homo-
enate by chloroform/methanol (2:1, v/v), and
2P-PC was isolated from the lipid extract by
preparative TLC using chloroform/methanol/
15N ammonium hydroxide (135:60:10, v/v/v)
as developing solvent. The 32P-PC recovered
from the silica gel was further reacted with
phospholipase A, (Naja naja, 100 ug/ml in
0.1 M Tris-HC], pH 9) in an incubation mixture
containing CaCl, and bovine serum albumin.
After incubation at 37 C for 1 hr, 4 vol of
chloroform/methanol (2:1, v/v) were added to
terminate the reaction and extract the lipids.

The 32P-lyso PC generated from the above
procedure was isolated and purified on TLC
plates with a solvent system containing chloro-
form/methanol/15N ammonium hydroxide (135:
60:10, v/v/v). The purified 3?P-lyso PC was
dissolved in a known volume of chloroform/
methanol (9:1, v/v) and stored in the refriger-
ator until use. For determination of the specific
radioactivity of the lyso PC, an aliquot was
taken to measure the radioactivity and another
for quantitation by GLC of the fatty acid
methyl esters generated by base methanolysis
with sodium methoxide.

Preparation of Platelet Suspension

For each experiment, 400 ml of blood were
withdrawn from Sinclair(S-1) miniature swine,
which are reared at the Sinclair Comparative
Medicine Research Farm animal facilities.
Blood was drawn by heart puncture directly
into a 50 ml plastic syringe containing 10 ml of
ACD (7.3 g citric acid, 22 g sodium citrate and
245 g dextrose/l distilled water) and then
pooled into 150 ml siliconized glass centrifuge
tubes containing 50 ml of 3% dextran in saline
(138 mM NaCl, 5 mM KCl and 0.2% glucose).
The samples were centrifuged at 110g for
15 min at room temperature. The platelet-rich
plasma was removed and centrifuged again at
150 g for 15 min to remove contaminating
blood cells. The supernatant containing the
platelets was centrifuged at 2500 g for 15 min,
The pellet was suspended with 0.32 M sucrose
in 50 mM Tris-HCl (pH 7.4) to make a final
concentration of 2-8 x 10° platelets/ml. A
0.5 ml aliquot from the suspension was used for
each incubation. Protein content of the suspen-
sion was also determined in some experiments
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by the method of Lowry et al. (17) using
bovine serum albumin as standard.

Incubation of Platelets

All incubations were carried out in silicon-
ized 10 ml glass tubes at 37 C in a shaking
water bath for 30 min (unless otherwise stated). -
After 32P-lyso PC was added and dried under
N,, buffer (0.32 M sucrose-50 mM Tris-HCI,
pH 7.4) and co-factors (as required) were
added. The reaction was initiated by adding
0.5 ml of platelet suspension (approximately
1 x 10° platelets) to make a final volume of
1 ml. After incubation, 4 vol of chloroform/
methanol (2:1, v/v) were added to terminate
the reaction. The reaction mixture was then
separated into two phases by light centrifuga-
tion.

The lysophospholipase activity was deter-
mined by measuring an aliquot of the aqueous
layer containing the radioactive GPC formed.
Over 90% of the radioactivity of GPC was re-
covered in a single peak near the void volume
after charging to a Dowex column. Acyltrans-
ferase and transacylase activities were deter-
mined by measuring the radioactivity of PC
formed in the presence or absence of cofactors
ATP (2.5 mM), Mg" (5 mM) and CoA (0.1 mM).
Tubes containing the same reaction mixtures
but without incubation were used as blanks. To
measure the PC formed, the organic phase was
removed, and PC was isolated by TLC using
chloroform/methanol/1 5N ammonium hydrox-
ide (135:60:10, v/v/v) as solvent system. Radio-
activity of GPC and PC was measured by a
Beckman LS230 liquid scintillation spec-
trometer.

RESULTS

Incubation of platelet suspensions with
32pilyso PC resulted in a time-de?endent
breakdown of the substrate to form **P-GPC,
which is recovered as a water soluble product.
Under this condition, very little lyso PC was
converted to PC, indicating that the lyso
PC:lyso PC transacylase activity is very low.
However, when ATP, Mg™ and CoA were added
to the incubation mixture, a substantial amount
of lyso PC was converted to PC (Table 1). The
acyl transfer reaction apparently utilized endo-
genous free fatty acids, because addition of
arachidonic acid (15 uM) to the incubation
mixture did not further enhance acylation of
32p.tyso PC to form PC. Results of this experi-
ment also showed that activity of the lyso-
phospholipase was not affected by the presence
of cofactors for the acyl transfer reaction.
Under the incubation condition in which co-
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factors- were present, Ca"™ exerted little effect
on the acyl transfer or the lysophospholipase
activity.

Data in Figure 1 show the time-dependent
utilization of *?*P-lyso PC by lysophospholipase

TABLE 1
Effects of Cofactors on Activity of Lysophospholipase

and Acyltransferase of Platelets from Sinclair (S-1)
Miniature Swine

Enzyme products

Cofactors PC GPC
cpm

None 129 + 24 3819+ 66

ATP, Mg"*, CoA 1062 + 92 3852+ 42

ATP, Mg, CoA, 20:4 1012 £ 16 3732 £ 639

ATP, Mg", CoA, Ca** 1036+ § 3826 * 440

Platelets (1 X 10° cells in 0.5 ml) were incubated
in a system containing 3*P-lyso PC (10,000 cpm in
100 nmoles) and 0.32 M sucrose-50 mM Tris (pH 7.4)
in a final volume of 1 ml. Incubations were carried out
at 37 C for 30 min. Concentrations of the cofactors
were 2.5 mM ATP, 5§ mM Mg™, 0.1 mM CoA, 15 uM
20:4 and 3 mM Ca"™ (with 1 mM EGTA). The activities
of lysophospholipase and acyltransferase are indicated
by the radioactivity of the enzyme products, GPC and
PC, respectively. Data are the mean * S.D. of 3 deter-
minations and are representative of several experi-
ments.

PC & GPC, CPM x 102

135

and acyltransferase, i.e., incubation of lyso PC
in the presence of cofactors. In general, the
apparent lysophospholipase activity was con-
siderably higher (8-12 nmole/30 min/mg) than
that for the acyltransferase (1.4-4.3 nmole/30
min/mg). Activity of both enzymes also in-
creased with respect to increasing amounts of
protein, reaching a maximum around 0.7 mg
for the acyltransferase and 0.9 mg for the lyso-
phospholipase (Fig. 2). Lysophospholipase
activity during incubation of 1 x 10° platelets
(0.72 mg protein) increased linearly with sub-
strate concentration up to 160 uM (Fig. 3). No
inhibitory effect was observed even when the
substrate was increased to 200 uM. When the
assay was carried out in the presence of ATP
and CoA, similar amounts of products were
formed at all substrate concentrations tested,
indicating that the two enzymes were not
competing for the substrate. As shown in
Figure 4, the lysophospholipase showed a pH
optimum of 8.0, and little activity was found
below pH 6.

Although neither enzyme activity was
affected by Ca*, other divalent metal ions such
as Fé, Zn™ and Mn™ produced variable inhibi-
tory effects on the lysophospholipase (Table 2).
Among these, the inhibition by Zn" was espe-
cially potent, giving rise to nearly complete
inhibition at 3 mM. Surprisingly, cholesterol

Lyso PC, CPM x 102

Time, min

FIG. 1. Time dependence of PC and GPC formation and lyso PC degradation in
platelets of Sinclair (S-1) miniature swine. Incubations were carried out at 37 C for
30 min in the presence of *2P-lyso PC (10,000 cpm in 100 nmoles), ATP (2.5 mM),
Mg* (5 mM) and CoA (0.1 mM) and platelets (1 X 10° cells in 0.5 ml) in a total

volume of 1 ml, A— — — — — A lyso PC;e
PC (acyltransferase).

e, GPC (lysophospholipase); o——o,
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FIG. 2. Protein concentration curve for lysophospholipase (GPC) and acyltrans-
ferase (PC) in platelets of miniature swine. The condition for incubation was the
same as in Figure 1, except that the protein level of the platelets was varied. The pro-
tein content of 1 X 10° platelets was 7.2 mg,

but not cholesteryl esters was shown to affect
the lysophospholipid metabolism (cholesteryl
ester data not shown). At a cholesterol/lyso PC
molar ratio of 0.65, both lysophospholipase
and acyltransferase activities in the platelets
were stimulated, but as the ratio of cholesterol/
lyso PC increased above 1, both activities were
inhibited (Fig. 5). The inhibitory effect of
cholestero] increased with increasing concentra-
tion, but no further inhibition was observed at
concentrations higher than 200 nmole/ml.
Bovine serum albumin also exerted an inhibi-
tory effect on both enzymes, although the
effect on lysophospholipase was more obvious
(Fig. 6). Preliminary testing of the effect of
propranolol (2.5 mM) indicated an inhibition to
acyltransferase but not with the lysophospho-
lipase (Table 2).

DISCUSSION

Results of the study indicated that when
intact swine platelets were suspended in an
incubation medium (pH 7.4) containing 3?P-
lyso PC, the substrate was hydrolyzed mainly
by the lysophospholipase to form GPC, but
little PC was synthesized. This result seems to
be different from those obtained by Elsbach
et al. (14) with human platelets. However, the
difference may be due to pH, because these
investigators used pH 9 for the incubation. The
fact that intact platelets can hydrolyze lyso PC
added exogenously to the incubation medium
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o——o None
x---=x with ATP, Mg, CoA

GPC, nmole

80 120 160 200

Lyso PC, nmole/ml
FIG. 3. Substrate concentration curve for lyso-
phospholipase in platelets of miniature swine. Platelets
(1 X 10° cells in 0.5 ml) were incubated at 37 C for
30 min in the presence of increasing concentrations of
32Pplyso PC (nmoles/ml) either with or without co-
factors for acyltransferase.

implies that either the lysophospholipase is
located at the external surface of the plasma
membrane, or the substrate is readily diffused
across the membrane for metabolism. Since
platelet membranes had little ability to convert
lyso PC to PC during incubation without added
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FIG. 4. Effect of pH on lysophospholipase activity in platelets of miniature swine.
Platelets (1 X 10° cells in 0.5 ml) were incubated with 3*P-lyso PC in a system in
which pH of the buffer was varied. Sodium acetate buffers were used for pH 4-7, and
Tris-HCI buffers were used for pH 7-9. '

TABLE 2

Effects of Divalent Metal Ions and Propranolol on Lysophospholipase
and Acyltransferase of Platelets from Miniature Swine

Test
compounds Concentration Lysophospholipase Acyltransferase

% of control
Experiment A

Fe** 1.5 mM 93.0 -
Fet* 3.0 mM 72.5 -
Zn™ 1.5 mM 26.5 -
Zn* 3.0 mM 2.5 -
Mn* 1.5 mM 62.0 -
Mn't 3.0mM 60.5 -

Experiment B
Propranolol 2.5 mM 100 56.8

In experiment A, platelets (1 X 10° cells in 0.5 ml) were incubated with 3 P-lyso PC
(100 nmoles) in the absence of cofactors. The reaction mixture contained 1 mM EDTA and
various divalent cations to give a net concentration of 1.5 and 3.0 mM. Results are the
average of triplicate incubations in which variances were less than 10% of the radioactivity
measured. In experiment B, platelets (1 X 10° cells in 0.5 m1) were incubated with 2 P-lyso
PC (100 nmoles) in the presence of cofactors as described in Table 1. Results are expressed
as percent of controls which were incubated under the same condition, except in the ab-
sence of the inhibitors.

LIPIDS, VOL. 20, NO. 3 (1985)
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FIG. 5. Effect of cholesterol on lysophospholipase and acyltransferase activities
in platelets of miniature swine. The condition for incubation of platelets in the pres-
ence of cofactors is described in Figure 1. The concentrations of cholesterol indicated
do not include cholesterol present in the platelet membranes.

cofactors, the possibility of an active lyso PC
metabolism via the lyso PC:lyso PC transacylase
also was eliminated. Although Subbaiah and
Bagdade (5,6) reported the presence of lyso
PC:lyso PC acyltransferase in human plasma,
this enzyme is found largely in the lung tissue
for synthesis of lung surfactant (8). Neverthe-
less, our experimental results do not exclude
the possible presence of other types of trans-
acylases, especially those catalyzing the transfer
of arachidonoyl-PC to lysophosphatidylethanol-
amine or lyso-phosphatidylserine (10-12). The
lack of an active mechanism for incorporation
of lyso PC from plasma into the platelet mem-
brane phospholipids may be important in pro-
tecting against abrupt changes in lipid composi-
tion of the platelet membranes caused by short-
term dietary influences.

Exactly why intact platelets require Mg",
ATP and CoA for conversion of lyso PC to PC
is not known. A similar finding was reported by
Cohen et al. (15) for human platelets, although
in their study labeled fatty acids were used. It
is possible that the energy metabolites and acyl-
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CoA within the platelets were rapidly ex-
hausted during isolation and centrifugation.
Consequently, addition of the cofactors helped
to restore the energy level required to convert
the free fatty acids to their acyl-CoA and subse-
quently transfer the acyl-CoA to the lysophos-
pholipids. This acylation pathway has been
well-characterized by Lands and Crawford (9),
and the enzyme(s) is present in most tissues and
body organs. Surprisingly, addition of exogen-
ous arachidonate did not further enhance the
acylation activity, even though this fatty acid is
regarded as the best acyl donor for the acyl-
transferase in many tissues (18,19). One ex-
planation is that the membranes already are
saturated with endogenous free fatty acids for
the acylation reaction. Therefore, addition of
exogenous fatty acids would not alter the rate
of the acylation. Another explanation is that
exogenously added fatty acids are not able to
equilibrate effectively with the endogenous
pool. The latter possibility actually has been
demonstrated in other types of membrane
studies in which free fatty acids were used as -
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FIG. 6. Effect of bovine serum albumin on lysophospholipase (GPC) and acyl-
transferase (PC) activities in platelets of miniature swine. The activities were meas-
ured under standard assay condition as described in Figure 1.

substrate (20,21).

Although both lysophospholipase and acyl-
transferase can use °2 Plyso PC as substrate
effectively, the two enzymes do not seem to be
competing for the substrate pool. The results
further suggest that these two enzymes are
operating at different sites in the platelet mem-
branes, probably lysophospholipase at the outer
surface of the membrane and the acyltransfer-
ase within the membrane matrix. Inhibition of
the acyltransferase and lysophospholipase re-
actions was observed with respect to BSA,
cholesterol but not with cholesteryl esters. The
inhibitory effect exerted by cholesterol prob-
ably is due to formation of a tight complex
between lyso PC and cholesterol (22,23).
Apparently, the free hydroxyl group of choles-

terol is important for the complex formation. .

Normally, there are more cholesteryl esters in
plasma than free cholesterol, and both free and
esterified cholesterols are bound to the lipopro-
teins. Lyso PC in plasma also is shown to bind
to the lipoproteins (4), but to what extent
individual lipid components of the lipoproteins
may affect the platelet metabolism remains to
be investigated. Since albumin cannot cross the
membrane, it i expected that this protein
would exert a more potent inhibitory effect on

lysophospholipase than acyltransferase. Using
this procedure, it is also possible to study ef-
fects of membrane active agents and drugs on
platelet membrane enzymes. A preliminary test-
ing with propranolol (2.5 mM) indicated that
this compound exerted an inhibitory effect on
the acyltransferase but not the lysophospho-
lipase (Table 2). The specific action of pro-
pranolol, a cationic amphiphilic drug, further
shows that the two enzymes are located at dif-
ferent sites of the membrane. Further studies
with this drug are in progress.
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ABSTRACT

The phospholipids of the sponge Polymastia gleneni contain saturated long chain (C,;_3) -acetoxy
fatty acids. Their structures were assigned based on chromatographic and spectrometric data as well
as comparison with a synthetic sample. The use of capillary gas chromatography combined with chemi-
cal ionization and electron impact mass spectrometry was instrumental in the eludication of structures,
since only a very small amount of crude lipids was available.

Lipids 20:141-144, 1985.

INTRODUCTION

The sponges are the most primitive multicel-
lular animals. In the early fifties Bergmann and
Swift (1) found very long chain fatty acids
(17,20-hexacosadienoic and 9-hexacosenoic
acids) in two marine sponges. More recently,
additional new straight chain “demospongic”
acids were reported by Litchfield and his co-
workers (2-5). In our laboratory, nearly 50
novel acids were isolated from the phospholipids
of various demosponges (6-12). All these phos-
pholipid components have very long hydrocar-
bon chains ranging up to 30 carbons. In most
cases, these acids contain the unusual A3 -diene
systems, but mono-unsaturation also is encoun-
tered (8,9,11). In addition, our recent studies
revealed the presence of branched (6,7,11),
methoxy (8,9), cyclopropane (10) or brominated
(12) demospongic acids.

Sponges also are characterized by unusual
ratios of phospholipid classes. In many cases
larger amounts of phosphatidylethanolamine
and phosphatidylserine rather than the “animat
phospholipid” phosphatidylcholine are found.
The unusual features of the phospholipids from
such primitive organisms are of great interest in
terms of biological membrane studies, an area
which has drawn increasing attention in recent
years. The occurrence of large quantities of PE
and PS, together with the above mentioned
unprecedented fatty acyl components, should
have an effect on the physiological and morpho-
logical properties of the sponge cell membranes.

Our ongoing research of phospholipids from
marine invertebrates has now uncovered another
class of demospongic acids, namely totally sat-
urated, 2-acetoxy Cyy-3¢ acids. These were iso-
lated from a very small amount of a lipid

*To whom correspondence should be addressed.

1part 10 of “Phospholipids in Marine Organisms.”
For Part 9 in this series, see reference 12.

extract derived from an extremely rare sponge,
Polymastia gleneni, and ‘their structures deter-
mined by means of capillary gas chromatog-
raphy-chemical ionization and electron impact
mass spectrometry.

EXPERIMENTAL

Polymastia gleneni sponge colonies were
collected in the Archipelago of Glenan, near
Concarneau, France, They were extracted with
cold CHCl3/MeOH (1:1, v/v). The crude extract
was purified by silicic acid column chromatog-
raphy as described earlier (6). The extract was
kept under argon or nitrogen at -10 C in solu-
tions. containing 0.002% BHT as preservative.
Commercially prepared precoated silica gel
TLC plates (0.2 mm thickness) were used for all
TLC analyses, General reagents for phospholipid
and fatty acid analysis were Molybdenum Blue
and ceric sulfate. As a non-destructive spray
reagent, Rhodamine 6G was used. Ninhydrin
(primary and secondary amino groups, PE, PS),
Dragendorff (tertiary and quaternary amino
groups, PC) and Periodate-Schiff (carbohydrates,
DPG, PG, PI) sprays also were used for the
comparison of the phospholipid head groups
with known standards.

A Carlo Erba series 4160 Fractovap chroma-
tograph, equipped with a fused silica column
(30 m x 0.32 mm) and coated with SE-54
(J & W Scientific, Inc.), a Model 400 LT pro-
grammer, a cooled on-column injection system
and a flame ionization detector were used for’
the capillary gas chromatographic analyses. The
initial and final oven temperatures were 130 C
and 290 C for methyl esters and acetates, while
the initial temperature was set at 190 C for the
pyrrolidides. The temperature gradients were
either 5 or 10 C/min. For the capillary gas
chromatography-mass spectrometry measure-
ments, a Ribermag GC-MS-DS system, combin-
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ing a Ribermag R 10-10 quadrupole mass spec-
trometer with a Carlo Erba series 4160 Fracto-
vap chromatograph, containing the same type
of column used for the capillary GC analysis,
was utilized. Optimum conditions in CI mode
with ammonia were obtained by focusing on
m/z 18 and m/z 35 with an average source
temperature of 240 C.

Either a Varian Associates HA-100 or a
Nicolet Magnetics Corporation 300 NMR instru-
ment was used for 100 or 300 MHz NMR
measurements. The solvent was deuterated
chloroform. The values are given in ppm (§).
Infrared (IR) spectra were run using a Beckman
Acculab spectrophotometer.

High performance liquid chromatography-
(HPLC) equipment included either a 50 cm X
9 mm Whatman ODS-2 reverse phase column or
a 25 cm X 10 mm Altex Ultrasphere column,
with a Waters M-6000A pump, a Valco loop
injector and a Waters R401 refractometric
detector. The eluting solvent was methanol.

The preparation of fatty acid methyl esters,
N-acyl pyrrolidide derivatives and hydrogenation
products was carried out as described earlier (6).
Acetylation of hydroxyl groups was done using
acetic-anhydride/pyridine (2:1, 24 hr) at room
temperature. Standard fatty acid methyl ester
mixtures needed for comparison purposes and
for the determination of ECL values were ob-
tained from Supelco (Supelco, Bellefonte, Penn-
sylvania) or from Applied Science (Milton Roy
Co., Laboratory Group, State College, Pennsyl-
vania). 2-Hydroxyhexacosanoic acid was pur-
chased from Sigma Chemical Co., (St. Louis,
Missouri).

RESULTS AND DISCUSSION

TLC analysis of the phospholipids indicated
an unusual composition since some major spots
furnished shorter Rf values than those of con-
ventional phospholipids such as PE, PG, PC and

E. AYANOGLU, K. KURTZ, J.M. KORNPROBST AND C, DJERASSI

PS. This suggested the presence of either substi-
tuted fatty acyl chains or new polar head
groups, or both., The fatty acid methyl ester
mixture obtained from the total phospholipids
exhibited the presence of an additional spot
with a lower Rf value (0.75 in hexane/ether
(8:2, v/v]) than that of conventional fatty acid
methyl esters, implying a substitution on the
chain. The total fatty acid mixture was subjected
to a small scale column chromatographic sepa-
ration using silica gel as absorbent. Elution with
hexane and hexane/ether (95:5, v/v) yielded
the expected unsubstituted fatty acid methyl
ester fractions. The major components in the
mixture were 5,9-hexacosadienoic, 17-hexacose-
noic and 5,9,19-octacosadienoic acids. ASSH19.
28:3 wasthe most abundant acid in the mixture,
Smaller amounts of ‘“‘conventional” fatty acids
also were encountered. The use of hexane/ether
(90:10, v/v) afforded the above mentioned
polar TLC spot. Capillary GC analysis of this
fraction showed the presence of five major and
at least four minor compounds with unusually
long retention times, which comprised approxi-
mately half of the total FAME mixture based
on quantitative GC calculation. The increasing
order in the ECL value of these compounds
(24.39, 25.39, 26.39, etc., Table 1) implied a
mixture of homologs. Hydrogenation of an
aliquot of the mixture did not cause any change
in the ECL values of any of the compounds,
indicating a totally saturated composition,

An electron impact GC/MS analysis of the
mixture gave essentially uninterpretable results.
For example, the most abundant acid 3 fur-
nished major fragment peaks at m/z 398, 381,
380, 366, 348 and 339. A fragment ion peak
(McLafferty rearrangement) at m/z 74, typical
for fatty acid methyl -esters, was present but
was very weak, suggesting a possible substitution
on C-2,

An attempt to purify some individual acids
from the above mentioned TLC spot did not

TABLE 1

2-Acetoxy Acids from the Phospholipids of Polymastia gleneni

Acid no. ECL3 Percent
1 2-Acetoxydocosanoic (2-OAc-22:0) 24.39 134
2 2-Acetoxytricosanoic (2-OAc-23:0) 25.39 13.9
3 2-Acetoxytetracosanoic (2-OAc-24:0) 26.39 45.1
4 2-Acetoxypentacosanoic (2-Ac-25:0) 27.38 16.5
s 2-Acetoxyhexacosanoic (2-OAc-26:0) 28.38 7.5
6 2-Acetoxyheptacosanoic (20Ac-27:0) 29.38 0.6
7 2-Acetoxyoctacosanoic (2-OAc-28:0) 30.37 0.4
8 2-Acetoxynonacosanoic (2-OAc-29:0) 31.37 1.1
9 2-Acetoxytriacontanoic (2-OAc-30:0) 32.36 0.7

aEquivalent chain length values were calculated from the methyl] esters of the corre-

sponding acids.
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provide sufficient material for spectral measure-
ments. However, the NMR spectrum of the
combined fractions displayed a terminal methyl
triplet at 0.882 ppm and a large CH, absorbance
at 1.259 ppm, in addition to two singlets (3H
each) at 2.137 and 3.743 ppm, Methoxy car-
bonyl singlets arising from methyl esters of
conventional fatty acids normally appear at
3.658 ppm. The down-field shift points to a
possible a-substitution; for example 2-methoxy
acids, obtained in this laboratory (8,9), give the
methoxycarbonyl signal at 3.775 ppm, together
with a methoxy singlet at 3.380 ppm, In the
present instance, the presence of a singlet at
2.137 ppm raises the possibility of 2-acetoxy
substitution. No absorption in the vinylic area
was observed, confirming the previous hydro-
genation results. The IR spectrum showed the
expected hydrocarbon and ester bands at 3050
and 2820, respectively, as well as strong car-
bony! absorption at 1740 cm™!, An aliquot of
the mixture was converted to pyrrolidides, but
no further conclusive information was obtained
from the mass spectra of these derivatives.
Since the above mentioned methods did not
offer unambiguous and complete structures for
our compounds, the mixture was subjected to
further analysis using capillary gas chromatog-
raphy-chemical ionization mass spectrometry
with ammonia as the reagent gas. This time the
molecular ions were clearly seen with intense
M + 18 peaks, corresponding to ammonia adduct
ions (Table 2). For comparison purposes, the
electron impact and chemical ionization mass
spectra of acids 3 and 5 are reproduced in
Figures 1 and 2. The combination of data indi-
cates a loss of a ketene group (M* - 42, m/z 398
in- 3, and m/z 426 in 5, Figures 1-2), resulting

A El
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E mu*
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\

300 350 100
FIG. 1. Electron impact (EI) and chemical ioniza-
tion (CI) mass spectra of 2-acetoxytetracosanoic acid

(3, Table 1).

450

from acetoxy substitution on C-2 of the fatty
acids. The previously uninterpretable fragmen-
tation ion peaks a, b, c, d, e and f now can be
readily rationalized as shown in Table 2.

In order to confirm our assignment, com-
mercially available 2-hydroxyhexacosanoic acid
(2-OH-26:0) was subjected to methylation and
acetylation in the usual manner. The resulting
product gave the same TLC Rf value as well as
NMR and IR absorptions reported for our
natural mixture. In addition, capillary gas chro-
matographic, as well as EI and CI mass spectral
properties of the synthetic compound and the
natural acid 5 were identical in all respects. The

TABLE 2

Major Diagnostic Peaks in the Chemical Ionization and Electron Impact Mass Spectra of Acids 1-5 from P. gleneni

Chem. ion.2

Electron impact:b

a b c d e f

[M* + M*.CH, M*-(CH,=C=0 M*-(CH,COOH M*(COOCH,

Acid  NH,] MH* =C=0" M*.COOCH, M®*.CH,COOH + CH,OH + CH,OH + CH,=C=0)
1 430 413 370 353 352 338 320 311
(100) (17) (100) (19) 9) (72) (22) (6)
2 444 427 384 367 366 352 334 - 325
(100) (24) (100) (21) (12) (85) (24) 9
3 458 441 398 381 380 366 348 339
(100) (23) (100) (20) 12) (82) 24) (6)
4 472 455 412 395 394 380 362 353
(100) (18) (100) (11) 6) 44) 13) )
5 486 469 426 409 408 394 376 367
(100) (16) (100) (6) ) (25) Q) ()

2Intensijties are given in parentheses,
bpeaks above m/z 150 are shown,
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FIG. 2. Electron impact (EI) and chemical ioniza-
tion (CI) mass spectra of 2-acetoxyhexacosanoic acid
(5, Table 1).

above mentioned chemical and spectrometric
data clearly establish the structures of the major
compounds in the mixture as totally saturated
2-acetoxy Cppme acids (Table 1). The minor
components of our mixture, acids 6-9, which
were obtained together with major compounds
1-5, did not give unambiguous mass spectra
because of their very low concentrations. Based
on the ECL values (Table 1) and biosynthetic
considerations (6,7,9), their structures were
assigned as 2-acetoxy Cpr-z acids. Unfortu-
nately, the small amount of material available
prevented circular dichroism measurements of
our acids in order to determine the absolute
configuration of the acetoxy group. Naturally
occurring 2-hydroxy acids are reported to have
the R configuration (13). Our previous studies
also indicated an R configuration for the
2-methoxy acids obtained from the phospho-
lipids of the marine sponge Higginsia tethyoides
(8,9). These findings lead us to suggest that the
natural 2-acetoxy acids described in this paper
also have the same configuration. To our knowl-
edge, this is the first example of naturally
occurring long chain 2-acetoxy acids in phos-
pholipids.

The presence of substituted fatty acids with

LIPIDS, VOL. 20, NO. 3 (1985)
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very long hydrocarbon chains as major compo-
nents of total phospholipids of an organism is
an unusual phenomenon in the biochemistry of
cell membranes. Higher organisms are known to
possess hydroxy fatty acids mostly in their
nervous sphingomyelins, Our studies indicate
the presence of methoxy, acetoxy or brominated
acids in almost all classes of phospholipids. The
necessity for such substitutions combined with
very long hydrocarbon chains is still not known
and calls for further investigation.
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ABSTRACT

The aim of our study was to define the mechanism by which cholesterol uptake is inhibited by leci-
thin but not by lysolecithin. The work compared the cholesterol uptake by everted rat jejunal sacs
from bile salt-lecithin-cholesterol or bile salt-lysolecithin-cholesterol micelles. The micellar size and the
cholesterol saturation were measured.

The size or molecular weight increases when the lecithin concentration rises, and the cholesterol
uptake decreases and leads to zero when the micelles contain more than 30% lecithin. The size of bile
salt-ly solecithin-cholesterol micelles is smaller than that of lecithin micelles in comparable molar ratios.
Consistent with this result is the fact that, for a given phospholipid concentration, cholesterol uptake
is greater in the presence of lysolecithin than in the presence of lecithin. The diffusion rate of the
micelles through the unstirred water layer decreases when micellar size increases. However, the com-
parison of uptakes from lecithin or lysolecithin micelles similar in size and in cholesterol saturation
showed that the cholesterol uptake is still lower for lecithin micelles. This shows that with larger
micelles some factor other than micellar size and cholesterol content of the micelles is important. We
observe that lysolecithin absorption is 15-fold greater than lecithin absorption. We suggest that lyso-
lecithin absorption results in a rapid supersaturation with cholesterol leading to cholesterol absorption. .

Lipids 20:145-150, 1985.

INTRODUCTION

Several publications have demonstrated that
the intestinal absorption of cholesterol and
fatty acids from mixed micelles is partially in-
hibited by the presence of lecithins but not by
that of lysolecithins (1-3). This inhibition seems
to occur at the level of lipid uptake by the intes-
tinal mucosa, but the mechanism remains to be
elucidated. Two main hypotheses have been
advanced as a function of current knowledge on
lipid absorption. These are, first, that the rate
of absorption dépends on the velocity of micelle
diffusion through the unstirred water layer. The
inclusion of lecithins in the micelles increases
micellar size and so decreases their rate of diffu-
sion toward the epithelium (4,5). The impor-
tance of this diffusion velocity has been deter-
mined for other types of micelles (6,7). Second,
the absorption of lipolysis products depends on
their partition coefficient between the micellar
phase and the juxta-membranous aqueous
phase (8). This would explain why the absorp-
tion of cholesterol from mixed micelles of bile
salts, fatty acids, monoolein and cholesterol
depends on both the quantity of cholesterol
present in the micelles and the degree of satur-
ation of the micelles. Lecithins may increase the
capacity of bile salt micelles to solubilize lipids,

*To whom correspondence should be addressed.

thus decreasing the release of monomers (9).

The role of these two parameters is not yet
clearly established. The inhibitory effect of leci-
thins exists in conditions in which micellar size
would not be excessively modified (4). In this
case it is difficult to determine if the effect of
lecithins on the solubilization of cholesterol can
explain the results obtained, because mixtures
with a highly variable composition have been
used without determining the solubility limit
of cholesterol in the mixtures.

In the present work we attempted to deter-
mine if the inhibitory effect of lecithin on
intestinal cholesterol absorption could be ex-
plained by changes in micellar size and solubili-
zation of cholesterol. This was done by in vitro
comparisons of intestinal cholesterol uptake
from mixed micelles of bile salt-lecithin-choles-
terol and bile salt-lysolecithin-cholesterol, each
with known size and degree of cholesterol sat-
uration. The first step was the determination of
conditions for optimal uptake of cholesterol
from bile salt-lecithin-cholesterol micelles.

MATERIALS AND METHODS

Chemicals

Sodium taurocholate was purchased from
Calbiochem, L a phosphatidylcholine (lecithin),
L « lysephosphatidylcholine (lysolecithin) and

LIPIDS, VOL. 20, NO. 3 (1985)
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cholesterol were 99% pure and were obtained
from Sigma Chemical Co., St. Louis, Missouri.
[4-'4C]-cholesterol (40-50 mCi - mmole™) and
3H-cholesterol (50 Ci - mmole™) were pur-
chased from CEA-France, and were found to be
greater than 98-99% pure. [1-'*C] phospha-
tidylcholine and 3H-inulin obtained from
Amersham-France SA and [1-"*C] lysophos-
phatidyicholine from New England Nuclear,
Boston, Massachusetts, were 97% and 98% pure.
The radiochemical purity of the compounds
was ascertained by thin layer chromatography
(TLC).

Preparation of Mixed Micelles

The mixed micelles taurocholate-lecithin-
cholesterol or taurocholate-lysolecithin-choles-
terol were prepared by the coprecipitation
method (10). The appropriate amounts of bile
salt, lecithin, lysolecithin and cholesterol were
dissolved in chloroform:methanol (2:1, v/v) in
order to reach a final concentration of 10 mM
bile salt with various lipid/bile salt ratios. The
solvent was evaporated in vacuo over phos-
phorus pentoxide for 24 hrs, then the dried
mixtures were dissolved in Krebs-Ringer bicar-
bonate (Cd™* omitted) pH 7.4. Micellar solubili-
ties of cholesterol were determined as previously
described (10) or from Carey’s tables (11).

Molecular Weight Determination

Analytical ultracentrifugation was performed
at 20 C in a Spinco-Beckman ultracentrifuge,
model E, with speed and temperature controls.
Sedimentation coefficient was measured using
a double sector capillary cell with Schlieren
optics. The Yphantis method (12) was used for
the determination of micelle weights. The par-
tial specific volume of mixed micelles was
experimentally measured in a Parr microdensi-
meter (13).

Gel Filtration. The 8 mm X 100 mm glass
column was packed with Uitrogel Aca 34 to
a total bed volume of 37.7 ml. Eluted with
0.01 M Tris HCl, pH 7.5, 0.02% Na N3, 8 mM
Na taurocholate, blue dextran and vitamin B,
were used to determine the void volume (vo)
and the total volume (vt).

The K oy of the micellar elution volume was
calculated as follows: K oy = (ve - vo)/(vt - vo)
(14). This method gives an indirect estimation
of the relative sizes of the different mixtures.
The chemical determination of lecithin/bile salt/
cholesterol peak obtained after chromatographic
filtration showed the same molar ratio as the
initial micellar solution. This method has been
used for mixed micelles (4).

LIPIDS, VOL. 20, NO. 3 (1985)
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Cholesteroi Uptake

The preparation of everted sacs has been
described previously (6). Briefly, male Wistar
rats (250-280 g) were fasted 12 hrs before ex-
perimentation and were killed by decapitation.
The small intestine was removed and rinsed
with cold saline and immediately everted over
a glass rod. A 10-15 c¢m segment distal to the
ligament of Treitz was used in this experiment.
Sacs 1.5 c¢cm long from this segment were tied
off sequentially and kept in cold buffer solution
until used. Incubation was made immediately at
37 C for 5 min and for a stirring rate of 750 rev/
min~! in micellar solutions which contained
14 C_cholesterol or “C-lecithin or ' C-lysoleci-
thin and trace amounts of 3H-inulin as radio-
labeled volume marker. Following incubation,
sacs were removed, rinsed in cold saline and
dried overnight at 60 C. Sacs were weighed and
solubilized with Soluéne-350 and Dimilume-30
(Packard Instrument, Downers Grove, Ilinois)
and the liquid scintillation counting was carried
out using a TRI-CARB 300 C counter (Packard
Instrument). The kinetic of cholesterol uptake
has been measured between 3 and 15 min.
A linear relationship exists between the amount
of cholesterol uptake and time. Therefore, a
5-min incubation time was chosen because 5 min
are sufficient for the unstirred water layer to
become uniformly labeled with the nonperme-
ant marker and not too long to damage the
membrane. The data were expressed as nmol of
cholesterol, lecithin or lysolecithin per 100 mg
tissue dry weight and per 5 min incubation. The
results were given as means £ SE and were com-
pared by using Student’s t-test.

RESULTS AND DISCUSSION

Effect of Lecithin Concentration on Cholesterol
Uptake

The different taurocholate-lecithin-choles-
terol mixtures were all saturated with cho-
lesterol. Thus, the cholesterol concentration
varied in each mixture and increased in parallel
with that of the lecithins. It is known that
uptake depends not only on the degree of sat-
uration of the micelles, but also on the choles-
terol concentration in the mixtures. In these
conditions, we should observe an uptake which
is proportional to the quantity of cholesterol
and thus to lecithins present. The results in
Table 1, however, show that the actual situation
is more complex. Cholesterol uptake increases
with lecithin concentration only when lecithin
concentration is lower than 2.1 mM. This in-
crease seems to be related to the low concen-
tration of cholesterol solubilized in micelles
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TABLE 1

Effect of Varying Concentrations of Lecithin on Cholesterol Uptake

Concentration
in micellar mixtures

Lecithin Cholesterol

Cholesterol uptake

Apparent adherent fluid volume

(mM) _ (mM) n (nmoles-100mg™ -5min~!) (u1-100mg™! -5min~")
1.20 0.21 12 8.40 + 1.02 43,83+ 2.86
2,10 0.38 12 17.65 £ 0.80 54.30 + 2,33

: 2.42 0.45 15 1240 +2.15 57.79 £ 2.34
3.00 0.57 21 5.53+0.82 60.81 £ 5,09
4.40 0.75 12 0.91 = 0.52 62.55 + 3.55
6.00 0.75 12 0 54,15+ 2.16

The taurocholate concentration is kept constant (10 mM), and cholesterol concentrations
used correspond to maximal cholesterol solubilities determined by Carey’s table.
Values are mean + SE. n = number of animals.

containing less than 2.1 mM lecithins. On the
contrary, when lecithin concentration increases
from 2.1 mM to 6.6 mM, cholesterol uptake
decreases in spite of the increasing amount of
cholesterol solubilized by the micelles. Choles-
terol uptake is completely abolished for lecithin
concentration greater than 4.4 mM. The decrease
of cholesterol uptake seems well explained by
changes in micellar size. The results in Table 2
clearly show that, when lecithin varies from
2.1 mM to 6.0 mM, the size of the taurocholate-

lecithin-cholesterol micelles doubles. The appar--

ent molecular weight increases from 50,000 for
1.2 mM lecithin concentration to 124,000 for
6 mM lecithin concentration in mixed micelles,
The results obtained by gel filtration method
(Kav) confirmed the changes of micellar size
observed by analytical ultracentrifugation. It is
to be noted that the methods used furnish only
an apparent mean molecular weight and do not
account for eventual structural changes as a
function of concentration or polydispersity.
Prior work has shown that this type of change
is not extensive in our conditions (15). The
values obtained after ultracentrifugation indicate
that the molecular weight of the mixed micelles
is slightly higher than published values(16). The
different results are difficult to compare, be-
cause the experimental conditions are not
exactly the same. It should be noted that our
results obtained with ultracentrifugation and
gel filtration are in entire agreement in terms of
the micellar size change as a function of lecithin
concentration. In additicn, the migration buffer
for ultracentrifugation or gel filtration included
8 mM taurocholate, reducing the risks of micel-
lar rearrangement. For polydispersity it appears
from the data of Mazer et al. (17) that in the
concentration range we studied with lecithin
two micellar species coexist, simple bile salt
micelles and mixed micelles. Simple bile salt mi-

TABLE 2

Effect of Varying Concentrations of Lecithin
on Apparent Molecular Weight of Mixed Micelles
Taurocholate-Lecithin-Cholesterol

Ultracentrifugation

Concentration aMWC  Gel filtration

lecithin (mM) Vva. 8P  daltons KAvVd
1.20 0.928 1.91 50,000 -
2.10 0.927 1.98 63,000 0.75
242 - — — 0.70
3.00 0.927 2.24 73,000 0.60
4.40 — —_ — 0.52 .
6.00 0.924 2.54 124,000 0.37

aPartial specific volume.
bgedimentation coefficient.
CApparent molecule weight.

dKAV = (elution volume - void volume) (total vol-
ume - void volume).

celles have a negligible solubilization power for
cholesterol and do not interfere directly with
cholesterol uptake. Mixed micelles which con-
tain the cholesterol have, for a low lecithin
concentration, a very low index of polydispers-
ity (20%) and the mean molecular weight must
be meaningful. The overall result is consistent
with a major influence of micellar size (above
63,000) on cholesterol uptake for a lecithin
range between 2.1 mM and 4.4 mM. On the
contrary, below this value the effect of micellar
size becomes negligible in contrast to the effect
of the quantity of cholesterol solubilized which
becomes predominant. The result obtained
appears to be explicable without incurring a
specific effect of lecithins except for modifica-
tions of micellar structure, even though such an
effect cannot be excluded (18).

In order to more precisely examine the pos-
sible existence of specific inhibition of choles-

LIPIDS, VOL. 20, NO. 3 (1985)



148
H
s 100,000. f— LECITHIN
-
x
g
w
* [
«
<
3 <
S 50,000 LYSOLECITHIN
-d
(=]
H
-
z
w
«
<
[- 8
a
<
[+]
v T
o 5 10

. PHOSPHOLIPIDS CONCENTRATION (mM)

FIG. 1. Apparent molecular weight of mixed bile
salt-lysolecithin-micelles versus mixed bile salt-lecithin
micelles is determined by analytical ultracentrifuga-
tion, The bile salt concentration is 10 mM and mixed
micelles are saturated with cholesterol.

terol uptake, we investigated cholesterol uptake
from micellar bile salt-lysolecithin-cholesterol
mixtures.

Cholesterol Uptake from Bile Salt-Lysolecithin-
Cholesterol Mixtures

Before studying cholesterol uptake it was
necessary to determine the cholesterol solubiliz-
ing capacity and micellar size of bile salt-lyso-
lecithin mixed micelles.

The solubility limit of cholesterol in micellar
taurocholate-lysolecithin cholesterol mixtures
depends on lysolecithin concentration. It is
0.21 mM of cholesterol for 2.1 mM of lysoleci-
thin, 0.27 mM for 3.30 mM, 0.35 mM for 4.40
mM and 0.60 mM for 9.00 mM. The solubility
remains lower than in the case of lecithins in
comparable molar ratios.

M.O. REYNIER, H. LAFONT, C. CROTTE, P. SAUVE AND A. GEROLAMI

Concerning the micellar size, Figure 1 shows
the variation of micellar size related to lecithin
or lysolecithin concentrations. The slopes of
these two curves are very different and show
that in the case of lysolecithins the size of the
micelles does not change significantly when the
lysolecithin concentration increases. In all cases,
the size of mixed micelles containing lysoleci-
thins is smaller than that of lecithin micelles in
comparable molar ratios.

It is likely that the structure of this type of
mixture is similar to that obtained with lecithins.
Lysolecithins are more water soluble than leci-
thins and are distributed between the micellar
and aqueous phase in the presence of bile salts.
Solubilized cholesterol, however, must be com-
pletely inside the bile salt-lysolecithin-choles-
terol micelles. It appears that lysolecithins alone
can incorporate cholesterol only in an insoluble
lamellar phase at a lysolecithin/cholesterol ratio
1/1 (19). In the presence of bile salts, lysoleci-
thins and cholesterol are found in the micellar

. phase (20).

The results of cholesterol uptake from bile
salt-lysolecithin mixed micelles are given in
Table 3. It appears that cholesterol uptake
depends on both cholesterol saturation of the
micelle and on micellar size.

From micelles of small size (lysolecithin
between 2.1 and 4.4 mM), cholesterol uptake
seems to depend on cholesterol saturation
alone, For a given cholesterol concentration
(0.21 mM) when lysolecithin concentration in-
creases from 2.1 to 3.3 mM, micellar size is
unchanged, and uptake and saturation of cho-
lesterol vary in parallel: cholesterol uptake
decreases by 19% and cholesterol saturation by
22%. Similarly, cholesterol saturation decreases
by 40% and cholesterol uptake by 43% when
lysolecithin concentration increases from 2.1 to
4.4 mM.

For higher lysolecithin concentration (9.0
mM), cholesterol uptake decreases in spite of a

TABLE 3

Effect of Varying Concentrations of Lysolecithin on Cholesterol Uptake

Concentration
in micellar mixtures

Apparent adherent

Lysolecithin  Cholesterol Cholesterol Cholesterol uptake fluid volume
(mM) (mM) . saturation (%) n (nmoles-100mg™ -5min™') (ul-100mg~' -5min!)

2.1 0.21 100 8 21.96 £ 0.96 57.45 £ 3.81

33 0.21 78 8 16.64 + 1.64 61.81 £ 3.11

4.4 0.21 60 7 12.47 £ 1.67 56.81 + 3.68

9.0 0.60 100 11 12.21 +1.17 55.43 +5.39

The taurocholate concentration is kept constant at 10 mM.,

Values are mean + SE. n = number of animals,
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FIG. 2. Effect of lysolecithin ( #%% ) and lecithin
( XWX ) on cholesterol uptake, For all micelles, the bile
salt concentration is kept constant (10 mM). In part (a),
the cholesterol concentration is 0.21 mM for all mix-
tures and the apparent molecular weight is about
50,000. In part (b), for the two micelles, the choles-
terol concentration is 0.54 mM and the size is 70,000.
It must be emphasized that cholesterol content of the
micelles in parts a and b is very different. This explains
why cholesterol uptake from phospholipid micelles is
not very much decreased in b compared to a, in spite
of the larger size of the micelles.

higher cholesterol content (0.6 mM). This is con-
sistent with the corresponding results with leci-
thins, showing the importance of micellar size.

Comparative Effect of Lecithins and Lysolecithins
on Intestinal Cholesterol Uptake

A comparison of Tables 1 and 3 shows that
cholesterol uptake is generally higher in the
presence of lysolecithins than lecithins. From
this general result, it is difficult to be certain if
the difference is due only to a change of micellar
size and cholesterol saturation degree or to a
specific influence of lecithins on cholesterol
uptake. To answer this question, it is necessary
to compare cholesterol uptake in two groups of
micelles, similar in size and in quantity of cho-
lesterol. This is obtained in two cases.

1) Figure 2a shows the result obtained from
mixed micelles containing either lecithins
(1.2 mM) or lysolecithins (2.1 mM to 4.4 mM).
Both series are small size micelles (50,000) and
contain the same amount of cholesterol (0.21
mM). In this case, cholesterol uptake is signifi-
cantly higher (+48%) in the presence of Iysoleci-
thins (4.4 mM) than in the presence of lecithins
(2p<0.01). This difference is even greater
(+160%) if we compare this phenomenon with
lysolecithin mixed micelles with the same satur-
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ation degree as lecithin (2.1 mM lysolecithin
versus 1.2 mM lecithin). The comparison be-
tween the effects of lecithin (1.2 mM) and lyso-
lecithin (3.3 mM) on cholesterol uptake after
an incubation time from 3 to 15 min is per-
formed to check the linearity of the results (see
methods). At 15 min cholesterol uptake is 1,90-
fold greater in the presence of lysolecithin, this
ratio remaining constant after 3 and 5 min.

2) Figure 2b shows the result from mixed
micelles with a larger micellar size (70,000)
which is obtained with 2.1 mM lecithin and
9 mM lysolecithin, Both exhibit the same size,
the same cholesterol saturation and the same
quantity of cholesterol (0.54 mM). Cholesterol
uptake from lysolecithin micelles is significantly
higher (77%) than in the presence of lecithin.
This shows that the effect of lecithins on the
size of mixed micelles and their degree of cho-
lesterol saturation is not sufficient to explain
their effect on intestinal absorption of lipids.

The greater uptake from lysolecithin micelles
cannot result from a breakdown of the intestinal
barrier due to a detergent effect of lysolecithin
(21) for several reasons. The lysolecithin con-
centration we used in our experiments was
much lower than that which Bolin et al. (22)
considered as having a damaging effect on the
intestinal membrane. To confirm this observa-
tion in presence of bile salt, we have measured
the diffusion volume of 3H-inulin. In the case
of intact membrane, ®H-inulin does not cross
the enterocyte membrane, and the diffusion
volume corresponds to adherent fluid in contact
with the membrane. In the case of modifications
of membrane permeability, the diffusion volume
will include the adherent fluid plus *H-inulin
uptake and will appear increased. The results of
adherent fluid volumes are shown in Tables 1
and 3. Whatever the phospholipid concentra-
tions, there is no significant difference between
lecithin and lysolecithin. Furthermore, the aver-
age of adherent fluid volumes are the same as
those determined from an incubation medium
containing >H-inulin without micelles (58.00 +
3.84 ul-5min~').In all of our experimental con-
ditions, the results cannot be influenced signifi-
cantly by changes of membrane permeability.

Lecithin and Lysolecithin Uptake from Mixed
Micelles

The differential behavior of lysolecithins and
lecithins nevertheless remains explicable without
special mechanisms for cholesterol uptake
occurring, if we consider the relative rates of
absorption of lecithins and lysolecithins. We
measured the uptakes of lysolecithins and leci-
thins in the same experimental conditions as
used for cholesterol, We used *C-lecithin or

LIPIDS, VOL. 20, NO. 3 (1985)



150

14 C.lysolecithin and *H-inulin as radiolabeled
volume marker. The comparison is made with
mixed micelles containing 0.21 mM of choles-
terol and 1.2 mM lecithin or 4.4 mM lysolecithin.
Lecithin uptake (20,11 + 3,77 nmoles - 100 mg“1
. 5 min™! for 24 experiments) is very slight in
comparison to that of lysolecithin (345 = 14
nmoles - 100 mg’1 -5 min™! for 12 experiments).
This difference is highly significant (2p<0.01).
As shown above, lysolecithin absorption is not
due to a possible membrane injury. We studied
the influence of the presence of lysolecithins on
lecithin uptake. Lecithin - absorption is un-
changed when studied in the presence of 9.0 mM
of lysolecithin (18.20 + 1.80 nmol-§ min -1 in-
stead of 21.93 *2.83 nmol-5 min™' without
lysolecithin).

The observed difference between lysolecithin
and lecithin uptake seems to explain the results,
if we consider that cholesterol absorption is
a simple partitioning between a saturated micel-
lar phase and an aqueous phase in contact with
the epithelium. In presence of lecithin, these
micelles should remain stable with no tendency
toward supersaturation with cholesterol, because
the lecithins are not absorbed to a great extent..
As a result of the considerable absorption of
lysolecithins, on the other hand, the bile salt-
lysolecithin-cholesterol micelles should tend
toward supersaturation with cholesterol leading
to cholesterol absorption. The dissociation of
mixed micelles in different components during
absorption after diffusion through the unstirred
water layer seems to be a determinant factor
for rate of cholesterol uptake (23). The release
of lysolecithin and its uptake lead to a choles-
terol supersaturation, located near the mem-
brane; this behavior does not occur with leci-
thins which are not absorbed.

Our results are thus compatible with the
hypothesis that lecithins decrease lipid absorp-
tion by modifying the equilibrium and the
stability of mixed micelles.
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Fatty Acid Metabolism and Cell Proliferation. VIl. Antioxidant
Effects of Tocopherols and Their Quinones
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ABSTRACT

The antioxidant capacities of a- and y-tocopherols (a-E and y-E) and their quinones (¢-EQ and
v-EQ) were determined in non-biological and biological systems. The non-biological system consisted
of arachidonic acid [20:4 (n6)], the oxidant cumene hydroperoxide, and a Fe?* catalyst to facilitate
malondialdehyde (MDA) formation from lipid peroxides. a-E and y-E had similar antioxidant capacities
in this sytem. -EQ also functioned as an antioxidant, while 4-EQ exhibited a crossover effect by
functioning as an antioxidant at low concentrations and a prooxidant at high concentrations. Biological
lipid peroxidation in smooth muscle cells challenged with 20:4 (n-6) was measured both by MDA
formation in confluent cultures and by cell growth in proliferating cultures. o-E, v-E and «-EQ had
similar antioxidant capacities, but y-EQ was highly cytotoxic for cells in both confluent and prolif-
erating cultures. Cellular retention of antioxidants was estimated indirectly from MDA formation when
cells were loaded with an antioxidant (preincubation) and then incubated for varying periods of time
in fresh media containing 20:4 (n-6). Cellular retention also was measured directly with tritiated o-E
and tritiated o-EQ. These studies showed that cellular retention decreased in the sequence y-E>a-E>
a-EQ. Thus, cellular retention does not explain the enhanced antioxidant capacity of a-E compared to
+-E that has been reported for animal systems. The antioxidant capacity of a-E evidently is enhanced
by its metabolism to a quinone which, unlike the quinone from ~-E, functions as a biological anti-

oxidant.
Lipids 20:151-157, 1985.

INTRODUCTION

Previous studies in this series have focused
on lipid peroxidation in cultured cells and its
effect on cell proliferation. In the present inves-
tigation, tissue culture is used to compare the
biological properties of naturally occurring
tocopherols and their quinone metabolites.

The relative antioxidant capacities of a-toco-
pherol (a-E) and <y-tocopherol (y-E) differ in
biological and non-biological systems. Early
studies generally concluded that y-E was more
effective than o-E in preventing non-biological
lipid peroxidation (1,2). However, relative anti-
oxidant effectiveness depended on the specific
oxidizing system. For example, y-E is much
more effective than a-E in preventing the perox-
idation of lard at 100 C (1), yet Burton and
Ingold (3) measured the rate constant for
abstraction by peroxy! radical of the phenolic
hydrogen and found that in this sytem o-E
actually was slightly more reactive than y-E. In
contrast to non-biological systems, a number of
early studies showed that o-E was far better
than y-E as a biological antioxidant (1,2). The
o&-E had much greater activity than v-E in bio-
logical systems associated with a vitamin E
deficiency such as fetal resorption, red cell
hemolysis and muscular dystrophy (4}. A recent
study found that y-E was only 37% as effective

as a-E in reducing lipid peroxidation (pentane
production) by iron-loaded rats (5).

Several investigators suggested that the d1ffer-
ence in biopotency of @-E and v-E was explained
by differences in the tissue retention of the two
compounds (2,6,7). Studies investigating &-E
and vy-E found no significant differences in ab-
sorption, plasma transport or tissue uptake of
these agents (8,9). Since the difference in bio-
potency of a-E and v-E was found within min-
utes after intraperitoneal injection (10), Peake
et al. (9) suggested that either intracellular
binding or metabolism could be important in
determining tocopherol activity.

The difference in biopotency of &-E and y-E
may be explained by differences in their con-
version to quinones and the biological properties
of these metabolites. Many studies show that
a-E is metabolized to a-tocopherylquinone
(a-EQ) (6-8,11-13). We found that a-E and a-EQ
were both effective antioxidants in tissue culture
and that high concentrations of a-EQ were less
cytotoxic than a-E when they were added to
cells in culture (14-19). Additionally, several
early investigators reported that «-EQ, although
less effective than &-E, prevented and cured the
creatinuria, paralysis, weight loss and fetal re-
sorbtion that are characteristic of the vitamin E
deficiency state (20,21). The duration of the
antioxidant effect is much shorter with @-EQ
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than with o-E, suggesting a difference may
occur in the cellular retention of these two
agents (20). The metabolism of y-E differs sig-
nificantly from «-E. The majority of ¥-E is
converted to metabolites such as the dimer, and
little y-E, unlike «-E, is converted to <y-toco-
pherylquinone (y-EQ) (8). Furthermore, y-EQ
has a different one electron redox potential
than @-EQ and little is known about the anti-
oxidant capacity and other biological properties
of v-EQ that could be affected by its redox
potential.

The studies summarized above suggest that
differences, in vivo, between the antioxidant
capacities of o-E and y-E may be related either
to their retention in cells or to their conversion
to quinones. These studies also suggest that dif-
ferences, in vivo, between the antioxidant capac-
ities of @-E and a-EQ may be related to their
retention in cells, In this study, we examine the
cellular retention of &-E, y-E and «-EQ, and
because little previous work has been reported,
we investigate the role of y-EQ as a biological
antioxidant.

MATERIALS AND METHODS

Materials

Arachidonic acid [20:4 (n-6)] was purchased
from NuChek Prep (Elysian, Minnesota), puri-
fied by elution from a Unisil® column with
hexane/ether (9:1, v/v), and used only when
thin layer chromatography showed that lipid
peroxides were absent (22). @-E, ¥-E and «-EQ
were purchased from Eastman Organic Chemi-
cals (Rochester, New York). D-a-[3*H]-Toco-
pherol (24 ci/mmole) was purchased from
Amersham International (Arlington Heights, Illi-
nois). The tritiated a-E was analyzed by HPLC
and found to be partially oxidized to a mixture
of @-E and a-EQ. Labeled &-EQ (elution time
3.9 min) and labeled a-E (elution time 5.1 min)
were separated by elution from an Altex Ultra-
sphere ODS (4.6 X 250 mm) column with 100%
methanol at a flowrate of 1.5 ml/min. a-EQ was
purified by elution from an Ultrasphere ODS
(4.6 x 550 mm) column.

¥-EQ was synthesized from y-E by FeCl;
oxidation (23), and purity was established by
HPLC in two systems: System I, elution from a
Nucleosil 5 C-18 (4.6 x 150 mm) column with
methanol:water (95:5) at a flow-rate of 1.5 ml/
min; System II, elution from a Nucleosil 50-5
(4.6 x 250 mm) column with isopropyl ether:
hexane (9:1) at a flow-rate of 2.0 ml/min. Purity
was 98.3% in System I (elution time 5.21 min)
and 98.8% in System II (elution time 6.78 min).
No single impurity exceeded 0.5%.
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Non-Biological Lipid Peroxidation

The model system which has been described
previously (18) contained 1 mM 20:4 (n-6) in
0.1 M phosphate buffer (pH 7.4) 2.84 mM
cumene hydroperoxide (CHP) and 41 uM Fe3*
in a final volume of 1.2 ml. Mixtures were incu-
bated at room temperature for 10 min. Lipid
peroxides 'were assayed by a TBA procedure
(14,17,18). In this procedure, the fatty acid
which imparted turbidity to the acidified (TBA)
solution was extracted with chloroform:acetic
acid (2:1, v/v) before the absorbance at 532 nm
was measured. Absorbance data are reported as
nmoles of malondialdehyde (MDA).

Tissue Cuiture

Primary cultures of smooth muscle cells
were established from the dissected medial layer
of guinea pig aorta from prepubertal males (24).
The medium for growing cells to confluency
(Growth Medium), the medium in lipid peroxi-
dation studies with confluent cells (Experi-
mental Medium) and Cloning Medium have been
described (18). Media were supplemented with
fetal bovine serum (Sterile Systems, Logan,
Utah; Hyclone lots 100348 and 010439). Cells
from random confluent cultures were detached
with trypsin and counted (25). Cells were used
at passage levels 4 to 6. 20:4 (n-6), tocopherols
and tocopherylquinones were dissolved in 95%
ethanol and diluted with Experimental Medium
or Cloning Medium. Control culture were treated
with medium containing the same amount of
95% ethanol.

Biological Lipid Peroxidation

The intracellular lipid peroxidation of cells
in tissue culture (14,17,18) was measured with
cells seeded at 1.3 x 10% cells/cm? in flasks
containing 4 ml of Experimental Medium. The
cells were grown to confluency before treat-
ments were initiated. Lipid peroxides, which
were found only in bound intracellular lipids
(14,17,18), were measured at the end of the
treatment period by a TBA procedure as previ-
ously described (14,17,18). Lipid peroxides are
reported as nmoles of MDA /culture.

Cellular Retention of Tritiated «-E and o-EQ

Confluent cultures, preincubated for 24 hr
with 20 yM a-E or 10 uM a-EQ, incorporated
similar amounts of these compounds in cells
(4.3 and 3.5 nmoles/culture, respectively). Cellu-
lar uptake was estimated from the &-E or a-EQ
remaining in incubation media and media from
one rinse. The labeled cells were incubated in
fresh media for an additional 24 hr and total
radioactivity released into the media was mea-
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TABLE 1

Effect of Tocopherols and Their Quinones on Lipid
Peroxidation (TBA Test) in the Non-Biological
Model System

System MDAS

20:4 (n-6) alone? 0.92 +0.08 (17)
Model systemP 2.76 + 0.06 (34)
+14M oE 1.39 + 0.06 (114
+ 10 MM a-E 0.72 +0.02 (11)
+100 uM o-E 0.72 £ 0.03 (11)
+1000 uM o-E 0.89 * 0.04 (10)
F ratio 325

+1 uM~-E 1.55 * 0.05 (6)4
+10 uM v-E 0.91 = 0.02 (6)4
+100 uM v-E 0.67 +0.03 (6)9
+ 1000 uM v-E 0.59 + 0.01 (6)d
F ratio 240

+1 uM -EQ 1.83 + 0.06 (8)d
+ 10 uM ¢-EQ 0.93 £ 0.03 (8)
+ 100 uM a-EQ 0.63 + 0.02 (8)d
+1000 uM o-EQ 0.63 + 0.02 (8)4
F ratio 295

+1 uM 7-EQ 1.88 + 0.07 (7)4
+ 10 4M 7-EQ 1.41 + 0.02 (10)d
+100 uM v-EQ ' 1.93 = 0.06 (10)
+1000 uM v-EQ 3.09 £ 0.08 (8)
F ratio 94.8

2] mM 20:4 (n-6) in phosphate buffer.
bThe model system contained 1 mM 20:4 (n-6),
2.84 mM CHP and 41 uM Fe®* in phosphate buffer.

CMDA [nmol/umol 20:4 (n-6)); mean * SEM;
number of experiments in parenthesis.

dpiffered significantly from the Model system
(Scheffe test).

sured using Aqueous Counting Scintillant II
(Amersham). Two volumes of ethanol were
added to media or cells and the mixture ex-
tracted twice with 4 volumes of hexane. Hexane
extracts were combined, a-E and a-EQ sepa-
rated by HPLC (Ultrasphere ODS column) and
counted.

Cel! Proliferation

Cell proliferation was measured in Falcon
plates as previously described (15-18,26,27).
Smooth muscle cells, 3-5 days postconfluent,
were seeded at low densities. A relative cell
count was obtained from the total cell area on
the Falcon plate. Total cell area was measured
by image analysis (15-18,26,27) using an Opto-
max Visual Analysis System (Optomax, Wallis,
New Hampshire)., Cells from the same primary
culture and the same batch of growth medium
were compared in each treatment group.

Statistics
Data are reported as mean + SEM. The signi-
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ficance of differences in a treatment series was
determined by a one-way analysis of variance
(Fratio). Individual treatments were compared
with the control by the Tukey-HSD test (sample
sizes equal) or the Scheffe test (sample sizes
unequal).

RESULTS

Non-Biological Lipid Peroxidation

Fatty acid peroxides (TBA reaction) were
detected when 20:4 (n-6) was incubated for
10 min in a phosphate buffer at pH 7.4 (Table 1).
The peroxide yield tripled when the oxidizing
agent CHP and a Fe3* catalyst were added to
the incubation system. Both a-E and +y-E par-
tially inhibited the oxidation reaction at con-
centrations as low as 1 uM and these agents
blocked the CHP-Fe3* oxidation reaction at
10 uM-and higher concentrations. Little differ-
ence was detected between the antioxidant
capacities of «-E and +-E in the model system.

Tocopherylquinones acted in a different
manner (Table 1). Little difference was detected
between a-EQ and either «-E or ¥-E in the
model system. On the other hand, y-EQ inhib-
ited the oxidation reaction at low concentra-
tions, but the inhibitory effect with y-EQ dimin-
ished as its concentration increased, leading to
enhanced overall oxidation with 1000 uM y-EQ.

Biological Lipid Peroxidation

Biological lipid peroxidation was measured
both by intracellular MDA formation (14,17,18)
in confluent cultures and by cell growth in pro-
liferating cultures. In the first study, a-E and
v-E showed similar antioxidant capacities for
blocking MDA formation in cells chalienged with
120 uM 20:4 (n-6) (Table 2). Tocopherols in
these experiments functioned as antioxidants;
other studies have shown that agents such as
a-E have no effect on the uptake and distribu-
tion of 120 uM 20:4 (n-6) in confluent smooth
muscle cells (28,29).

Tocopherylguinones again acted in a differ-
ent manner (Table 2). MDA formation was
inhibited as effectively by «-EQ as by toco-
pherols. However, large numbers of cells de-
tached from the culture flask, indicating cell
death when v-EQ was added to the cultures.

Previous studies from our laboratory (14-19,
27,29,30) have shown that antioxidants such
as a-E, a-EQ, a-napthol, nordihydroguaiaretic
acid, propy! gallate and dipyridamole promoted
growth in cell cultures challenged with 20:4
(n-6). When tocopherols were compared in this
system, cell proliferation was stimulated even
more effectively with the antioxidant y-E than
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TABLE 2

Effect of Tocopherols and Their Quinones on Lipid
Peroxidation (TBA Test) in Confluent Cultures
of Aorta Smooth Muscle Cells Incubated
with 20:4 (n-6) for 24 hr

Treatment?2 MDAP

120 uM 20:4 (n-6) alone 16.1 * 0.40 (10)
+10 uM o-E 0.48 + 0.22 (4)¢
+25uM o-E 0.48 £0.10 (4)°
F ratio 544

+10 uM v-E 0.85 + 0.10 (4)°
+25 uM v-E 0.63 * 0.07 (4)¢
F ratio 545

+10 uM -EQ 0.52 + 0.09 (4)¢
+25 uM o-EQ 0.29 £ 0.14 (4)¢
F ratio 565

+ 10 uM v-EQ cell deathd

+ 25 uM v-EQ cell deathd

420:4 (n-6) and antioxidants were added together
in fresh media to confluent culitures.

bMDA in nmot/cultures; mean + SEM; number of
experiments in parenthesis.

CDiffered significantly from 20:4 (n-6) alone
(Scheffe test).

dcelis detached from culture flask.

with a-E (Table 3). The cytotoxicity of y-EQ
in confluent cultures (Table 2) was again appar-
ent in cell proliferation studies. Thus «-EQ
enhanced cell growth while the same concen-
trations of y-EQ caused extensive cell death
(Table 3).

Cellular Retention of Tocépherols and
a-Tocopherylquinone

Cellular retention of &-E, ¥-E and a-EQ was
estimated using confluent cultures. Cells initially
were loaded with an antioxidant by preincu-
bation in media containing the antioxidant. Cells
then were incubated in fresh media that con-
tained 20:4 (n-6) but no antioxidant. In these
“experiments, cells that retained more antioxi-
dant would be expected to generate propor-
tionally less intracellular MDA when they were
challenged with 20:4 (n-6) in the fresh media.

Cellular retention varied with the specific
antioxidant. Less MDA was formed in cells pre-
incubated with 10 uM 7-E than 10 uM &-E,
indicating that more y-E than o-E was retained
in the cells(Table 4). At a 10 uM concentration,
a-EQ was retained even less effectively than a-E.
Thus, MDA in cells preincubated with 10 uM
a-EQ did not differ significantly from MDA in
cells preincubated with media alone (Table 4).

Cellular retention was a function of the anti-
oxidant concentration during the preincubation
stage of the experiment. When cells were prein-
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TABLE 3

Effect of Tocopherols and Their Quinones in Cell
Proliferation with Aorta Smooth Muscle Cells

B. 120 uM 20:4 (n-6)

Treatment?2 Relative cell number (%)
60 uM 20:4 (n-6) 100 t 5.5 (14)
+ 1 uM a-E 128 * 6.6 (14)¢
+ 10 uM a-E 103 £ 5.6 (13)
F ratio 6.8

+ 1 uMy-E ) 156 * 6.3 (14)°
10 uM v-E 123 + 8.9 (13)
F ratio 16.8

+1 uM a-EQ 146 + 5.6 (13)C
10 uM «-EQ 119 % 3.5 (13)C
F ratio 22.1

+1 uM y-EQ cell deathd
+10 uM 7-EQ cell deathd

320:4 (n-6) and antioxidants were added together
in fresh media to proliferating cultures.

bMean * SEM: number of experiments in paren-
thesis.

CDiffered significantly from 20:4 (n-6) alone
(Tukey-HSD test).

dvariable cell growth with 1 uM v-EQ; less than
10% cell growth with 10 uM vy-EQ.

TABLE 4

Cellular Retention of Tocopherols and a-Tocopheryl-

guinone Measured by Lipid Peroxidation (TBA Test)

in.Confluent Cultures of Aorta Smooth Muscle Cells
Incubated with 20:4 (n-6) for 24 hr

Treatment?2 MDAb

A. 120 uM 20:4 (n-6) 18.5 + 1.6 (6)
+10 uM a-E 10.3 £ 2.0 (7)¢
+ 10 uM v-E 4.6 + 0.7 (6)°
+ 10 uM a-EQ 15.5 £ 1.5(7)

18.7 £ 0.7 (12)
0.7 £ 0.3 (12)¢
2.3 0.9 (12)°

+ 50 uM o-E
+ 50 uM a-EQ

aConfluent cultures were preincubated for 48 hr
with antioxidants; 20:4 (n-6) was then added with a
complete media change, and cells were incubated for
an additional 24 hr. Experiments A and B used differ-
ent lots of fetal bovine serum.

bMDA in nmol/culture; mean * SEM; number of
experiments in parenthesis.

CDifferent significantly from 20:4 (n-6) alone
(Tukey-HSD test).

cubated with 50 uM antioxidant, sufficient «-E
was retained to block completely MDA forma-
tion, and sufficient a-EQ was retained to block
significantly MDA formation (Table 4).

Cellular retention was a function of the incu-
bation time for cells in fresh media. When cells
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FIG. 1. Retention of Antioxidants by cells preincu-
bated with 10 uM antioxidant to incorporate antioxi-
dant in cells and then incubated with 120 M 20:4
(n-6) in fresh media without antioxidant for different
periods of time. Data (mean + SEM in %) represent
MDA in cells pretreated with antioxidant relative to
cells pretreated with media alone. The relative MDA
values at 24 hr are calculated from the actual MDA
values reported in Table 4.

TABLE 5

Celiular Retention after a 24 hr Incubation Period
of Tritiated a-Tocopherol and a-Tocopherolquinone
in Confluent Cultures of Aorta Smooth Muscle Cells

Preincubation (cpm in %)

Distribution a-E a-EQ
Released to media
a-E 163 0
o-EQ 16 65
Retained in cells
a-E 52 0
o-EQ 16 35

2 Average of 2 experiments.

were preincubated with 10 uM antioxidant, the
difference in MDA yield between «-E and y-E
was apparent only after cells were incubated in
fresh media for 12 hr (Fig. 1). On the other
hand, 10 uM a-EQ was less effective than the
tocopherols in blocking MDA when cells were
incubated for as little as 3 hr with fresh media
(Fig. 1). These data (Table 4 and Fig. 1) show
that the cellular retention of the antioxidants
decreases in the order y-E>a-E>a-EQ:

Since MDA is only an indirect measure of
cellular retention, tritiated a-E and a-EQ were
used as a direct measure of cellular retention.
Similar amounts of «-E and «-EQ were incor-
porated in confluent cells (see Methods). The
amount of a-EQ released from cells labeled with
a-EQ was much greater than the combined
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amount of a-E and «-EQ released from cells
labeled with a-E (Table 5). Furthermore, o-E
was converted to @-EQ in cells labeled with a-E,
and the a-E/a-EQ ratio was higher in cells than
in media. These data show that a-EQ is released
more rapidly than o-E from cells, and these
data are consistent with MDA data indicating
that cellular retention decreases in the order
a-E>a-EQ.

DISCUSSION

Large differences in antioxidant capacity
have been reported for naturally occurring toco-
pherols in biological and non-biological systems
(1-10). Our data show that a-E and ¥-E have
similar antioxidant capacities in a non-biological
model system utilizing a polyunsaturated fatty
acid, CHP, as the oxidizing agent, and a Fe3*
catalyst for the decomposition of fatty acid
peroxides to MDA (Table 1). These results
support the observation of Burton and Ingold
(3) that the relative antioxidant capacities of
tocopherols depend on the nature of the oxidiz-
ing agent in the non-biological oxidizing system.

The antioxidant capacities of &-E and v-E
also were measured in a biological model system
utilizing a polyunsaturated fatty acid and
smooth muscle cells in tissue culture. Two cri-
teria, MDA formation and cell proliferation,
were used to evaluate antioxidant capacity in
the biological system. The results showed that
a-E and v-E have similar antioxidant capacities
in cell cultures (Table 2 and 3).

The antioxidant capacities of a-E and ¥-E in
animals may reflect differences either in cellular
retention or in metabolism (9). Tissue cultures
may be used to measure cellular retention when
the cells are first loaded with antioxidant (pre-
incubation) and then challenged by incubation
with a polyunsaturated fatty acid in fresh
media. Since these experiments (Table 4 and
Fig. 1) showed that y-E was retained in smooth
muscle cells more effectively than «-E, it is
unlikely that differences in the antioxidant
capacities of &-E and v-E in animals are related
to cellular retention. '

Tocopherols are metabolized to quinones,
dimers and a number of acid derivatives result-
ing from w-oxidation and subsequent B-oxida-
tion of the isoprenoid side chain (7,31). Studies
from our laboratory (14-19) and elsewhere (20,
21) have shown that a-EQ, the quinone metab-
olite of o-E, functions as an antioxidant. We
suggested that a-EQ was reduced to its semi-
quinone by superoxide and that the semiquinone
actually functioned as the antioxidant in chain
termination (14,19). This concept is supported
by studies showing the reduction of quinones
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to semiquinones with superoxide (32,33) and
by the recent observation of Ozawa and Hanaki
(34) that a-EQ is reduced to its semiquinone by
superoxide.

The reduction of a quinone to the semi-
quinone depends on its one electron redox
potential. The substituted para quinones, ®-EQ
and 7-EQ, have different redox potentials, and
these antioxidants function differently in the
non-biological model system (Table 1). One
quinone, a&-EQ, acted as an antioxidant through-
out a wide concentration range while the other
quinone, ¥-EQ, acted first as an antioxidant and
then as a prooxidant at higher concentrations.
Thus, y-EQ data show the ‘“crossover™ effect
that has been reported for a number of anti-
oxidants (35-37).

The difference between v-EQ and a-EQ was
most apparent in the biological model system
where the addition of y-EQ to tissue cultures
led to extensive cell death (Table 2 and 3).
Peake and Bieri (8) found that y-E was converted
preferentially to the dimer in animals, while
«a-E was preferentially converted to the quinone.
This difference in metabolism may explain both
why 7v-E is not toxic and why +-E is lesseffective
than o-E as a biological antioxidant. The metab-
olism of y-E to a dimer rather than quinone
prevents toxicity, while the metabolism of &-E
to a quinone enhances antioxidant capacity.
This explanation is supported by the observation
that §-E, the most effective antioxidant in non-
biological systems and the least effective toco-
pherol antioxidant in animal systems (1,2), is
converted in animals to an w and § oxidation
product, not to the quinone (31). §-E and y-e
are less readily oxidized than &-E to quinones,
even in non-biological systems (37).

Mackenzie et al. (20) first suggested that dif-
ferences, in vivo, between the antioxidant
capacities of «-E and a-EQ could be related to
cellular retention. This hypothesis is supported
by the present study which showed that a¢-EQ
had the lowest cellular retention when it was
compared to a-E or y-E (Table 4 and 5, and
Fig. 1). Thus, @-EQ will function as an antioxi-
dant only when it is generated in situ or admin-
istered over short time intervals. These data
suggest that animals maintained on an «-E free
diet supplemented with injected a-EQ might
develop rapidly a vitamin E deficiency when
a-EQ is withdrawn, and as a consequence a-EQ
might be used to produce a vitamin E deficiency
in relatively healthy animals. Poor cellular reten-
tion explains why «-EQ does not accumulate
in tissues even though a-E is rapidly metabolized
to a-EQ in most tissues after the oral admini-
stration of its esters (38).
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ABSTRACT

Effects on the metabolism of campesterol and stigmasterol in Caenorhabditis elegans were investi-
gated using N ,N-dimethyldodecanamine, a known inhibitor of growth, reproduction and the A2?*-sterol
reductase of this nematode. 7-Dehydrocholesterol was the predominant sterol (51%) of C. elegans
grown in stigmasterol-supplemented media, whereas addition of 25 ppm amine resulted in a large de-
crease in the relative percentage of 7-dehydrocholesterol (23%) and the accumulation of a substantial
propottion (33%) of A?*-sterois (e.g., cholesta-5,7,24-trienol) and A??-**=sterols (e.g., cholesta-5,7,22,
24-tetraenol) but yielded no A*?sterols. Dealkylation of stigmasterol by C. elegans proceeded in the
presence of the A%?-bond; reduction of the A%2-bond occurred prior to A%*-reduction. Addition of .
25 ppm amine to campesterol-supplemented media altered the sterol composition of C. elegans by
increasing the percentage of unmetabolized dietary campesterol from 39 to 60%, decreasing the per-
centage of 7-dehydrocholesterol from 26 to 12%, and causing the accumulation of several A% -sterols
(6%). C. elegans also was shown to be capable of dealkylating a A% 28)_sterol as it converted 24-methyl-
enecholesterol to mostly 7-dehydrocholesterol. The proposed role of 24-methylenecholesterol as an

intermediate between campesterol and 7-dehydrocholesterol was supported by the results.

Lipids 20:158-166, 1985.

INTRODUCTION

One of our research goals is the discovery of
models for novel chemical control agents against
parasitic nematodes of agricultural importance.
This requires the acquisition of fundamental
knowledge concerning the physiological and
biochemical effects of such chemicals on nema-
todes. We have found that a number of com-
pounds exhibiting nematicidal activity also
disrupt sterol metabolism in nematodes, insects
and other animals, Steroid metabolism thus
may be a viable target for selective nematicidal
agents.

Nematodes possess a nutritional requirement
for sterol (1-4); they are unable to biosynthesize
sterols de novo (5-8), yet are capable of metabo-
lizing exogenous sterols. The free-living nema-
tode Caenorhabditis elegans has the ability to
remove (dealkylate) the 24-alkyl substituent,
whether it be an a-ethyl, a-methyl, or 8-methyl
group, from a variety of dietary 24-alkylsterols
(9-12). In only one of these cases, i.e., using
dietary sitosterol, has the metabolic pathway of
dealkylation been elucidated (10,11); several
dealkylation inhibitors were used to accumulate
sterols postulated as intermediates in the metab-
olism of sitosterol. Based on these accumulated

*To whom correspondence should be addressed at

Insect Physiology Laboratory, Bldg. 467, BARC-East,
Beltsville, MD 20705 .
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intermediates and the site of enzymatic inhibi-
tion, the mechanism of sitosterol dealkylation
in C. elegans appears to be very similar to that
in certain phytophagous insects (13,14).

Whereas examination of the dealkylation
mechanism in insects has been extended to in-
clude other 24-alkylsterols such as campesterol
or stigmasterol (13-17), a comparative investi-
gation of their dealkylation in C. elegans has
not been accomplished. Therefore, in the pres-
ent study, C. elegans was propagated in media
supplemented with a 24-alkylsterol, either
campesterol (24 a-methylcholesterol) or stig-
masterol (24a-ethylcholesta-5,22E-dienol), alone
or in combination with N,N-dimethyldodecana-
mide or N, N-dimethyldodecanamine, com-
pounds which inhibit population growth of
C. elegans (11). The inhibitory amine previously
was shown to disrupt the sitosterol dealkylation
process in C. elegans (11) and in certain insects
(18,19) via A% .sterol reductase inhibition.
Dietary 24-methylenecholesterol also was used
in this study, since it was postulated as an
intermediate in the conversion of campesterol
to cholesterol by C. elegans (12). The identifi-
cations of sterol compositions of C. elegans
propagated in these media have permitted us to
postulate dealkylation pathways and to compare
these pathways in C. elegans with those that
occur in insects.
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MATERIALS AND METHODS

C. elegans was cultured axenically in a semi-
defined aqueous medium as previously described
(11) and supplemented with sterol at a concen-
tration of 25 ppm. Dietary campesterol, which
contained about 3% sitosterol as an impurity
by gasliquid chromatography (GLC), was
isolated from soybean sterols by fractional crys-
tallizations from acetone, Nonradiolabeled stig-
masterol (>99% purity by GLC) was a gift
from Upjohn Company (Kalamazoo, Michigan).
24-Methylenecholesterol (>99% purity by GLC)
was obtained from bee-collected almond pollen
and purified by argentation column chromatog-
raphy. [2,4-°H]Stigmasterol was prepared
according to Thompson et al. (20) and, after
column-chromatographic purification, possessed
a radiochemical purity greater than 99% by
GLC and thin-layer chromatography (TLC), and
was utilized at a specific activity of 3600 dpm/
ug (0.67 Ci/mol). N,N-Dimethyldodecanamine
was commercially available from Ethy! Corpor-
ation (Baton Rouge, Louisiana) as ADMA 2.
N,N-Dimethyldodecanamide was prepared as
described previously (18). Each compound was
solubilized simultaneously with the dietary
sterol.

Extraction and separation of total sterols
(after saponification) from lyophilized nema-
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todes (harvested after two weeks) and acetyla-
tion of isolated sterols were performed as before
(11). Quantitative and qualitative analyses were
done by GLC; relative retention times (RRTs)
were measured relative to cholesterol (for free
sterols) or cholesteryl acetate (for steryl ace-
tates). Final identifications were confirmed by
gas chromatography-mass spectrometry (GC-MS)
and ultraviolet (UV) spectroscopy. GLC was
performed using the following chromatographic
systems: coiled glass columns packed with 2.0%
OV-17 or 2.0% SE-30, and a J & W DB-1 fused
silica capillary column, Distribution of radio-
activity was determined by radioassay of frac-
tions from column chromatography, TLC, and
GLC effluent. Additional instrumental details
have been described ecarlier (11).

RESULTS

Metabolism of Stidmasterol

C. elegans, when propagated in media con-
taining stigmasterol alone, contained, excluding
dietary sterol, predominantly 7-dehydrocholes-
terol with lesser amounts of cholesterol, latho-
sterol, cholesta-5,7,9(11)-triencl, 4a-methyl-
cholest-8(14)<nol, and 4a-methylcholest-7-enol
(lophenol) (Table 1). Analytical properties
(GLC, GC-MS, UV absorbance) of these sterols
were identical to those of authentic standards.

TABLE 1

Relative Percentages of Total Sterols from C. elegans Propagated with Stigmasterol
and Either N,N-dimethyldodecanamide or N,N-dimethyldodecanamined

Dietary supplementb

Stigmasterol Stigmasterol

Recovered sterol Stigmasterol + amide + amine
Stigmasterol 20.8 18.9 17.8
Cholesterol 9.1 10.9 5.7
7-Dehydrocholesterol 50.6 47.2 23.3
Lathosterol 4.8 7.3 4.4
Cholesta-5,7,9(11)-trienol 5.2 5.3 5.6
4a-Methylcholest-8(14)-enol 9.2 8.7 5.0
4a-Methylcholest-7-enol 0.3 0.5 1.7
Desmosterol — — 4.2
Cholesta-5,7,24-trienol — —_ 14.8
Cholesta-5,22E 24 -trienol - - 3.0
Cholesta-5,7,22E ,24-tetraenol - - 4.1
Cholesta-5,7,9(11),24-tetraenol - - 3.2
Cholesta-5,7,9(11),22E,24-pentaenol - - 0.6
4a-Methylcholesta-8(14),24-dienol - - 1.8
4a-Methylcholesta-7,24-dienol - - 0.9
Stigmasta-5,22E,24(28)-trienol - 0.4 0.9
Other sterols (unidentified) - 0.8 3.0
Total A?*°2% sterols - - 7.7

- — 24.9

Total of other A%*® sterols

3Dashed line (—) indicates sterol not detected.
bMedia contained 25 ppm stigmasterol alone or in combination with 35 ppm amide or

25 ppm amine.
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TABLE 2
Mass Spectral Data for Several Steryl Acetates Derived from C. elegans as Metabolites of Stigmasterol
. Cholesta-5,7,9(11), Stigmasta-5,
Cholesta-5,22E,24- Cholesta-5,7,22E,24-  22E,24-pentaenyl 22E,24(28)-
trienyl acetate tetraenyl acetate acetate trienyl acetate
Fragmentation? (m/z) (%) (m/z) (%) (m/z) (%) (m/z) %)
M* 424 1 422 1 420 1 452 1
M*-Ac 364 1 362 26 360 14 392 12
M*-Ac-CH, 349 - 347 3 345 1 377 -
M*-8C 315 - 313 - 311 - 315 -
M*.SC2H 313 8 311 - 309 - 313 18
M*-Ac-(C-22 to C-29) 282 24 280 1 278 1 282 89
M*-Ac-SC 255 6 253 10 251 14 255 24
M*-Ac-SC-2H 253 16 251 6 249 7 253 78
M*-Ac-SC-C; Hg 213 2 211 2 209 6 213 8
M*-Ac-SC-C,H, 199 1 197 3 195 7 199 4
Cy,Hy, 157 5 157 27 157 4 157 14
C, H,, 143 6 143 22 143 1 143 14
SC 109 100 109 100 109 100 137 48
C,H,, 95 18 95 8 95 3 95 100
2Ac = CH,COOH; SC = side-chain.
Effects of N ,N-Dimethyldodecanamide TABLE 3

on Stigmasterol Metabolism

The addition of dimethyldodecanamide (35
ppm) to stigmasterol-supplemented (25 ppm)
media inhibited population growth and repro-
duction of C. elegans as it did similarly when
sitosterol was the dietary sterol (11). With stig-
masterol, the amide caused a population de-
crease of 84% and a 71% reduction in the dry
weight (after lyophilization) of harvested nema-
todes. No significant difference in sterol com-
position resulted (Table 1) except for the
appearance of a relatively small percentage of
a compound, tentatively identified as stigmasta-
5,22E,24(28)-trienol, that was not detected in
C. elegans fed stigmasterol alone. Its structural
identity was suggested by the mass spectrum of
its acetate (M*, m/z 452), which included the
following significant ions (Table 2): m/z 392,
resulting from loss of acetic acid; 282, from
additional cleavage at C-20(22); 255 and 253,
from additional cleavage at C-17(20); 137,
representing the side-chain moiety, and 93,
possibly arising from the side-chain moiety after
cleavage of the isopropyl group at C-24(25).
Experimental RRT values for this tentatively-
identified steryl acetate are included in Table 3.
However, authentic stigmasta-5,22E24(28)-
trienol was unavailable,

Effects of N ,N-Dimethyldodecanamine

on Stigmasterol Metabolism
Dimethyldodecanamine (25 ppm) also inhib-

ited reproduction of stigmasterol-supplemented

(25 ppm) cultures as it did in previous studies

with sitosterol-supplemented cultures (11). In
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GLC Analyses of Several Metabolites of Stigmasterol
from C. elegans

RRT2

Steryl acetate DB-1 SE-30 Oov-17
Cholesta-5,7,9(11)-trienol 0.98 0.98 1.06
Cholesta-5,7,9(11),

24-tetraenol 1.08 1.06 1.25
Cholesta-5,7,9(11),22E,

24-pentaenol 1.17 1.12 1.48
Cholesta-5,22E 24-trienol  1.18 1.15 1.43
Cholesta-5,7,22E,

24-tetraenol 1.30 1.25 1.68
Stigmasta-5,22E,24(28)-

trienol 1.51 1.49 1.60

aRetention time of sterols as acetate derivatives rela-
tive to cholesteryl acetate. Experimental conditions
are described in Materials and Methods section.

the present case, the amine caused a 68% de-
crease in population and a 58% decrease in dry
weight. However, unlike the amide, the amine
appreciably altered the sterol composition of
C. elegans (Table 1). Most notable were a large

‘decrease in the relative percentage of 7-dehydro-

cholesterol and the presence of a number of
sterols (33% of total sterol) possessing either
a A%. or a A®®ide chain, none of which
were detected in C. elegans fed stigmasterol
alone (or with the inhibitory amide). Of these,
cholesta-5,7,24-trienol was predominant. The
A% sterols possessed properties which were
identical to those of authentic standards and/or
were in agreement with properties of com-
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pounds previously isolated from C. elegans, e.g.
cholesta-5,7,24-trienol (9-11).

Mass spectra of acetate derivatives of cho-
lesta-5,22E,24-trienol and cholesta-5,7 22E 24-
tetraenol from C. elegans (Table 2) matched
those of authentic standards and agreed with
previously-reported data for these sterols (21,
22). Both sterols from C. elegans exhibited two
characteristics of a A?*% _conjugated diene
system (21): each produced a mass spectral
base ion at m/z 109 and demonstrated UV
absorption (as acetates in hexane) at A,y 229
sh, 236, 245 sh nm. The tetraenyl acetate
showed additional absorption peaks at Ap,y
260 sh, 269, 280, 291 nm, typical of a AS7-
diene system (23). The acetates of cholesta-5,
22E,24-trienol and cholesta-5,7,22E,24-tetraenol
from C. elegans possessed RRT’s (Table 3) iden-
tical to those of standards.

The assignment of cholesta-5,7,9(11),22E,24-
pentaenol (for which no authentic standard was
available) was corroborated by the mass spec-
trum of its acetate (Table 2): peaks at m/z 420
(M%), 360 and 251 indicated a cholestanol
acetate structure with five double bonds; the
base peak at m/z 109 indicated a A%*?%side
chain, and significant peaks at m/z 209 and 195
suggested a A% 72 (M) pucleus (10,12). A UV
spectrum of the pentaenyl acetate revealed
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characteristic absorption for both a A??2*_ diene

and a AS72 (W) triene system, the latter occur-
ring at Apyax 306, 322, 338 nm (23). The exper-
mental RRT’s for the pentaenyl acetate (Table 3)
were in close agreement with calculated values
based on GLC separation factors for AS:7-2(1).
and A??2 honds, factors derived from the
RRT’s of authentic standards of cholesta-5,7,
9(11)-trienol and cholesta-5,22E, 24 -trienol
(Table 3). Tentatively-identified stigmasta-5,
22E 24(28)-trienol also was detected in the
presence of the amine, During argentation col-
umn chromatography, the acetate derivative of
stigmasta-5,22E,24(28)-trienol was eluted after
cholesta-5,7,9(11)-trieny! acetate but prior to
cholesta-5,22E-24-trienyl acetate.

When [®H] stigmasterol was utilized in media
containing either the amine or amide, all sterols
from C. elegans were radiolabeled with approxi-
mately the same specific activity as the dietary
stigmasterol, as determined by radioassay of
trapped GLC effluent. Thus, all sterols isolated
from C. elegans originated from the dietary
stigmasterol, confirming our earlier conclusion
that C. elegans is capable of dealkylating stig-
masterol (12).

Metabolism of Campesterol

C. elegans, when propagated in media con-

TABLE 4

Relative Percentages of Total Sterols from C. elegans Propagated with Different Dietary Sterolsa,b

Dietary supplement

Campesterol Campesterol
+ amine® + amine®€ 24-Methylene-
Campesterol (10 ppm) (25 ppm) cholesterol
Cholesterol 4.0 2.6 0.8 9.3
7-Dehydrocholesterol 26.3 26.8 12.5 47.7
Lathosterol 3.4 2.1 0.7 4.3
Cholesta-5,7,9(11)-trienol 1.5 1.6 0.8 2.2
Campesterol 38.9 37.0 60.0 —
Campesta-5,7-dienol 13.9 14.2 12.5 -
Campest-7-enol . 0.7 0.7 - -
Campesta-5,7,9(11)-trieno 0.9 1.3 0.6 -
24-Methylenecholesterol 3.2 3.8 1.9 27.3
Campesta-5,7,24(28)-trienol 1.1 1.0 0.2 3.4
4a-Methylcholest-8(14)-enol 4.6 4.3 1.6 4.3
4a-Methylcholest-7-enol 0.2 0.8 0.9 0.3
4,24-Dimethylcholest-8(14)enol 0.8 0.9 0.4 -
4¢,24-Dimethylcholest-7-enol - 0.2 0.3 -
4¢,24-Dimethylcholestanol 0.5 0.6 0.3 —
Cholesta-5,7,24-trienol - 1.7 5.4 0.1
4a-Methylcholesta-8(14),24-dienol - 0.3 0.4 —
4a-Methylcholesta-7,24-dienol - 0.1 0.3 -
Other sterols (unidentified) - - 0.4 1.1
Total A%* sterols - 2.1 6.1 -

aMedia were supplemented with 25 ppm sterol.
bDashed line (~) indicates sterol not detected.
¢N ,Ndimethyldodecanamine.
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taining campesterol alone, gave results that were
in agreement with our previous study (12). As
shown in Table 4, C. elegans fed only campesterol
contained, excluding dietary sterol, mostly
7-dehydrocholesterol and campesta-5,7-dienol
with smaller percentages of various other sterols
whose identities have been discussed previously

(12).

Effects of N,N-Dimethyldodecanamine
on Campesterol Metabolism

Two different concentrations of dimethyl-
dodecanamine were used to supplement the
campesterol media of C. elegans. A 10 ppm
concentration of the amine resulted in a 16%
reduction in the nematode population and
a 13% reduction in dry weight. The sterol com-
position of this amine-treated (10 ppm) culture
(Table 4) was virtually unchanged from that of
the non-treated culture except for the presence
of a small percentage (2% of total sterol) of
several A% -sterols in amine-treated C. elegans,

Treatment with a higher amine concentra-
tion, 25 ppm, decreased the population by 72%
and reduced the dry weight by 82%. Treatment
of C. elegans at this concentration substantially
altered its sterol composition (Table 4), produc-
ing a greater percentage of A -sterols (6%),
primarily cholesta-5,7,24-trienol, than did the
lower amine concentration. Other substantial
differences were a decreased percentage of
7-dehydrocholesterol and an increased propor-
tion of campesterol upon treatment with 25
ppm amine.

The variety of 4-methylsterols which were
detected provided special interest owing to
their novel biosynthesis in C. elegans (9). There-
fore, some of their analytical properties are
presented. GLC data for the recovered 4-methyl-
sterols are listed in Table 5. Their RRT’s as

R. LOZANO, W.R. LUSBY, D.J. CHITWOOD, M.J. THOMPSON AND J.A, SVOBODA

acetates were about 3% less than their RRT’s as
free alcohols, a phenomenon characteristic of
4-methylsterols (24) and not exhibited by the
other compounds identified here as 4-desmethyl-
sterols. The 4-methylsterol RRT’s were in close
agreement with standard reference values given
elsewhere (25). Mass spectral data for the ace-
tates of 4a,24-dimethylcholest-8(14)-enol and
4¢,24-dimethylcholest-7-enol are presented and
compare favorably with their 4-.methylsterol
counterparts (Table 6). Fragment ions from the
40,24-dimethylsterols with intact side-chains
were 14 m/z units greater than their correspond-
ing 4a-methylsterol fragments. M*-Ac-SC peaks
(m/z 269) were much more intense for the
A" -sterols than for the A%14) gterols,

Metabolism of 24-Methylenecholestero!

C. elegans propagated with 24-methylenecho-
lesterol grew very well (ca 67,000 nematodes/
ml; dry wt, 1.82 g/l of media), as it did similarly
when propagated with campesterol, stigmasterol
or sitostero! (12). Nematodes fed 24-methylene-
cholesterol contained predominantly 7-dehydro-
cholesterol and smaller amounts of various other
24-desalkylsterols (Table 4). C. elegans is thus
capable of dealkylating a 24-alkylsterol which
contains a A% ®@®)_-pond. 24-Methylenecholes-
terol was dealkylated to a greater extent than
campesterol, as dietary 24-methylenecholesterol
yielded greater percentages of 7-dehydrocholes-
terol and cholesterol and a smaller percentage
of unmetabolized dietary sterol. Furthermore,
dietary campesterol produced a relatively large
percentage (21%) of various metabolites with
a 24-methyl group (mostly campesta-5,7-dienol),
whereas dietary 24methylenecholesterol yielded
only one metabolite with a 24-methylene group,
campesta-5,7,24(28)-trienol, comprising a small
percentage of the total sterol. These observa-

TABLE 5

GLC Analyses of 4-Methylsterols from C. elegans Propagated with Campesterol

RRT?2
oVv-17 DB-1
Free sterol Acetate Free Acetate
4a-Methylcholest-8(14)-nol 1.16 1.13 1.17 1.13
4a-Methylcholest-7-enol 1.36 1.32 1.30 1.27
4a-Methylcholesta-8(14),24-dienol 1.40 1.37 1.28 1.24
4a-Methylcholesta-7,24-dienol 1.63 1.57 1.44 1.40
4¢,24-Dimethylcholest-8(14)-<nol 1.52 1.48 1.50 1.46
40,24-Dimethylcholestanol 1.82 1.48 1.53 1.50
4a,24-Dimethylcholest-7-enol 1.80 1.76 1.67 1.62

ARRT = retention time of free sterol relative to cholesterol; retention time of steryl ace-
tate relative to cholesteryl acetate. Experimental conditions are described under Materials

and Methods.
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TABLE 6

Mass Spectral Data for 4-Methylsteryl Acetates Derived from C. elegans
Propagated with Campesterol

4a-Methylcholestenyl acetate

4a-24-Dimethylcholestenyl acetate

Fragmentation? (mjz) aD@) A@ mpy A0 @) AT @)
M* 442 36 33 456 20 26
M*.CH, 4217 4 4 441 2 2
M*-Ac 382 2 4 396 1 2
M*-Ac-CH, 367 7 6 381 2 P 3
M*.SC 329 4 4 329 3 4
M*.Ac-SC 269 14 52 269 9 53
M*-Ac-8C-C,H, 243 23 18 243 15 14
M*-Ac-SC-C; Hg 227 34 36 227 23 33
C,H,, 95 . 73 96 95 64 93
H, 55 100 100 55 100 100

3Ac = CH,COOH; SC = side-chain.

tions demonstrate a more efficient dealkylation
and conversion of 24-methylenecholesterolthan
campesterol, thus supporting the proposal of
24-methylenecholesterol as an intermediate in
the pathway of campesterol dealkylation in
C. elegans (12). :

DISCUSSION

In the absence of an inhibitor, stigmasterol
and sitosterol were metabolized similarly in
C. elegans (10,12). Even the effects of either of
the two inhibitors on the metabolism of these
two sterols were similar., Previously (11),
sitosterol metabolism was unaffected by treat-
ment of C. elegans with the amide except for
a small percentage (1.1% of total sterol) of
fucosterol detected in the presence of the
amide, Similarly, in the present study, stig-
masterol metabolism was unchanged by the
presence of the amide except for the detection
of a small percentage (0.4%) of tentatively-
identified stigmasta-5,22E,24(28)-trienol (i.e.,
either 22-dehydrofucosterol or 22-dehydro-
isofucosterol) which also was detected in the
presence of the amine. The conversion of sito-
sterol to fucosterol is believed to be the initial
step in the C-24 dealkylation process in C. ele-
gans (10); it has been demonstrated as the
initial step in sitosterol dealkylation by the
tobacco hornworm, Manduca sexta (L.) (26),
and the silkworm, Bombyx mori(27). An analo-
gous comparison suggests that stigmasta-5,22E,
24(28)-trienol, possibly the 22-dehydrofuco-
sterol isomer, is the first intermediate in stig-
masterol dealkylation by C. elegans (Fig. 1).
Fujimoto et al. (17) have demonstrated recently
that the 24(28)E- and Z-isomers of stigmasta-5,
22E,24(28)-trienol were both dealkylated by
silkworm larvae to produce cholesta-5,22,24-

trienol, desmosterol and cholesterol.

The next step in the dealkylation process, at
least in insects, is believed to be the conversion
of fucosterol and 22-dehydrofucosterol to their
respective 24(28)-epoxides (17,27). The amide
apparently exhibits slight inhibition of the
24(28)-epoxidase, perhaps due to the amide’s
slight steric resemblance to the ethylidene side-
chain of fucosterol or.22-dehydrofucosterol.
However, inhibition of the A% -sterol reductase
by the amide does not occur, Loss of the amide’s
carbonyl group results in inhibition of the
reductase, as evidenced by the activity of the
amine which caused the accumulation of a large
percentage of A? sterols. The carbonyl group
may sterically hinder binding between the amide
and the enzyme. Alternatively, the basicity of
the amine molecule may be responsible for its
binding to the enzyme, and such basicity is
eliminated when the carbonyl group of the
amide is present.

of 2particular interest was the appearance of
the A%2:? gterols in amine-treated nematodes.
The tobacco hornworm had provided the first
isolation of such sterols from a biological source
(28). The existence of the A2*®.sterols in
C. elegans, e.g., cholesta-5,22E,24-trienol, indi-
cates that removal of the C-24 ethyl substituent
of stigmasterol can proceed in the presence of
the A%*2-bond. The presence of A% sterols, e.2g.,
desmosterol, and the failure to detect any A%2-
sterols, e.g., 22-dehydrocholesterol, demon-
strates that, with a A% gterol substrate, A22-
reduction occurred prior to A% -reduction.
Thus, the sequence of stigmasterol dealkylation
in C. elegans is postulated in Figure 1. The
existence of an alternative sequence of A?2-24.
reduction (cholesta-5,22,24-trienol to 22-dehy-
drocholesterol to cholesterol) cannot be ruled
out. If this sequence also occurred in C. elegans,
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inhibition of the A% sterol reductase still would
have resulted in accumulation of A%*>2* sterols.
However, unless the amrne also inhibited the
A2 terol reductase, A% sterols (22-dehydro-
cholesterol or cholesta-S ,7,22-trienol) would
not have accumulated but would have been
reduced further, accounting for the absence of
A% sterols.

Metabolism of stigmasterol by C. elegans
appears to be quite similar to that process in
the silkworm (17), the tobacco hornworm (28)
and Tribolium confusum, the confused flour
beetle (22): C-24 dealkylatron produces a A%
sterol whereupon the A*2-bond is reduced
before the A%*-bond. C. elegans shares another
similarity with T. confusum: their ability to
introduce a A7-bond and consequently produce
7-dehydrocholesterol as the predominant metab-
olite of most phytosterols. Cholesta-5,7,24-
trienol and cholesta-5,7,22E,24-tetraenol, both
detected in C. elegans fed stigmasterol and the
amine, were likewise found in 7. confusum fed
stiz%masterol and 22,25-diazacholesterol, another

-sterol reductase inhibitor (22). An interest-
ing aspect of stigmasterol metabolism in the
hornworm is the apparent requirement of the
A% bond in a A% gterol substrate in order
for reduction of the A% bond to occur effi-
ciently. Dietary 22-dehydrocholesterol was not
converted to cholesterol by the hornworm
(29). A similar substrate specificity of the A%2-
reductase in C. elegans m&ht also exist.

Inhibition of the A“-sterol reductase by
the amine was also observed in campesterol-
supplemented C. elegans as A% sterols com-
prised 6% of the total sterol. However, at the
same amine concentration (25 ppm), reductase
inhibition appeared to be much greater in cul-
tures supplemented with sitosterol (11) or stig-
masterol where A% -sterols comprised 27% and
33%, respectively, of the total sterol. Also in
contrast, 25 ppm amine caused a large accumu-
lation of unmetabolized dietary campesterol
but did not change the relative percentage of
unmetabolized dietary sterol when either sito-
sterol (11) or stigmasterol was utilized. The
increased proportion of campesterol may have
been due to a greater uptake of that dietary
sterol from the media as a result of some inter-
action between the amine and campesterol upon
the nematodes. The sterol content of C. elegans
propagated with campesterol was 1.21 mg/g dry
wt, similar to that obtained from sitosterol- or
stigmasterol-propagated cultures. C. elegans in
media containing campesterol and 25 ppm amine
yielded 1.61 mg sterol/g dry wt, whereas similar
increases were not observed in amine-treated
C. elegans supplemented with either sitosterol
or stigmasterol. Although the population de-
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FIG. 1. Proposed metabolism of stigmasterol by
C. elegans.

crease due to the amine was comparably 70%
with both dietary sterols, there was a consider-
able difference in the decrease in dry weight
(60% with stigmasterol, and 80% with cam-
pesterol). The difference could be due to a
greater percentage of larger nematodes (perhaps
adults) in amine-treated, stigmasterol-supple-
mented cultures or, conversely, a greater per-
centage of smaller nematodes in amine-treated,
campesterol-supplemented cultures. The higher
uptake of campesterol may have repressed the
development and size of individual nematodes.
Another possible reason for the increased pro-
portion of campesterol may be the ability of
the amine to inhibit an additional enzymatic
site in C. elegans: the conversion of campesterol
to the first intermediate, presumably 24-methyl-
enecholesterol, via a C-24(28)-dehydrogenase.
The amine does not, however, inhibit the corre-
sponding conversions of sitosterol and stigmas-
terol to fucosterol and 22-dehydrofucosterol,
respectively, suggesting a C-24(28)-dehydro-
genase system in C. elegans which exhibits
specificity toward the size (methy! vs. ethyl) of
the 24-alkyl substituent of the sterol substrate.
Figure 2 illustrates the sites of sterol metabolism
in C. elegans inhibited by the amine.

The C-24 demethylation process in C. elegans
is perhaps similar to those in B. mori (15),
Tenebrio molitor (16) and M, sexta (30), which
proceed via 24-methylenecholesterol as the ini-
tial intermediate between campesterol and cho-
lesterol. However, whereas desmosterol was
identified in B. mori (15) and M. sexta (31) as
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FIG. 2. Sites (marked by *“x”) of sterol metabolism in C. elegans inhibited by N,N-
dimethyldodecanamine. Question mark indicates failure to detect desmosterol in C, elegans

fed campesterol or 24-methylenecholesterol.
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Influence of Dietary Cholesterol on the Relative Synthesis of

Hepatic Glycerides and Molecular

Phospholipids in the Gerbil in vivo

Classes of 1,2-Diglycerides and

D.B. ANDERSEN and BJ. HOLUB, Department of Nutrition, College of Biological Science,

University of Guelph, Guelph, Ontario, Canada N1G 2W1

ABSTRACT

The influence of dietary cholesterol on the relative rates of synthesis of hepatic lipids in the male
Mongolian gerbil, Meriones unguiculatus, was studied. The semi-purified starch-based diet used lard as
the dietary fat and was fed with or without a 0.5% (by wt.) cholesterol supplement. Each animal

received 300 uCi [2-*H]-glycerol i.p. after 3 or 7

days on the dietary regimens. Relative rates of

[2-*H]-glycerol incorporation into the major hepatic glycerides in vivo was not affected significantly
by dietary cholesterol (0.5% level), suggesting that alteration in the relative biosynthesis of these lipids

could not readily account for the higher triglyceride

(TG) to phospholipid (PL) mass ratio in liver with

cholesterol feeding. However, there was evidence for an increased formation of 1,2-diglyceride (1,2-DG).
The complement of molecular species of hepatic 1,2-DG, phosphatidylcholine (PC), and phosphatidyl-
ethanolamine (PE) formed de novo, as measured using isotopic glycerol, was not influenced greatly by
dietary cholesterol, although lower mean rates of synthesis of tetraenoic relative to dienoic species of
phospholipids were indicated in cholesterol-fed gerbils.

Lipids 20:167-172.

INTRODUCTION

It has been demonstrated in various animal
species that the supplementation of diets with
large amounts of cholesterol can affect the level
and composition of hepatic glycerides (1-4). In
the Mongolian gerbil, Meriones unguiculatus,
semi-synthetic diets supplemented with choles-
terol at 0.1 or 0.5% by wt. produced elevated
hepatic TG and 1,2-DG levels but had little
effect on hepatic total PL levels (5). The mass
ratio of TG to PL in liver was elevated in gerbils
and rats fed cholesterol-supplemented diets (1,5).

The arachidonate (20:4) to linoleate (18:2)
fatty acid ratio is reduced in tissue lipids of dif-
ferent animal species by dietary cholesterol,
and it has been suggested that the % conversion
of linoleate to arachidonate may be suppressed
by dietary cholesterol (1,2,5,6). It also has been
suggested that dietary cholesterol may impair
the metabolic conversion of linolenate to doco-
sahexaenoate (22:6) as supported by reduced
levels of this latter acid in the hepatic phospho-
lipids of gerbils receiving a cholesterol supple-
‘ment. Changes in the 18:0 to 16:0 fatty acid
ratios and in the 18:1 to 18:0 ratios as a func-
tion of cholesterol feeding were observed in
gerbil liver 1,2-DG as well as PL and/or TG.
Cholesterol supplementation (0.5% by wt.)
produced a lower 18:0/16:0 ratio in 1,2-DG
but had no effect on this ratio in liver TG; on
the other hand, the 18:0/16:0 ratio was elevated
in total PL and in PC. The 18:1/18:0 ratio was
higher in hepatic total PL, PE, 1,2-DG and TG

with dietary cholesterol supplementation. In
the rat, as well, the 18:1/18:0 ratio was elevated
with cholesterol feeding (1).

It also has been suggested that dietary choles-
terol might affect the synthesis of fatty acids
utilized for incorporation into mitochondrial
PC and PE in liver differentially (8). The % of
20:4 was depressed more in PC than in PE by
dietary cholesterol; the % of 16:1 was elevated
in PC but depressed in PE as a function of the
cholesterol supplement. In gerbil liver, the per-
centages of various fatty acids in PC and PE
appeared to respond differentially to cholesterol
feeding for 3 to 7 days (5).

Various possible explanations for the influ-
ence of dietary cholesterol on TG, DG and PL
levels include dietary cholesterol mediation of
lipid synthesis, lipolysis, or mobilization from
liver via lipoprotein assembly and release into
the circulation. It was thus desirable to deter-
mine whether the altered mass of certain hepatic
lipids may be due to different relative rates of
synthesis of these lipids. Furthermore, the types
of molecular species of 1,2-DG, PC, and PE
that are formed de novo with and without
dietary cholesterol supplementation also were
examined.

MATERIALS AND METHODS

Upon receipt, 32 young (ca. 2 mo of age)
male gerbils (High Oak Ranch, Goodwood,
Ontario) were randomized into 4 groups of
8 animals each, housed 2 per screen-bottomed
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cage in a diurnally-lighted room with water
ad lib, and fed either a semi-purified starch-based
basal diet or the basal diet supplemented with
0.5% cholesterol (9). Two groups received the
different diets for 3 days, and the other 2 groups
received the different diets for 7 days. After a
4-hr fast each animal was injected i.p. with
0.3 mCi [2-*H]-glycerol (specific activity 200
mCi/mmol) in sterile aqueous solution. Animals
were killed 10 min post-injection. This time
period was chosen with regard to previous time-
study investigations which showed the 10-min
mark to be midway in the period of rapid, steady
synthesis of TG and the various PL. Figure 1
shows the results of the time-study with 12
gerbils. Each point represents the average of
2 young male gerbils, which had been main-
tained, then fasted, as described above using a
commercial chow as the pelleted diet (Lab
Chow No. 5001, Ralston-Purina Co., St. Louis,
Missouri). Livers were rapidly excised and
homogenized in 20 volumes of chloroform-
methanol (2:1, v/v). A water wash was used.
Aliquots of the chloroform phases were taken
for lipid fractionation by thin-layer chromatog-
raphy (TLC) to determine first the relative
incorporation of tritium label into the various
hepatic lipid fractions and, second, the relative
incorporation of tritium label into the molecular
species of hepatic 1,2-DG, PC, and PE.

The “neutral lipid plate” (by TLC) was used
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dpm
g liver
(x106)
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to isolate total PL, 1,2-DG, 1,3-DG, and TG;

‘the “Skipski plate” was used to isolate PC, PE,

phosphatidylserine (PS), and phosphatidyl-
inositol (PI) (10). Gel scrapings were dispersed
in 1.5 ml water to which 13.5 ml Aquasol-2
(New England Nuclear Corp., Boston, Massa-
chusetts) were added for liquid scintillation
counting. Tritium dpm were calculated by
means of blank subtraction and a fritium
quench correction curve using the external
standard ratio method (11), and results were
expressed as dpm per gram liver.

Of the animals injected with tritiated glyc-
erol, the distribution of label among molecular
species of liver 1,2-DG, PC, and PE was deter-
mined from cholesterol-supplemented and cho-
lesterol-unsupplemented animals fed 7 days.
The 1,2-DG, PC, and PE were isolated as
previously described. Bands were scraped into
screw-top test tubes and 6.0 ml aliquots of
elution solvent (chloroform/methanol/acetic
acid/water, 50:39:1:10, v/v/v/v) were added.
After vortexing and a short centrifugation (ca. 5
min 1000Xg), supernatants were decanted into
new test tubes, and half-volumes of eluant were
added to the sediment for reextraction, To each
of the total supernatants, 1/3 vol. of 4M ammo-
nia was added; after vortexing, lower phases
were transferred to new test tubes to which
water/methanol (1:1, v/v) was added with
mixing in an amount equal to the volume of

mins. after injection

FIG. 1. The incorporation of radioactivity into various hepatic lipids after injection of

[2-*H]-glycerol.
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ammonia previously added. Solutions were
spun (1000Xg) to achieve a clear phase separa-
tion.

Phospholipase C from Type V B. cereus (EC
No. 3.1.4.3.) (Sigma Chemical Co., St. Louis,
Missouri) was used to obtain DG from PC and
PE. For PC, a volume of the previously prepared
chloroform phase was evaporated; 2 ml of 50
mM Tris buffer (pH 7.4) were added with a 30
sec shake; then 2 ml diethyl ether were added
with a 30 sec shake; then 5 units of phospho-
lipase C were added with a 30 min shake. The
ether layer was transferred to a new test tube;
the remaining mix was washed with another
2 ml of diethyl ether. Ether phases were com-
bined and evaporated; 30 wul chloroform/
methanol! (2:1, v/v) were added, and the DG
was isolated by TLC on silica gel G in heptane/
isopropyl ether/acetic acid. The DG was eluted
from the gel with diethyl ether/methanol/acetic
acid (60:40:1, v/v/v). Fifty ul chloroform/
methanol(2:1,v/v) were added to the dried DG,
and DG molecular species were separated by
argentation TLC on silica gel G (impregnated
15% by wt. with silver nitrate) in chloroform/
diethyl ether (95:5, v/v). The DG molecular
species of PE were similarly obtained except
for the following differences: PE was incubated
with 5 units of phospholipase C for 60 min;
exogenous cold, 1,2-DG was added as a carrier
for visualizing the DG molecular species from
argentation TLC. The molecular species of the
gerbil liver free 1,2-DG also were separated with
the addition of exogenous cold 1,2-DG carrier.
After TLC plates had dried, bands of the
molecular species of the PC, PE and 1,2-DG
were scraped into scintillation vials to which
15 ml of OCS fluid (Amersham Corp., Oakville,
Ontario) were added. Saturates and monoenes
were combined; other bands were dienes,
trienes, tetraenes, pentaenes and  hexaenes.
Tritium was counted in a Searle Delta 300
counter, using the single window module.

Statistical analyses were conducted with the
use of Student’s t-test (12). The significance
level was chosen to be p<0.05.

RESULTS

Feeding dietary cholesterol for 7 days did
not influence food intake (each gerbil consumed
about 4 g per d), weight gain (1.0 £0.1 g perd
as mean *SE for all 7-day animals), or liver
weight (1.6 * 0.1 g as mean liver weight for all
7-day animals and 4.1 * 0.2 g per 100 g body
weight as mean relative liver weight of all 7-day
animals, n=16) (5,9). The incorporation of
[2-3H] -glycerol into liver TG, DG, PL, PC, PE,
PI and PS is given as a function of post-injection
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time in Figure 1. The amount of radioactivity
accumulating in the various lipids approached a
maximum at 20 min after which it fluctuated
moderately in all lipids with the exception of
TG, where it fell steadily until 60 min post-
injection. Based on these results, an exposure
time of 10min to [*H]-glycerol was used
routinely in all other experiments since it most
likely would provide information on the relative
rates of lipid synthesis in animals from the dif-
ferent dietary treatments.

The extent of uptake of [3H]-g1ycerol into
the livers, total lipids, or total water-soluble
metabolites was not influenced by dietary cho-
lesterol after 3 or 7 days on the experimental
diets (Table 1). The entry of labeled glycerol
into hepatic TG remained steady at days 3 and
7, whereas the incorporation into PL was less
at day 7 regardless of dietary regime. The
amount of radioactivity in the 1,2-DG was
significantly higher and that in the PS lower in
animals fed the cholesterol-supplemented diet
for 7 days relative to controls. No differences
were found in the other lipid classes at day 7.

The percentage distribution of radioactive
label among the various lipid fractions as a func-
tion of dietary treatment is given in Table 2.
The proportion of radioactivity found in the
1,2-DG fraction was significantly higher in
animals receiving 0.5% cholesterol at both days
3 and 7. No statistically significant difference
between dietary treatments was found among
other lipid classes, although the mean percentage
in PS was lower by 20-25% for animals fed the
cholesterol supplement. The relative rates of
isotope incorporation into TG versus PL, TG
versus PC, or TG versus PE were not affected
by dietary ' cholesterol supplementation, al-
though the PC to PE ratio was enhanced by
dietary cholesterol after 3 but not after 7 days
(Table 2). The TG/PL count ratio was higher in
the 7-day versus the 3-day gerbils regardless of
dietary treatment.

Table 3 gives the percentage distribution of
radioactive glycerolamong the various molecular
species of free 1,2-DG, PC and PE after isotope
administration. The majority of the radioactivity
associated with the free 1,2-DG and PC was
found in the oligoenoic (saturated plus mono-
enoic plus dienoic) species with very little in
the tetraenes (3% or less), pentaenes (<3%), or
hexaenes (3% or less). In contrast, the PE con-
tained considerable radioactivity in the pen-
taenes (10-12%) and hexaenes (33-34%) as well
as the oligoenes (49-52%), with little in the
tetraenes (<4%). Dietary cholesterol was essen-
tially without effect on the distribution of
[ 3H]-g1ycerol among the various molecular
classes of 1,2-DG, PC or PE, although a moder-
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TABLE 1

Efféct of Dietary Cholesterol Level on the Distribution of Radioactivity Among Liver Lipids

10 Min Post-Injection of [2->H]-Glycerol (10° dpm per g liver  SE)

Dietary treatment

3-day trial 7-day trial
+0.5% +0.5%
Lipid fraction Starch Cholesterol Starch Cholesterol
Triglyceride 10554 £ 839 9990 + 560 10140 * 1442 9740 +1012
1,2-Diglyceride 329 £ 12 377 £+ 39 221 + 23 413 + 66*
1,3-Digly ceride 129 £ 11 83+ 10* 104 + 18 88 + 16
Total phospholipid 5937 + 639 5173 423 3892 £ 416 3678 + 234
Phosphatidylcholine 4245 £447 4037 + 381 2762 + 306 2558 £ 191
Phosphatidylethanolamine 1688 197 1345 £120 1178 £ 126 1060 £ 76
Phosphatidylserine 55+ 8 42 = 7 36 + 4 27 + 2%
Phosphatidylinositol 95 £ 20 90+ 9 69 + 10 69 + 7

Total lipid phase
Total aqueous phase
Total

19454 £ 1510
2987 £ 881
22440 + 1797

17996 £ 1178
1820+ 140
19816 £ 1270

16283 + 2017
8094 * 4323
24377 £ 5242

15858 + 1307
5253 £ 2214
21111 + 3083

Values are the means (+SE) of 8 animals per group, except the diglycerides for which each value is

the mean (£SE) of 4 paired samples per group.

*Denotes a significant difference by t-test from the corresponding cholesterol-unsupplemented

group,

TABLE 2

Effect of Dietary Cholesterol Level on the Percentage Distribution of Radioactivity in Liver Lipid

and on the Relative Rates of Synthesis of Certain Liver Lipids

Dietary treatment

3-day trial 7-day trial

] +0.5% +0.5%

Lipid fraction Starch Cholesterol Starch Cholesterol
(%+SE)
Triglyceride 62.1 2.5 63.8 0.8 694 1.3 68.8 1.9
1,2-Diglyceride 1.86 £0.12 242 +0.16* 1.56 £0.18 2.94 £0.28%*
Total phospholipid 34,5 £2.3 32.7 0.7 27.6 +1.3 27.0 2.0
Phosphatidylcholine 24,2 +1.5 239 0.9 189 +1.2 179 =*1.4
Phosphatidylethanolamine 9.62 £0.75 8.01 £0.23 8.05 £ 0.49 7.34 £1.4
Phosphatidylserine 0.32 £0.04 0.24 £0.03 0.25 £0.02 0.20 +0.03
Phosphatidylinositol 0.53 £0.10 0.54 +0.04 0.46 +0.04 048 +0.04
(relative rate + SE)

TG/PL 1.9 *0.2 2.0 #0.1 2.6 0.2 277 +0.2
TG/PC 2.6 0.2 2.6 0.1 3.7 0.3 3.9 $04
TG/PE 6.7 £0.6 7.6 *0.4 8.5 *0.6 9.3 %0.8
PC/PE 2.5 £0.1 3.0 10.1* 24 £0.1 24 0.1

Values are the means (£SE) of 8 animals per group, except the 1,2-DG for which each value is the
mean (+SE) of 4 paired sampled per group.
*Denotes a significant difference by t-test from the corresponding cholesterol-unsupplemented

group,

LIPIDS, VOL. 20, NO. 3 (1985)



CHOLESTEROL AND GLYCERIDE SYNTHESIS

171

TABLE 3

Effect of Dietary Cholesterol Level on the Percentage Distribution of Radioactivity Among Molecular
Species of 1,2-Diglyceride, Phosphatidylcholine and Phosphatidylethanolamine
of Gerbil Liver from Animals Fed 7 Days (% + SE)

Phosphatidyl

1,2-diglyceride Phosphatidylcholine ethanolamine
Molecular species Starch +0.5% Chol. Starch +0.5% Chol. Starch +0.5% Chol.
Saturates
plus monoenes 47.0+3.4 47.3+3.8 42.8+2.0 42.1+1.8 22.1+2.2 22.1+£23
Dienes 38.0%1.2 38.0+1.0 48.1+1.5 49.5+2.0 264+1.4 29.5+1.8
Trienes 10.0+1.6 9.7+2.1 1.3+0.1 1.5+0.2 1.9+0.2 2.6+ 0.2%
Tetraenes 1.7+£0.3 24+1.0 3.0+£0.3 2.1+0.20 3.8£0.3 3.0 £ 0.31
Pentaenes 1.2+0.3 1.2+0.3 2.3%£0.1 1.8+£0.3 11.9+1.1 10.1 £0.8
Hexaenes 2.1+0.3 1.6 0.3 2.6 0.3 3.0£04 33.9+2.5 32.7+29

Values are the means (+SE) of 4 paired samples per group.
*Denotes a significant difference by t-test (p<0.05) from the corresponding cholesterol-unsupple-

mented group.

NDenotes that the p value for tetraene percentages in PC is 0.08 and for tetraene percentages in PE

is 0.12.

Mean' (+SE) values of the tetraene/diene ratios in PC and PE are 0.06 * 0.01 versus 0.04 + 0.004
and 0.14 £ 0.01 versus 0.11 % 0.02 for basal versus cholesterol-supplemented groups, respectively. The
p values for the tetraene/diene ratios in PC and PE are 0.07 and 0.12, respectively.

ately greater percentage of radioactivity was
found in the trienoic species of PE with choles-
terol supplementation. A general lowering in
the tetraenoic/dienoic biosynthetic ratio in the
case of PC and PE was associated with the
ingestion of 0.5% cholesterol.

DISCUSSION

Glycerol-[2-*H] was used as a lipid precursor
in these experiments because its initial entry
into glycerolipid via known metabolic pathways
(13) represents de novo synthesis of lipid (14).
This radioactive compound enters into lipid via
the a-glycerophosphate pathway of acylation to
phosphatidic acid and subsequently to 1,2-DG
(14). The decay of radioactivity from TG in the
time study after 20 min likely represents the
mobilization of TG from liver as lipoprotein.
Such a decay of radioactivity from the hepatic
TG has been observed in isotopic studies using
labelled fatty acid in rats (15). The results in
Tables 1 and 2 suggest that there is an increased
formation of 1,2-DG with cholesterol feeding,
which is consistent with the elevated level of
1,2-DG in the livers of these gerbils (5). It is
less likely that the elevation in 1,2-DG levels is
due to an impaired utilization of this inter-
mediate, because total glyceride levels in both
liver and plasma are elevated with cholesterol
feeding (5).

The relative rates of utilization of the inter-
mediary 1,2-DG for TG and PL synthesis were
not influenced by dietary cholesterol in a
statistically significant manner as evidenced by
the ratios in Table 2, thereby not apparently

accounting for the higher TG/PL mass ratio
found in liver with cholesterol feeding (5)How-
ever, the small but statistically insignificant in-
crease in the TG/PL synthetic ratio (by 4%)
after 3 days of cholesterol consumption may
contribute to the mass ratio differences which
are much greater. It also is possible that dietary
cholesterol may affect the metabolic fate, eg.
transport, of newly-formed TG. The 36-37%
increase in the TG/PL biosynthetic ratio (Table
2) from 3 to 7 days can be compared with the
mass ratio increase of 87-103% during the same
period of time (5). The present results (Tables
1 and 2) suggest that gerbils consuming a diet
containing 0.5% cholesterol may synthesize
somewhat lesser amounts of PS relative to the
other phospholipids. A slightly higher synthesis
of PC relative to PE from 1,2-DG is suggested in
livers of gerbils fed the 0.5% cholesterol diet for
3 but not for 7 days (Table 2). There are no
analogous data in the literature with which to
compare our results from [3H]-glycerol as a
function of dietary cholesterol supplementation.

The distribution of [3H] -glycerol among the
various molecular species of 1,2-DG, PC and PE
in gerbil liver was generally similar to that re-
ported in the rat, also using labelled glycerol
(14,16). These data support the concept that
the de novo. pathways of PL synthesis produce
predominantly oligoenoic (monoenoic plus
dienoic) species of PC and PE plus hexaenoic
species of PE (17). The much higher percentage
of radioactivity found in the hexaenoic PE rela-
tive to the 1,2-DG, but not in the case of the
corresponding PC, likely reflects, at least in part,
a selectivity of the ethanolamine phosphotrans-
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ferase but not the choline phosphotransferase
for hexaenoic 1,2-DG as found in rat liver (11).
The complement  of molecular species of
1,2-DG, PC and PE formed de novo was not
greatly influenced by dietary cholesterol. How-
ever, the mean relative rate of synthesis of tetra-
enoic to dienoic species of PC and PE was lower
by 29 and 26%, respectively, in gerbils fed the
cholesterol-supplemented diet; the mean per-
centage of incorporated radioactivity in the
tetraenoic PC and PE was lower by 27 and 19%,
respectively, in animals fed 0.5% cholesterol
(Table 3). It appears that this altered de novo
synthesis of particular species of PC and PE
may account partly for the reduction in the
20:4/18:2 fatty acid ratio in these liver phos-
pholipids when gerbils consumed a 0.5% choles-
terol diet (5). It remains to be established if
other metabolic pathways responsible for the
entry of these polyunsaturated fatty acids into
hepatic PC and PE, eg. transacylation reactions,
may be influenced by dietary cholesterol.
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The Effect of Penicillin on Fatty Acid'Synthesis and Excretion in

Streptococcus mutans BHT

JANICE L. BRISSETTE and RONALD A. PIERINGER,* Department of Biochemistry,
Temple University School of Medicine, Philadelphia, PA 19140

ABSTRACT

Treatment of exponentially growing cultures of Streptococcus mutans BHT with growth-inhibitory
concentrations (0.2 pg/ml) of benzylpenicillin stimulates the incorporation of [2-!*C]acetate into
lipids excreted by the cells by as much as 69-fold, but does not change the amount of  C incorporated
into intracellular lipids. At this concentration of penicillin cellular lysis does not occur. The radioactive
label is incorporated exclusively into the fatty acid moieties of the glycerolipids. The increase in the
radioactive content of the extracellular lipids reflects an actual net increase in the total fatty acid con-
tent as determined by a chemical assay. During a 4-hr incubation in the presence of penicillin, the
extracellular fatty acid ester concentration (per mg cell dry weight) increases 1.5 fold, even though
there is no growth or cellular lysis. No change is observed in the intracellular fatty acid ester content.

An indication of the relative rate of fatty acid synthesis was most readily obtained by placing
S. mutens BHT in a buffer containing '* C-acetate. Under these nongrowing conditions free fatty acids
are the only lipids labeled, a factor which simplifies the assay. The addition of glycerol to the buffer
causes all of the nonesterified fatty acids to be incorporated into glycerolipid. The cells excrete much
of the lipid whether glycerol is present or not. Addition of penicillin to the nongrowth supporting
buffer system does not stimulate the incorporation of [ !4 C]-acetate into fatty acids. However, if cells
are exposed to penicillin in a growth-supporting medium and then are transferred to the nongrowing
buffer system containing no penicillin, the previously exposed cells retain the ability to incorporate
[14C]-acetate into fatty acid at a higher rate than untreated cells over a prolonged period of time, The
stimulation of [!* C}-acetate into fatty acids in this system parallels but is not dependent on the stimu-
lation by penicillin of the incorporation of [** C]-glycerol into glycerolipid and lipoteichoic acid syn-
thesis previously demonstrated by our laboratory.

Lipids 20:173-179, 1985.

INTRODUCTION

Despite the recent elucidation of the actual
binding site of penicillin to the transpeptidase
enzyme in Streptomyces R61 by X-ray crystal-
lography by Kelly and coworkers (1), much of
the mechanism by which penicillin brings about
bacterial death remains unknown. One approach
to understanding the mode of action of peni-
cillin is' to study the response of organisms that
have become tolerant to penicillin, Streptococ-
cus mutans BHT is a cariogenic bacterium which
is said to be tolerant because it responds to
penicillin in a bacteriostatic rather than bacteri-
cidal manner (2,3). We have shown previously
that treatment of S. mutans BHT with penicillin
results in a stimulation of de novo glycerolipid
and lipoteichoic acid (LTA) synthesis and excre-
tion in the absence of cellular lysis (4), even
though exposure of S. mutans to penicillin
results in a rapid inhibition of peptidoglycan,
" RNA, and protein synthesis in a concentration
dependent fashion (5). Although several investi-
gations (6,7,8) correlate antibiotic resistance

*To whom correspondence should be addressed.

The material of this paper is part of a thesis to be
submitted by J.L.B. in partial fulfillment of the re-

quirements for the Ph.D. degree from the Department
of Biochemistry, Temple University.

with qualitative and quantitative differences in
lipid composition of the bacterial envelope in
different genera of gram-positive and gram-
negative bacteria, the effect of these antibiotics
on fatty acid synthesis has never been addressed.
In this report we investigate whether penicillin
promotes the net synthesis and excretion of
fatty acids in S. mutans BHT.

MATERIALS AND METHODS

S. mutans BHT was grown in a low sodium
acetate (0.5 mg per ml), chemically defined
medium (9) for at least eight generations in the
presence of 2 upCi of [2-'*C)-acetate (New
England Nuclear Corp., Boston, Massachusetts;
specific activity 2.4 mCi/mmol) per ml and
0.01 M sodium bicarbonate in a total volume of
10 ml. A one ml aliguot of this culture was
then inoculated into 30 ml of fresh chemically
defined medium as described previously (9)
containing [ C)-acetate of the same specific
activity. Culture turbidity was monitored at
675 nm in a Spectronic 21 colorimeter (Bausch
and Lomb, Inc., Rochester, New York). Benzyl-
penicillin (GIBCO, Grand Island, New York,
1585 U/mg) at a concentration of 0.2 ug per ml
(approximately 10 times the minimum inhibi-
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tory concentration for this bacterium) was added
to the exponmentially growing culture at an
Agys equivalent to 0.04. For experiments deter-
mining the effects of i)enicillin on the synthesis
and excretion of [*C] labeled fatty acids,
duplicate 2-ml! samples of the culture were
collected at 60-min intervals via filtration on
Whatman .GF/C glass fiber filters (Whatman,
Inc., Clifton, New Jersey) assuring complete
separation of cells and media. The filters sub-
sequently were washed twice with 5 ml of
deionized, distilled water. Cells and media were
extracted for lipid by the method of Bligh and
Dyer (10). The chloroform soluble [¥C]-
material was assayed for radioactivity in a liquid
scintillation spectrometer with a 92% efficiency
for ¥ C (Tracor Analytic, Inc., Rockville, Mary-
land). These data are expressed as counts per
min per ug dry weight of cells, The dry weight
has been determined from the optical density
which has been corrected for deviations from
Beer’s Law and is designated as the adjusted
optical density (AOD) units (11) (1 AOD unit
is equivalent to 0.39 ug of cellular dry weight
per ml).

Deacylation of the [ C-acetate]-labeled
chloroform extracts was achieved by mild alka-
line methanolysis as described by Ambron and
Pieringer (12). Saponification of the chloroform
soluble [14C]-materia1 also was performed

"according to the method of Volpe and Marasa

(13) in the presence of one mg of stearic acid
(Nutritional Biochemicals Corp, Cleveland,
Ohio).

For the determination of the concentration
of the [*C]-acetate labeled fatty acids, an
inoculum was prepared in the following fashion.
A one-ml inoculum from a frozen stock con-
taining a chemically defined medium (9) and
30% glycerol was transferred into 100 ml of low
sodium acetate (0.5 mg per ml) defined medium
(9) in the presence of 20 uCi of [2-14C] -acetate
(New England Nuclear; specific activity, 2.4
mCi/mmol) and 0.01 M sodium bicarbonate,
This culture was allowed to grow to an Agys
equivalent to 0.68. Then, 50-ml aliquots of this
culture were inoculated into two separate flasks
of fresh, low sodium acetate (0.5 mg per ml),
chemically defined medium (500 ml) containing
0.2 uCi of [2-14C]-acetate (New England Nu-
clear; specific activity, 2.4 mCi/mmol) per ml
and 0.01 M sodium bicarbonate. At an Agys of
0.15, penicillin (0.2 ug per ml) was added to
one of the 500-ml cultures. Coincident to the
addition of penicillin, 250-ml aliquots of the
cultures were harvested by centrifugation
(1,860 X g, 20 min). The cells were washed
twice with 50 ml of deionized, distilled water.
Subsequently, the cells and media were extracted
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for lipid by the method of Bligh and Dyer (10).
A second 250-ml sample of the culture was
harvested by centrifugation (1,860 x g, 20 min)
after a 4-hr incubation in the presence or ab-
sence of penicillin. Again, the cells were washed
twice with 50 ml of deionized, distilled water.
Lipid was then extracted from the cells and
media (10). The ['C]-labeled chloroform
extracts were concentrated to dryness and resus-
pended in one ml of chloroform. The fatty acid
ester determinations were performed in dupli-
cate using a modification of the method of
Stern and Shapiro (14). Monolaurin ester was
used as a standard. Separate aliquots were taken
and assayed for radioactivity in a liquid scintil-
lation spectrometer.

The rate of incorporation of [**C]-acetate
into fatty acid was measured in a nongrowing
cell system. Two separate cultures of exponen-
tially growing S. mutaens BHT in 30 ml of a
chemically defined medium (9) containing
0.01 M sodium bicarbonate were permitted to
grow to an Agys approximately equal to 0.28,
at which time 0.2 pg per ml of penicillin was
added to one of the cultures, After a 1.5-hr
incubation in the presence or absence of the
antibiotic, both cultures were harvested by cen-
trifugation (1,860 x g, 20 min) and resuspended
in 20 ml of buffer (pH 6.5) containing the fol-
lowing: sodium phosphate (monobasic, 2.05 mg
per ml; dibasic 3.15 mg per ml), potassium
phosphate (monobasic, 0.44 mg per ml; dibasic,
0.3 mg per ml), ammonium sulfate (120 mg per
ml), and 1 uCi of [1-1%C]-acetate (New England
Nuclear; specific activity, 2.4 mCi/mmol) per ml.
In some experiments, the nongrowing cell
system contained 20 ug per ml of glycerol in
addition to the constituents listed above. At the
designated intervals, duplicate 2-ml samples of
cells were collected via filtration through What-
man GF/C glass fiber filters, again assuring
complete separation of cells and media. After
washing the filter twice with 5 ml of dejonized,
distilled water, the cells and media were ex-
tracted for lipid (10). An aliquot of the chloro-
form soluble fraction was assayed for radio-
activity in a liquid scintillation spectrometer.
Another portion of the [*C]-acetate labeled
lipid was chromatographed on thin layers (20 by
20 cm) of Silica Gel 250 (J.T. Baker Chemical
Co., Phillipsburg, New Jersey) developed with
either chloroform-methanol-water (65:25:4,
v/v/v) or petroleum ether (high boiling)-ethyl
ether-acetic acid (80:20:1, v/v/v) to the top of
the plate. Authentic palmitic acid (Fischer
Scientific Co., Fair Lawn, New Jersey) and
(1131 ¥ C-glycerol) labeled lipids from S. mutans
BHT or 8. faecalis (faecium) ATCC 9790 pre-
pared as previously described (4,15) were used
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TABLE 2

Change in Fatty Acid Ester Concentration Due to Penicillin

0 hr

umol fatty acid@

mg dry wt of cells

total umol fatty acid per mg dry wt

Intracellular 1.32 + 0.38 16.63 £ 0.72 0.08 £ 0.02
Extracellular 5.89 £ 0.81 0.34 £ 0.04
Total 0.42
4 hr
Intracellular 1.51 £ 0.52 23.0£1.39 0.07 £ 0.02
Extracellular 12.29 £ 2.52 0.53 + 0.09
Total 0.60

2The mmol fatty acid was determined from total chloroform extracts derived from
500-ml cultures which subsequently were evaporated to dryness and resuspended in 1 ml of "

chloroform,

These values represent the mean + SD of two separate experiments each performed in

duplicate.

Characterization of the ['* C-acetate] Labeled
Chloroform Soluble Material

To determine if the [ C]-acetate was incor-
porated only into the fatty acid moieties of
lipids, the following experiments were per-
formed. Deacylation under alkaline conditions
of the lipids extracted into chloroform was per-
formed as described by Ambron and Pieringer
(12). After acidification of the deacylated ['*C]
labeled chloroform extracts, equal volumes of
chloroform and water were added, resulting in
a two-phase system. Aliquots were taken from
both the aqueous and chloroform phases and
assayed for radioactivity. All of the radioactivity
remained in the chloroform fraction. No radio-
activity was detected in the aqueous phase.
These data indicate that the [ C]-acetate was
incorporated solely into the fatty acid moieties
of glycerolipids, and not into the deacylated
derivatives of the phospho- and glycolipids.

Since another fate of the [ C]-acetate label
could be in the Cszisoprenoid compounds
which are intermediates in bacterial cell wall
biosynthesis, saponification of the [ C] labeled
chloroform soluble material was performed as
previously described (13). After saponification
and partitioning between petroleum ether and
water the radioactivity that remained soluble in
petroleum ether was the following: cellular
lipids from control cells 252 cpm (out of a pos-
sible 56,000 cpm) and from penicillin-treated
cells 324 cpm (out of a possible 94,000 cpm)
and extracellular lipids from both control and
penicillin-treated cells 0 cpm (out of a possible
31,000 and 878,000 cpm respectively). These
data demonstrate that no appreciable amount
of [*C]-acetate was incorporated into the iso-
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prenoid compounds of S. mutans BHT. Thus,
the radioactive label from [#C)-acetate is
incorporated only into the fatty acid moieties
of the lipids of §. mutans BHT.

Effect of Penicillin on the Rate of Incorporation
of !4 C-acetate into Fatty Acid Measured
in a Nongrowing Cell System

Several investigators (16-19) have established
that antibiotics which inhibit the synthesis of
cell wall induce the liberation of lipids into the
culture medium. However, it has not been estab-
lished whether these antibiotics cause the release
of lipids due to a simple sloughing off of pre-
formed fatty acids or if they stimulate the net
synthesis and excretion of lipids. Qur results,
which show a net increase in lipid content,
support the latter supposition. In an attempt to
substantiate our initial finding, the following
assay system was devised. Exponentially grow-
ing cultures of §. mutans BHT were harvested
by centrifugation and subsequently resuspended
in phosphate buffer containing [¥C]-acetate
but lacking glucose. This system did not support
growth but did allow the cells to incorporate
[*¥C]-acetate into either [C] labeled, non-
esterified free fatty acids or by adding glycerol
to the buffer [ C] labeled fatty acids all esteri-
fied to the glycerol moiety of the phospho- and
glycolipids. The [!#C]-acetate labeled glycero-
lipids synthesized in the nongrowth-supporting
buffer containing glycerol comigrated with stan-
dard [ C-glycerol] lipids prepared from §. fae-
calis (faecium) ATCC 9790 and §. mutans BHT
(S. mutans and S. faecalis [faecium] have the
same phospho- and glycolipids [6,15]) on thin
layers of Silica Gel 250 developed with chloro-
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FIG. 1. Scans of the radioactive products synthe-
sized in the nongrowing cell system in S, mutans BHT
chromatographed on thin layers of Silica Gel 250
developed with chloroform-methanol-water (65:25:4,
viviv).

form/methanol/water (65:25:4, v/v/v). The
scan of these radioactive spots on the thin
layer plate detected by a recording gas flow
Geiger counter is shown in Figure 1. It is inter-
estering to note that the same profile of glycero-
lipids (no free fatty acids present) is obtained
when the cells are grown in a growth-supporting
medium (for example, under the conditions
described in Table 1). In contrast, in the absence
of exogenous glycerol only one radioactive spot
was detected on the thin layer plates when
S. mutans BHT was incubated in the presence
of only {#C]-acetate, and this comigrated with
authentic palmitic acid (Fig. 1). Thus, under
these conditions of incubation the bacteria in-
corporate acetate into fatty acid but did not
possess the ability to esterify the fatty acid to
glycerophosphate unless exogenous glycerol
was present. It should be noted that these
cells were viable (tolerant tfo penicillin) and
resumed growth when resuspended in a growth-
supporting medium (data not shown).

Although caution should be exercised in
equating incorporation of [14C]—acetate into
fatty acids with actual net synthesis of fatty

177

acids in this nongrowing, whole cell system, the
data suggest that the system may be of value in

{ comparing the relative activity of fatty acid

synthesizing enzymes in cells treated by various

! effectors. For example, the system should be
7" useful in comparing the relative rate of incor-
" | poration of ['C]-acetate into fatty acids in

cells grown in the presence and absence of peni-
cillin. Somewhat surprising and intriguing results

) ‘:W,‘ were obtained (Table 3) when this experiment

was carried out in the following way. Two expo-

_ | nentially growing cultures, one incubated in the
| presence of 0.2 ug per ml of penicillin for

1.5 hr, were harvested by centrifugation and

| washed. They were then resuspended in the non-

growing cell system containing only [*C] ace-
tate and lacking both penicillin and glycerol.
Samples were taken and the cells and medium
were extracted for lipid by the method of Bligh
and Dyer (10). Subsequent resuspension of both
of these cultures into growth media revealed
that they were viable even after 3 hr in the
absence of an energy source. Thus, exposure of
cells to penicillin for 1.5 hr in a growth-support-
ing medium prior to their suspension in a
14 _scetate-containing nongrowth-supporting
medium resulted in a sustained rate of [*C]
acetate incorporation into fatty acids (Table 3)
in cells that were no longer growing or exposed
to penicillin, The rate of fatty acid synthesis in
the untreated cultures was not sustained. This
sustained rate of fatty acid synthesis in the
penicillin-pretreated cultures ultimately results
in an accumulation of free fatty acids excreted

TABLE 3

Pretreatment with Penicillin in Growth-Supporting
Medium Prolongs High Rate of Incorporation
of ['*C]-acetate into Fatty Acid in S. mutans BHT
Transferred to a Buffer Containing No Penicillin

Pretreatment
" with penicillin

No pretreatment
with penicillin

Time (CPM/mg cellular (CPM/mg cellular
(min) dry wt/min) dry wt/min)

5 663 £ 362 1,065t 428
20 3,810 = 794 4,929 £ 1,002
35 2,980 + 1,313 5,437t 877
50 1,998 + 867 5,355 £ 1,253
65 1,134 =+ 685 4,931 + B854

Cultures of S. mutans BHT growing exponentially
in 30 ml of a chemically defined medium were treated
with 0.2 ug/ml penicillin for 1.5 hr. The cells were har-
vested and resuspended in 20 ml of phosphate buffer
containing 1 uCi/ml of [2-'*Clacetate, At the time
intervals indicated, two-ml aliquots were taken and the
tipids extracted. The total '*Cdipid (intra- and extra-
cellular) in the aliquots ranged from 1,200 to 70,000
CPM. The data are the mean * SD of two experiments
each carried out in duplicate. Controls were not ex-
posed to penicillin. :
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TABLE 4

Lack of Stimulation of Fatty Acid Synthesis in S. mutans BHT by Penicillin
in Non-growth Supporting Medium

CPM/mg cellular dry wt/min

A B
Time (min) - Penicillin + Penicillin - Penicillin + Penicillin
5 1,592 (1,717) 2,322 (2,178) 561 (600) 1,064 (1,148)
(1,467) (2,465) (522) (980)
65 1,963 (2,069) 1,524 (1,619) 643 (661) 660 (690)
(1,857) (1,429) (624) (629)
125 1,387 (1,403) 1,045 (1,096) 364 (355) 348 (329)
(1,371) ( 993) (373) (367)

Cultures of S, mutans BHT grown in a chemically defined medium (30 ml) were harvested
by centrifugation and resuspended in buffer (20 ml) containing 1 uCi/ml of [2-'*Clacetate
either lacking (-) or containing (+) 0.2 ug/ml of penicillin and without (A) or with (B) 20 ug/
ml glycerol. At the designated times, duplicate 2 ml samples were taken and extracted for
total lipid (CPM in aliquot ranged from 400 to 36,000). The experiment was carried out in

duplicate.

into the culture medium. The [“C] labeled
fatty acids synthesized in this system comigrated
with authentic palmitic acid on thin layers of
Silica Gel 250 developed with petroleum ether/
ethyl ether/acetic acid (80:20:1, v/v/v). This
system does not separate individual fatty acids
from each other.

In order to rule out the possibility that the
prolonged synthesis of fatty acids was due to
the presence of a residual amount of penicillin
not completely washed out from the cells, the
following experiment was performed, Two
exponentially growing cultures of S. mutans
BHT were harvested by centrifugation and re-
suspended into the nongrowing cell system, one
containing 0.2 ug per ml of penicillin in addi-
tion to [ C]-acetate (one contained glycerol).
Pencillin had no effect on fatty acid synthesis
or glycerolipid synthesis in the nongrowing cell
system, as seen in Table 4. These data demon-
strate that the stimulation and prolongation of
the incorporation of [C]-acetate into fatty
acids by penicillin requires the presence of a
growth-supporting, energy-providing culture
system.

DISCUSSION

The release of lipid from bacteria into the
culture medium following exposure to cell wall
inhibiting antibiotics has been well established
(16-19). In 1973, Nakao and coworkers (18)
and Kikuchi et al. (16) reported the extracellu-
lar accumulation of phospholipid by penicillin
treated Corynebucterium alkanolyticum, Sub-
sequently, other investigators (17,19-21) also
demonstrated the excretion of lipid into the
growth medium upon exposure to cell wall
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inhibiting antibiotics in several bacterial species
including Bifidobacterium bifidum subsp. penn-
sylvanicus, Streptoccus pneumonia, Staphylo-
coccus pyogenes, and Streptococcus sanguis.
Moreover, increased incorporation of radioactive
lipid precursors has been shown after penicillin
treatment in streptomycin-resistant S, aureus H
(22), autolysin-defective mutants of S. faecium
(23), and B. bifidum (17). However, the rela-
tionship between the net synthesis of fatty acids
and the excretion of lipid from the cell had not
been fully appreciated. One of the more obvious
features of the data of this paper is that the
stimulation of the net incorporation of [*C]-
acetate into fatty acids by penicillin requires
that the S. mutans BHT be supplied with a
growth-supporting medium, An external energy
source is not needed for fatty acid synthesis
itself, because once stimulated the cells continue
to produce fatty acids at relatively high rates for
more than an hour in a nongrowth-supporting
medium (phosphate buffer containing a very
small amount of #C-acetate). The most likely
source of energy for fatty acid synthesis in the
latter system is the intracellular polysaccharides
stored in relatively large amounts by S. mutans
BHT (24). Since penicillin does not stimulate
fatty acid synthesis in the absence of a growth-
supporting medium, it seems likely that some
intermediary factor is involved either directly
or indirectly (e.g. required for generation of
intracellular polysaccharides) in the mechanism
of action of penicillin.

Penicillin causes a net increase (1.5-fold) in
the total amount of lipid generated by the or-
ganism. Since there is little growth in the cells,
perhaps it is not surprising to find that almost
all of thislipid is excreted into the medium. This
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excretion is not related to cell lysis because
S. mutans BHT do not lyse under these condi-
tions of treatment with penicillin (24).

It is interesting to note that perturbations in
lipid biosynthesis caused by penicillin occur in
gram-positive organisms that, although suscep-
tible to growth inhibition, are tolerant to the
lytic or lethal effects of penicillin. For example,
a greater content of diphosphatidylglycerol has
been reported in Bifidobacterium bifidum subsp.
pennsylvanicus (19), penicillin-resistant S. aureus
(6), S. sanguis (21)and S. mutans BHT (4) (both
of these organisms are tolerant to the lytic con-
sequence of penicillin), and autolysis-defective
mutants of S. faecium (23) following treatment
with penicillin. The stimulation of lipoteichoic
acid and lipid synthesis and the qualitative alter-
ations in lipid composition in §. mutans BHT
after penicillin treatment (4) correlated well
with other reports on the lipid content of anti-
biotic tolerant organisms (6-8). This finding
may prove to be significant in view of the
demonstration that in addition to inhibition of
peptidoglycan synthesis, RNA and protein syn-
thesis are inhibited as well in S. mutans strains
after treatment with penicillin (5). Stimulation
of lipid synthesis and excretion was concurrent
with inhibition of peptidoglycan, and protein
synthesis after treatment with cell wall inhibiting
antiobitics in B, bifidum (17). Recently, Rogers
and coworkers (25) also reported the inhibition
of protein and peptidoglycan synthesis with a
transient stimulation of lipid synthesis following
B-lactam addition in an autolysin-deficient
B. subtilis. However, the §-lactams were shown
to be bactericidal in these organisms. It is also
interesting to note that the f-lactams were
determined to be hydrophilic based on their
partition coefficients in n-octanol and 0.05 M
sodium phosphate (26). This then suggests that
a coordinated stimulation of hydrophobic lipid
and amphipathic lipoteichoic acid synthesis and
excretion may play a role in the tolerant re-
sponse of some gram-positive bacteria to the
lytic or lethal consequences of the f-lactam
antibiotics.
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Red Pigment-Forming Substances from Autoxidized Linolenate:

Identification of Prostaglandin-like Substances’
TAKASHI NAKAMURA, Laboratory of Fisheries Chemistry, Faculty of Agriculture,

Kyushu University, Hakozaki, Fukuoka 812, Japan

ABSTRACT

The chemical structures of lipid degradation products capable of reacting with amino acids
and forming red pigments were investigated. The red pigment-forming substances (RPS’s) derived
from autoxidized linolenate in triglyceride of linseed oil were purified successively by gel chroma-
tography on Sephadex LH-20, column chromatography and TLC on Silica gel 60, and HPLC on
u-Porasil. Consequently, three types of RPS’s were isolated.

IR spectra of RPS’s were similar, except for slight differences in the fingerprint region (1300-
650 cm ). These substances included the OH group (3500 cm™ region), conjugated aldehyde
»C=0 1688 cm™, »C=C 1635 cm™) and ketone (»C=0 1740 cm™) in their molecules. RPS’s
were analyzed by GLC and GC-MS after derivatization with dimethylhydrazine and/or trimethyl-
silyl reagents, before and after the reduction with NaBH, and/or hydrogenation with PtO,. The
fragmentation patterns indicated the presence of an ethyl group in addition to the functional
groups described above, and the molecular formula was estimated to be C,,H,, O,. Further eluci-
dation of the structures was obtained by '*C- and * H-NMR analyses, and evidence was obtained
for the presence of a hydroxypentanone ring, a PG-like structure. The sequence of the protons on
the ring carbons was unequivocally deduced from the double resonance experiments.

All the data taken together suggested that the RPS’s were the stereoisomer of 3-(2-ethyl-5-

hydroxy-3-ox0) cyclopentanyl-2-propenal.
Lipids 20:180-186, 1985.

INTRODUCTION

Interactions between peroxidized lipids and
nitrogenous compounds result in undesirable
changes: off-flavor (1-3), diminished nutrient
content (4-6), polymerization (7-10), accelerated
formation of brown pigments in foods (11,12),
loss of enzyme activities (13-15) and disorder
or disease states in biological systems (16,17).

Conjugated carbonyls and hydroxyl or hy-
droperoxyl conjugated carbonyls, which were
highly reactive to amino acid, were identified
from autoxidized methyl linoleate (18), methyl
linolenate (19) and linseed oil (20) as a part of
the study on discoloration of fatty foods. In
the course of these studies, we observed the
production of lipid degradation products which
could form reddish pigments by reaction with
amino acids. Further study (21) of these com-
pounds showed the discoloration property and
the universal occurrence of the red pigment-
forming substances (RPS’s) produced by the
autoxidation of polyenoic fatty acids with more
than three double bonds. A purified RPS from
autoxidized methy! linolenate had an absorp-
tion maximum at 226-227 nm in ethanol, and
reddish pigments produced by the reaction with
amino acids had an absorption maximum at
510-520 nm. RPS’s, which are highly reactive
to amino compounds as well as the conjugated

Ipresented at the General Meeting of JSSF held in
Tokyo University of Fisheries, Tokyo, April 1983.
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carbonyls described above, may play a role in
discoloration of fatty foods and in lipid peroxi-
dation in vivo.

I now report the chemical structures of RPS’s
derived from autoxidation of linolenate in tri-
glyceride of linseed oil.

MATERIALS AND METHODS

Preparation of RPS’s

Autoxidation and Extraction. The triglyc-
eride (TG) purified from commercial linseed oil
(Nakarai Chem. Co.) by column chromatography
on silicic acid (22) was oxidized, in the dark,
with stirring and occasional bubbling with air
until half of the octadecatrienoic acid in the TG
was oxidized (7 days at 40 C). The fatty acid
composition of the TG was as follows: C18:3,
62%; C18:2, 18%; C18:1, 13%;C16:0, 5%, and
C18:0, 2%. The autoxidized TG (100g) was ex-
tracted three times with 250 ml portions of 90%
MeOH, and the solvent of the combined extract
was removed under reduced pressure,

Gel Chromatography. The extract was frac-
tionated by gel chromatography on Sephadex
LH-20 (Pharmacia Fine Chem. Co.) with CHCl3:
MeOH (1/1, v/v) and the eluted position of
RPS’s was monitored according to the discolora-
tion with glycine, as reported previously (21).
The RPS-fraction was pooled for further purifi-
cation.

Silicic acid chromatography. The RPS-rac-
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tion from the gel chromatography was separated
on a Silicagel 60 prepacked column (24 x 1 c¢m,
E. Merck Co.) with CHCl;:MeOH (97/3, v/v) as
the eluent. RPS’s eluted were monitored again,
according to the discoloration with glycine.
High performance liquid chromatography
(HPLC). The crude RPS-fraction obtained by
silicic acid chromatography was further sepa-

rated by HPLC on a p-Porasil column (30 X,

0.78 cm, Waters Assoc. Inc.) eluted with n-
hexane:2-propanol (9/1, v/v) at 4.0 ml/min,
and with four subfractlons R-O~R' 3, were
recovered. RPS-fractions (R -1, R -2, R’ -3) were
re-chromatographed on the same column sepa-
rately, until each of the isolated fractions gave
a single peak. Consequently, three R-1, R-2 and
R-3 were isolated (yield 0.005%2).

Thin layer chromatography (TLC). Prepara-
tive and analytical TLC were carried out on
Silica gel 60 plates with a fluorescent indicator
(E. Merck Co.) in benzene:acetone:EtOH (70/
30/2, v/v/v). The spots on the TLC plate were
visualized under UV light (254 nm), and RPS-
spots were detected by spraying 0.5 M glycine
(pH 7.0) and subsequent heating at 45 C in an
electric oven for 20~30 min.

Characterization of RPS

Preparation of Derivatives. Dimethyl hydra-
zone (DMH) and trimethylsilyl (TMS) deriva-
tives of RPS’s were prepared by the methods
described previously (20,23,24). The RPS’s were
reduced with NaBH, and hydrogenated with
PtO,, as a catalyst (20).

GLC Analysis. DMH and/or TMS derivatives
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of RPS’s were analyzed using a Shimadzu
GC-4BPF gas chromatograph equipped with
glass columns (2 m X 4 mm) and packed with
5% SE-30. Flow rate of the N, carrier gas was
40 ml/min, and the temperature was linearly
programmed from 130 to 220 C at 3 C/min.

IR Analysis. IR spectra were measured in
chloroform with an EPI-G21 Hitachi IR spec-
trometer.

GC-MS Analysis, Low resolutlon mass spec-
tra were obtained with a combined GC-MS
spectrometer (Hitachi RM-50 GC) equipped
with a 5% SE-30 column. Ionizing voltage was
20 eV. A Hitachi M-80 GC-MS spectrometer
was used for the high resolution mass spectro-
metry. R

NMR Analysis. 'H- and ¥C-NMR spectra
were obtained on a JEOL JNM-FX100 Fourier
transform spectrometer, in deuterated chloro-
form. Chemical shifts are given as § value in
ppm downfield from the internal standard,
tetramethylsilane signal.

RESULTS

The crude RPS-raction obtained by silicic
acid chromatography was further purified by
HPLC (Flg 1-I) and RPS’s in pooled subfrac-
tions (R -0~R’-3) were monitored on a TLC
plate. As shown in Figure 1-II, three different
RPS’s which changed from colorless to pink by
spraying the glycine solution were evident,
namely R-1 (upper spot, Rf 0.33), R-2 (lower
spot, Rf 0.28) and R-3 (lower spot, Rf 0.28).
R-2 and R-3 have the same Rf in Fig. 1-II, but

0 10 20 min
. RLO&R'-Z .-.__-.,R"3 front
E—— L]
inject .
Refractive
index (I) (“)
A 254 nm Q Q
5 B
R-1
P AT
[T~ Y J b=
inject goo/g/’g
l g RIr323
RLQ pomm gLy e e ___-=°
v - . . A i LH20R0 1 2 3 LH20
0 10 20 min

FIG. 1. () High performance liquid chromatography of the RPS-fraction prepared
by silicic acid chromatography. See text for details. (II) Thin layer chromatography
of HPLC-subfractions. All the spots were detected under UV-light (254 nm). The
dark spots indicate RPS’s with a pink color after spraying with the glycine solution.
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they are different compounds as they had differ-
ent eluting positions on the HPLC. Furthermore,
R-2 wasless stable and a part of R-2 became R-1
when the R'-2 fraction was subjected to prepar-
ative TLC on Silica gel 60 F,54. On the other
hand, since R-1 and R-3 were relatively stable,
they could be purified by preparative TLC
following HPLC on the u-Porasil column,

IR spectra of the purified RPS’ measured in
chloroform are shown in Figure 2. These are
similar, except for slight differences in the finger-
print region (1300-650 cm™). The absorption
bands at 3500 cm™ region indicated the pres-
ence of an OH group (not OOH group because
of a peroxide negative reaction on the TLC plate
[25]). The two strong absorption bands at
1740 cm™ and 1688 cm™ were due to C=0
stretching, and could be assigned to ketone and
conjugated aldehyde, respectively (26,27). The
small absorption band at 1635 cm™ was due to
C=C stretching of the double bond of conju-
gated aldehyde (27). Thus, it can be estimated
that the RPS’s possessed one OH and two kinds
of carbonyl groups.

After successive derivatization with DMH-
and TMS-reagents, the derivatives of RPS’s were
analyzed by GLC. As shown in the case of R-1
(Fig. 3-1), two prominent peaks (A and B) were
observed. The amount of peak-A decreased with
corresponding increases in the amounts of
peak-B, when the time of derivatization with
the DMH-reagent was extended, Mass spectra of
peaks-A and -B are shown in Figure 4 (I and II).
Although the molecular ion of peak-A was
M*296 and that of peak-B was M*338, the frag-
mentation patterns closely resembled each other.
Namely, the base peaks are 123, and prominent
ions at M-15 (-CH3), M-44 (-N[CH3],), M-90
(-HOTMS). M-44-90, m/e 152 and m/e 59 are
observed in both spectra. The molecular weights
measured by high resolution mass spectrometry
were A:296.1909 and B:338.2509, and the
molecular formulas were estimated to be peak-A:
C15 H2802N2 Sll and peak-B:C17H3401 N4 Sil,
respectively. These results indicate that peak-A
had one DMH and one TMS group and one
underivatized carbonyl group. Peak-B had two
DMH and one TMS groups in the molecule. In
other words, the mother compounds of peaks-A
and -B were the same, and peak-A was estimated
to be an incomplete, free ketone derivative.

After the reduction with NaBH, and subse-
quent derivatization with TMS-reagents, the
TMS’s of RPS’s (R-1, R-2, R-3) were analyzed
by GLC and GC-MS. As shown in Figure 3-II,
only peak-a was detected when R-1 was the
main component, and the same held for R-2.
On the other hand, almost the same amounts in
splitting peaks (a and b) were detected in R-3
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FIG. 2. Infrared spectra of RPS’. Spectra were
measured in chloroform solution (0.1 mm thickness
cell). R-1, R-2 and R-3 were main components of R’-1,
R’-2 and R’-3, respectively, as shown in Figure 1-II.

A
(D
R-1
DMH-»TMS
B
0 5 10 15 20 25 min
a
(11)
R-2
NaBH,4 +TMS
J ~—
0 S 10 15 20 25 min
b
(un
R-3
J NaBH,>TMS
o] 5 10 15 20 25 min

FIG. 3. Gas chromatography of dimethylhydra-
zone (DMH) and/or trimethylsilyl (TMS) derivatives of
RPS’s. (I), DMH-TMS derivatives of R-1; (II); TMS
derivative of R-2 after the reduction with NaBH, ; (1ID),
TMS derivatives of R-3 after the reduction with NaBH, .
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FIG. 4. Mass spectra of derivatized RPS’s.

(1), peak-A in Figure 3-1; (II),peak-B in Figure

3-1. (IlI), peak-a in Figure 3-1I; (IV), TMS derivative of derived R-2 obtained by the reduc-

tion of NaBH, and subsequent hydrogenation.

(Fig. 3-III). The mass spectra of peaks-a and -b
could not be differentiated. The fragmentation
pattern of peak-a is shown in Figure 4-III. The
base peak is mj/e 183, and the largest ion
detected is m/e 312 (M-HOTMS). Having been
reduced with NaBH,4 , R-2 was hydrogenated and
derivatized with TMS-—reagents. The mass spec-
trum of the derivative is shown in Figure 4-1V,
The largest ion of m/e 312 in Figure 4-III is
increased to mj/e 314, and several similarly
increased ions {(m+2/e) were detected, although
some series of jons remained unchanged. These
results indicate that only one double bond is
present in the carbon chain in the molecule,
and that this double bond probably is conju-

gated with the aldehyde group. M-29 in Figure
4-1T and M-90-29 in Figures 4-III and IV indicate
the presence of a branched ethyl group in the
molecules. Judging from the results described
above, it was estimated that the RPS’s (R-1,
R-2, R-3) were stereoisomers with the molecular
formula of CyoH 4 O3 ; they had one conjugated
aldehyde, one ketone, one OH and one side
chain of the ethyl group, and a ring structure in
the molecule is deduced.

Further evidence for the presence of the
ring structure in RPS molecules was obtained
using *3C- and 'H-NMR analyses. The carbon
chemical shifts of R-1, R-2 and R-3 are given
in Table 1. The carbon chemical shifts of C-1,

LIPIDS, VOL. 20, NO. 3 (1985)
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TABLE 1
130 Chemical Shifts of RPS’s
Proton noise decouplingb
Carbon Off-resonance
number2 R-1 R-2 R-3 decoupling®
C-1 1934  193.2  193.1 d (=CH))
c-2 134.6  136.6 1347 d (=CH-)
C-3 155.5 1524 1558 d (=CH-)
C-4 50.5 55.4 55.6 d (=CH.)
c-5 69.8 69.9 71.6 d (=CH.)
C-6 482 45.0 46.6 t (-CH,-)
c7 2164  214.4 -d s (=C=)
C-8 50.2 49.2 537 d (=CH-)
C9 20.7 19.3 20.7 t (CH,-)
C-10 10.9 12.2 11.0 q (-CH;)

aCarbon numbers of proposed structure in, Figure 5.

bChemical shifts in ppm downfield from tetra-
methylsilane.

CSignals under proton decoupling condition were
split into q: quadruplet; t: triplet; d: doublet; s: singlet.

dpue to an inadequate amount of the sample, a
clear signal was not observed,

10 9 8 4 3 2 1

CH3-CH2—(I?H C!JH CH=CH-CHO
C. SCH

¢ “oH

H,

FIG. S. Proposed structure of RPS’s.

7
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o” o

C-2, C-3 and C-9, C-10 indicated the presence
of conjugated aldehyde (2-propenal) and ethyl
groups, respectively, in each molecule, The
results of off-resonance decoupling suggested
the presence of a hydroxypentanone ring,
and the chemical shifts of the ring carbons
are in close agreement with those of prosta-
glandin E and D groups (28-30). As a result,
these spectral data, including IR and MS data,
support the tentative structure shown in Fig-
ure 5. Further evidence for the validity of the
chemxcal structure proposed was obtained by

H-NMR analysis (Fig. 6). The sequence of
protons on the ring carbons was unequivocally
deduced from double resonance experiments
on R-1. Namely, by starting with irradiation at

51.1842 KHz (1.63 ppm, CH;3-CH,-) or at
1

51.8773 KHz (9.56 ppm, -CHO), each series of

adjacent protons of the carbon chain was deter-

mined successively; with irradiation at 51.3013

4
KHz (2.84 ppm, -CH-), the splittings of proton

8
resonances on adjacent carbons (-CH-, -CHO-,
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FIG. 6. ' H-NMR spectra of RPS (R-I).

=CH-) collapsed. In a similar manner, adjacent
8 9 4
protons of -CH- were CH3CH,- and -CH-, and
5 4 6
of -CHO-were -CH- and -CH, -. Thus, the validity
of the proposed structure in Figure 5 was con-
firmed. Namely, RPS’s were determined to be
the stereoisomer of 3~(2-ethyl-5-hydroxy-3-0xo0)
cyclopentanyl-2-propenal.

DISCUSSION

A proposed scheme for the formation of
RPS’s from linolenate is illustrated in Figure 7.
Abstraction of a hydrogen atom from the double
allylic methylene groups of C-11 or C-14 pro-
duces pentadienyl radicals, Oxidation at either
end of these pentadienyl radicals forms 9-, 12-,
13- and 16-monohydroperoxy radicals. The
hydroperoxy radicals which have a double bond
at B~y carbons (13-and 12-isomers) can only be
cyclized to form PGG-like endoperoxides. Since
the work of D.H. Nugteren, H. Vonkeman and
D.A. Van Dorp (31), the formation of the
bicyclo endoperoxides during autoxidation of
polyenoic fatty acid was recognized by several
groups of workers (32-37). However, little is
known of the destiny of these unstable com-
pounds during . autoxidation, except for the
data on the malondialdehyde or TBA-reactive
substance (32,38). With subsequent scissions
of the endoperoxide and in the position a to
the carbon bearing peroxyl group, RPS’s of
PGD- or PGE-like structure can be produced;
that is, two types of RPS’ (I and II) can be
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FIG. 7. A proposed scheme for the formation of RPS’s.

formed from 12- and 13-isomers, respectively.
As described in the results, only type II was
identified in this experiment because the TG of
linseed oil was used as the starting material.
Production of type-Il and other related com-
pounds from methyl linolenate will be described
in a following paper. Since RPS’s of type II
have three assymetric centers and a double
bond, production of 16 different stereoisomers
can be expected, although there may be stereo-
chemical preferences. In the present experiment,
three different stereoisomers (R-1, R-2, R-3)
were detected. The stereoconfiguration of these
isomers is the subject of ongoing studies.
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High Performance Liquid Chromatographic Separation of
Stereoisomeric Bile Acids as their UV-Sensitive Esters
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ABSTRACT

High performance liquid chromatographic separation of a series of mono-, di- and trihydroxylated
5B-cholanic acids, which differ only in position and configuration of hydroxyl groups at positions
C-3, C-7 and/or C-12, is reported. The C-24 free acids were derivatized to four different classes of UV-

sensitive esters, i.e., p-bromophenacyl (BP),

m-methoxyphenacyl (MP),

4-nitrophthalimidemethyl

(NPM) and 9-anthrylmethyl (AM) esters, and chromatographed on two variants of C,, reversed-phase
columns (Nova-Pak C,; and Zorbax ODS) with methanol-water systems as mobile phase. Separation
efficiency and elution order of some isomeric pairs were influenced by both the structure of the C-24
ester groups and the nature of the columns used. Excellent chromatographic properties were found for

those derivatives, particularly for the NPM esters,
Lipids 20:187-194, 1985.

INTRODUCTION

High performance liquid chromatography
(HPLC) has been used for the separation and
quantitation of bile acids (58-cholanic), as well
as of their glycine and taurine conjugates and
sulfates present in physiological fluids (1-12).
Although the free acids have been analyzed
directly in HPLC with detectors based on refrac-
tive index or ultraviolet absorption at low wave
length (below 210 nm), these detectors are in-
adequate for micro analysis: refractive index
detectors because of their intrinsically low sensi-
tivity, and the UV detectors because carboxylic
acids possess weak chromophores with absorp-
tion maxima at wave lengths where the detector
is least reliable. Therefore, reagents have been
introduced successfully introduced which form
UV-sensitive derivatives of carboxylic acids with
both higher sensitivity and improved chromato-
graphic properties (13-18). Among these deriva-
tives are the esters, p-bromophenacyl (4,5,15),
m-methoxyphenacyl (MP) (16), 4-nitrophthali-
midemethyl (NPM) (17), and 9-anthrylmethyl
(AM) (18). Several of these esters of common
bile acids have been shown to be markedly
superior to the use of free acids or their alkyl
esters in HPLC analysis (4,5,14,15,18).

The availability of the complete set of the
26 theoretically possible stereoisomers of 58-
cholanic acid having one to three hydroxyl
groups at positions 3, 7 and 12 has prompted us
to compare the four types of esters of these

*To whom correspondence should be addressed.

acids for analytical efficiency in HPLC. Accord-
ingly, we present in this paper the preparation
of the BP, MP, NMP and AM esters (Scheme 1)
of the 26 acids, plus those of the 3a,6a and

00CH.CO- (BP ester)

COOCH,CO- {MP ester)

O0CHs

OOCHsz (NPM ester)

OOCH2§ (AM ester)

SCHEME 1. Type of the C-24 UV-sensitive esters
derivatives prepared.

Bjﬁﬁﬁﬁj
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3a,6a,7a acids, and a comparison of their chro-
matographic  properties on reversed-phase
columns.

EXPERIMENTAL

Samples and Reagents

All samples used in this work were from col-
lections in our laboratories (19-21).

The labeling reagents, i.e., p-bromophenacyl
bromide, m-methoxyphenacyl bromide, N-
chloromethyl-4-nitrophthalimide and 9-chloro-
methylanthracene, were purchased from Tokyo
Kasei Kogyo Co. Ltd. (Tokyo, Japan) and used
without further purification. 18-Crown-6 and
10% tetramethylammonium hydroxide solution
as catalysts were obtained from Aldrich (Mil-
waukee, Wisconsin, U.S.A.) and Wako Pure
Chemical Industries Ltd. (Osaka,Japan), respec-
tively. All the other chemicals were of analytical
grade. Thin layer chromatography (TLC) plates
pre-coated with silica gel 60F,54 (20 x 20 cm,
0.25 mm layer thickness) were obtained from
Merck (Darmstadt, W. Germany). Solvents used
were of HPLC grade and were degassed by soni-
cation prior to use.

Instruments

M.p. were determined on an electrical micro
hot stage and are uncorrected. 'H-NMR spectra
were obtained on a JEOL FX-90Q instrument,
with CDCl; containing 1% Me, Si as the solvent,
except where otherwise indicated. Chemical
shifts are expressed in § ppm relative to Meg Si.

HPLC apparatus used was a Waters M-45 sol-

vent delivery system (Waters Assoc., Milford,

Massachusetts, U.S.A.) equipped with a Model
U6K sample loop injector and a Model SPD-2A
UV detector (Shimadzu Corp., Kyoto, Japan);
the wavelength selected for all measurements
was 254 nm. Nova-Pak Cyg (15 cm x 3.9 mm
I.D., 5 um; Waters Assoc.) and Zorbax ODS
(25 cm x 4.6 mm L.D., 5-6 um; Du Pont Co.,
Wilmington, Delaware, U.S.A.) reversed-phase
columns were used under ambient conditions.
Methanol/water mixtures (ratio from 95:5 to
70:30, v/v) were used as mobile phases at flow
rates of 0.5 to 1.5 ml/min,

Derivatization Procedure

(Method A). To a solution of bile acid (ca.
0.4 mg; 1 umole) in 200 ul of methanol in a
tapered reaction vial was added 3 ul of 5%
methanolic potassium hydroxide. After standing
at room temperature for 5 min, the solvent was
evaporated under N, . To the residual potassium
salt dissolved in 200 ul of acetonitrile was added
ca. 0.5 mg (2 umoles) of labeling reagent (p-
bromophenacyl bromide, m-methoxyphenacyl

LIPIDS, VOL. 20, NO. 3 (1985)
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bromide or N-chloromethyl-4-nitrophthalimide)
and ca. 0.25 mg (1 umole) of 18-crown-6. The
vial was capped, heated and stirred at 60 C for
20 min. After cooling, the solution was filtered
(0.45 um: Millipore Corp., Bedford, Massachu-
setts, U.S.A.), washed with 500 ul of methanol,
and an aliquot (1-2 ul) of the filtrate was in-
jected directly into the HPLC.

(Method B). To a solution of bile acid (ca.
0.4 mg; 1 umole) in 100 ul of 10% tetramethyl-
ammonium hydroxide (10 ul) in DMF (1 ml)
was added 200 ul of 9-chloromethylanthracene
(12 mg; 50 umole) in cyclohexane (5 ml) in a
reaction vial. The mixture was capped and stirred
for 30 min at 70 C. After cooling, the solution
was treated as described in method A.

(Method C). To a solution of 160 mg (0.4
mmoles) of lithocholic acid in 4 ml of methanol
was added 0.4 ml of 5% methanolic potassium
hydroxide. The mixture was stirred for 5 min,
most of the solvent was evaporated, and the
residual potassium salt was redissolved in 4 ml
of acetonitrile. To this solution was then added
250 mg (1 mmole) of labeling reagent (p-bromo-
phenacyl bromide, m-methoxyphenacyl bromide
or N-chloromethyl-4-nitrophthalimide) and 14
mg (50 umoles) of 18-crown-6, and the mixture
was stirred for 1 hr at 70 C. The reaction prod-
uct was extracted with CH,Cl; (X2), and the
combined extract was washed with water, dried
with Drierite, and evaporated to a residual oil
which, when treated with a suitable solvent,
crystallized.

(Method D). To a solution of 160 mg (0.4
mmoles) of lithocholic acid dissolved in 5 mi of
DMF was added a solution of 2 ml of 10% tetra-
methylammonium hydroxide in 5 ml of cyclo-
hexane and a solution of 185 mg (0.8 mmoles)
of 9-chloromethylanthracene in 7 ml of cyclo-
hexane. The mixture was stirred for 1 hr at 80 C
and the reaction product was processed as
described in method C.

RESULTS AND DISCUSSION

Preparation of the C-24 UV -Sensitive Esters
of the Bile Acids

Four different classes of the C-24 esters of
bile acids were prepared in the manners de-
scribed in the Experimental section. Method A
was used for preparing the BP, MP and NPM
esters by the use of 18-crown-6 ether (22)
as catalyst and p-bromophenacy! bromide,
m-methoxyphenacyl bromide, and N-chloro-
methyl-4-nitrophthalimide, respectively, as
labeling reagents. In these derivatizations crown
ether was found to be a better catalyst than
either triethylamine (4) or N,N-diisopropylethy-
amine (16); yields were excellent under milder
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TABLE 1

Physical Data for the C-24 Ester Derivatives of Lithocholic Acid

!_H-NMR (ppm)P

Ester m.p. [C] (solvent) Ryg-value?
BP 99-101 0.40
(MeOH)

MP 175-176 0.31
(acetone-hexane)

NPM 164-167 0.42
(acetone-hexane)

AM 78-80 041

(aq. MeOH)

0.66 (3H,5,C-18Me), 0.92 (3H,5,c-19Me), 3.60
(1H,brm,C-3CHOH), 5.27 (2H,s,COOCH2'CO-),
7.70 (4H,q,j=9Hz,phenyl protons) -

0.64 (3H,5,C-18Me), 0.91 (3H,5,C-19Me), 3.57
(1H,brm,C-3CHOH), 3.85 (3H,5,0CH, ), 5.32

(2H,5,COOCH; CO-), 7.13-7.46 (4H,m ,phenyl

protons)

0.64 (3H,5,C-18Me), 0.90 (3H,s5,C-19Me), 3.53
(1H,brm,C-3CHOH), 3.62 (2H,5,COOCH, -)

0.64 (3H,s,C-18Me), 0.91 (3H,5,C-19Me), 3.60
(1H,brm,c-3CHOH), 3.66 (2H,5,COOCH, -),
7.31 (9H,8,phenyl protons)
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apeveloped in hexane [EtOAc (60:40;v/v)

bMP and NPM esters were measured in CDCl, containing 20% DMSO-d,. s, singlet; brm,

. broad multiplet; m, multiplet; g, quartet.

conditions. However, with 9-chloromethyl-
anthracene as labeling reagent, the esterification
by the use of crown ether as catalyst was incom-
plete. The AM esterification was completed by
using tetramethylammonium hydroxide as cata-
lyst (method B) (18). Both methods A and B
are suitable for complete esterification of small
amounts (< 1 mg) of the acids. The labeled
esters are stable for at least several months under
refrigeration. The purity of each ester derivative
was checked by TLC (23) before use.

Methods C and D, suitable for preparing
larger amounts (> 100 mg) of the esters, were
used to prepare the four types of esters of
lithocholic (3a-OH) acid for characterization
(Table 1).

Resolution of the UV-Sensitive Esters by HPLC
on C-18 Columns
Figure 1 is a chromatogram of a mixture of
the four different esters of lithocholic acid on
a Nova-Pak C;g column, with methanol/water
(90:10, v/v) as eluent. The esters were eluted in
the order of NPM, MP, BP and AM, with the
AM ester having much longer retention time.
Figure 2 shows the clean separation of a
mixture of the NPM esters of five common bile

FIG. 1. HPLC of a mixture of the C-24 esters of
lithocholic acid. Conditions: column, Nova-Pak C,,
(5 um); mobile phase, methanol/water (90:10); flow
rate, 1.0 ml/min; detector, UV at 254 nm. Peak identi-
fication; 1 = NPM, 2= MP, 3 = BP, 4 = AM.

W\,

T ¥ T
8 16 24

Retention time (min)
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FIG. 2. HPLC of a mixture of five common bile
acids as their NPM esters. Conditions: column, Zorbax
ODS (5-6 um);mobile phase, methanol/water (85:15);
flow rate, 1.0 ml/min; detector, UV at 254 nm. Peak
identification, position and configuration of hydroxyls:
1=3e,78, 2=30,72,12a, 3= 30,7c, 4 = 3,120, 5 = 3.

8

16 24

Retention time (min)

FIG. 3. HPLC of a mixture of six monohydroxy-
lated bile acid isomers as their MP esters. Conditions:
column, Nova-Pak C,, (5 um); mobile phase, metha-
nol/water (90:10); flow rate, 0.5 ml/min; detector,
UV at 254 nm. Peak identification, position and con-
figuration of hydroxyls: 1 =38,2=3a,3=78,4 =T,

=12a,6 = 128.

TABLE 2

Relative Capacity Factor (rk') of the C-24 Ester Derivatives of Monohydroxylated
58-Cholanic Acids on Two Reversed-Phase Column?

Nova-Pak C,, Zorbax ODS

BP MP NPM AM BP MP NPM AM

(90:10) (90:10) (90:10) (95:5) (90:10) (90:10) (90:10) (95:5)

Compounds (0.5) (0.5) (0.5) (1.0) (1.0) (1.0) (1.0) (1.5)
38-OH 0.90 0.90 0.88 1.09 0.95 0.94 1.00 1.23
3a-OH 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
78-OH 1.23 1.27 1.39 1.20 1.14 1.14 1.34 1.14
7a-OH 1.51 1.55 161 1.31 1.39 1.38 1.54 1.27
12¢-OH 1.61 1.64 1.61 1.31 1.48 1.44 1.54 1.23
124-OH 1.80 1.82 2.03 1.60 1.66 1.60 1.94 1.50

3Ratios of the capacity factors of lithocholic acid (3) esters to those of bile acid esters:
values in parentheses refer to volumetric composition of methanol/water and flow rate

{ml/min).

LIPIDS, VOL. 20, NO. 3 (1985}
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TABLE 3

Relative Capacity Factor (rk') of the C-24 Ester Derivatives of Dihydroxylated
$8-Cholanic Acids on Two Reversed-Phase Columns?2

Nova-Pak C 4 Zorbax ODS

BP MP NPM AM BP MP .NPM AM

(80:20) (75:25) (75:25) (85:15) (80:20) (80:20) (80:20) (90:10)
Compounds (1:0) (1.0) (1.0) (1.0) (1.5) (1.0) (1.0) (1.0)
3a,76-(OH), 0.29 0.27 0.33 0.36 0.30 032 0.36 0.45
38,76-(OH), 0.31 0.29 0.35 0.45 0.34 0.36  0.39 0.56
38,7¢-(OH), 0.49 0.48 0.50 0.62 0.54 0.55 0.54 0.72
3¢,7¢-(OH), 0.89 0.89 0.92 0.96 0.90 0.91 0.94 1.00
3a,126-(OH), 0.44 0.39 0.50 0.56 0.46 045 0.53 0.62
38,128-(OH), 0.44 0.39 0.53 0.60 0.44 0.45 0.56 0.68
38,12a-(OH), 0.49 0.48 0.50 0.60 0.56 0.55 0.53 0.64
3¢,12¢-(0H), 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
768,126-(0OH), 0.21 0.19 0.28 0.25 0.24 0.19 0.32 0.35
76,12a-(OH), 0.27 0.25 0.33 0.28 0.29 0.24 0.36 0.36
7,126-(OH), 0.33 0.29 0.38 0.41 0.36 0.36 0.41 0.49
7a,12a-(OH), 0.49 1.12 1.19 1.00 0.56 1.12 1.20 1.00
3a,6a-(OH), 041 0.39 0.43 0.51 0.44 0.45 0.47 0.61

ARatios of the capacity factors of deoxycholic acid (3¢,120) esters to those of bile acids:
see footnote to Table 2 for other explanations.

adids, ie., lithocolic, deoxycholic (3e,12a),
- chenodeoxycholic (3a,7a), ursodeoxycholic
(3c,78) and cholic (3a,7a,12¢) acids, on a Zor-
bax ODS column with methanol/water (85:15,
v/v) as eluent. The corresponding BP and MP
esters were similarly well resolved. As compared
with published HPLC work in which free acids
(3,8) or their methyl esters (1) were analyzed,
the superiority in the use of the UV-sensitive
esters is well demonstrated. (When the solvent
mixture is low in water percentage [ca. 10%],
excess labeling reagent and reaction by-product
usually emerge early and do not interfere with
bile acid peaks of interest, so that a preliminary
purification step is avoided. However, with
esters of the more polar dihydroxy and trihy-
droxy acids, which require higher percentages
of water in the mobile phase [ca. 20-30%] for
good resolution, contaminating signals can inter-
fere with early-emerging ester peaks. Among the
four types compared in this study, the NPM
esters were the best in this respect {Fig. 4]. For
circumventing the problem of interfering early
contaminants a gradient elution technique
would be useful [4]).

Tables 2-4, respectively, show the retention
data for the C-24 ester derivatives of 6 mono-
hydroxy, 13 dihydroxy and 9 trihydroxy 58-
cholanic acids on two. variants of Cjg reversed-
phase columns, together with eluent system and
flow rates. The retention data were expressed as
the relative capacity factors (rk’), since the values
are more reproducible between laboratories and

less dependent on operating parameters (9) (see
below concerning limitations). Inspection of
the tables revealed that the capacity factors of
each compound respond dramatically to minor
structural differences in the 58-steroid nucleus,
and that separation efficiency and elution order
of some isomeric pairs are influenced by both
the structure of the C-24 ester groups and the
nature of columns used.

As shown in Figure 3, the six monohydroxy-
lated bile acids differing in position and stereo-
chemistry are well resolved as their BP and MP
ester derivatives on both Nova-Pak C,3 and
Zorbax ODS columns, emerging in the order of
38-, 3a-, 75-, 7a~, 120~ and 12f-ols. This order is
inconsistent with the previous generalization
(24) that the 3a-equatorial hydroxyl group
in 5@-steroids is more polar than the 3§-axial.
A similar anomaly was reported recently in the
HPLC analysis of the C-3 benzoate derivatives
of epimeric Sa-steroids (25). However, the AM
ester of the 3a-hydroxy compound is eluted
before its 3f-epimer in accord with the above
generalization, ‘

When a single mobile phase was used, sepa-
ration of the 13 stereoisomeric dihydroxy esters
was incomplete (Fig. 4), this being true for all
four ester types, regardless of whether the col-
umn was Nova-Pak or Zorbax. However, the
stereoisomers of each group of 3,7 or 7,12 esters
were well separated on both columns, while the
four in the 3,12 group as their BP and AM esters
could be only partially resolved, with the Zorbax

LIPIDS, VOL. 20, NO. 3 (1985)
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TABLE 4

Relative Capacity Factor (k') of the C-24 Ester Derivatives of Trihydroxylated
5B-Cholanic Acids on Two Reversed-Phase Columns@s

Nova-Pak C,, Zorbax ODS
BP MP NPM AM BP MP NPM AM
(75:25) (70:30) (70:30) (75:25) (80:20) (75:25) (75:25) (85:15)
Compounds (1.0) (1.0) (1.0) (1.0) (1.0) (1.0) (1.0) (1.5)

3a,78,128-(OH), ~ 0.06  0.04 0.04  0.12 0.10  0.07 0.09  0.11
38,78,128-(OH), 0.08  0.05 0.06  0.14 0.12  0.09 0.12  0.13
38,76,120-(0H), ©0.12  ©0.10  0.09 0.8 - 0.6 0.4 015 0.5
38,7¢,126-(OH), 0.14  0.11 0.12 025 0.19  0.16 0.19 .~ 0.20
32,78,120-(0H), 0.20  0.17 0.18 025 0.25  0.22 024  0.20
3a,70,128-(OH), 0.2  0.19 0.24  0.38 0.30 033 030 0.8
38,7¢,120-(OH), 047  0.44 040  0.53 0.51  0.49 047  0.38
32,7¢,120-(0H), 1.00  1.00 1.00  1.00 1.00  1.00 1.00  1.00

3a,6a,7a-(OH), 0.93 0.96 1.00 1.07 1.00 1.00 1.04 0.77

aRatios of the capacity factors of cholic acid (3e,7«,12¢) esters to those of bile acid
esters: see footnote to Table 2 for other explanation,

bThe rk’ values of BP esters determined (Chang, F.C., lida, T., and Brannan, S., unpub-
lished) on an Excalibar ODS column, methanol/water (80:20, v/v; flow rate, 1.5 ml/min) =
3a,78,128, 0.23; 38,78,128, 0.25; 38,78,12¢, 0.29; 38,7¢,128, 0.32; 3w,78,12c, 0.37;
3e,70,128, 0.42; 38,7a,12a, 0.60; 30,7¢,12¢, 1.00.

n

(8)

(A)
PR
2,3
6
6,7
2
13
12
8,11
) 10,11 57
5 H
8 |
! ‘ 10
3 12 i [

!

‘ 4 9 13 U
I . v ! 3' A i T T T T 1
8 i6 24 2 40 a8 T . M - 5 0

Retention time (min) )
Retention time (min)

FIG. 4. HPLC of a mixture of 13 dihydroxylated bile acid isomers as their (A) BP and (B) NPM esters. Condi-
tions: column, Zorbax ODS (5-6 um); mobile phase, methanol/water (80:20); flow rate, 1.5 ml/min for A and
1.0 ml/min for B; detector, UV at 254 nm. Peak identification, position and configuration of hydroxyls: 1 =
76,128, 2 = 78,12¢, 3 = 3,78, 4 = 38,78, 5 = 70,128,6=38,128, 7 = 3,6, 8 = 3,128, 9 = 38,7, 10 = 7a,12a,
11=38,12¢, 12 = 30,7, 13 = 3,120z,
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FIG. 5. HPLC of a mixture of nine trihydroxylated
bile acid isomers as their NMP esters. Conditions: col-
umn, Zorbax ODS (5-6 um); mobile phase, methanol/
water (75:25); flow rate, 1.0 ml/min; detector, UV at
254 nm. Peak identification, position and configuration
of hydroxyls: 1 = 3¢,78,128, 2 = 38,78,128, 3 =
38,78,12a,, 4 =38,7a,128, 5= 3a,78,12¢, 6 = 3a,7,128,
7 =38,72,12a, 8 = 30,70,12c, 9 = 30,60, 7cx.

column giving slightly better resolution. (In
previously unpublished work [Chang, F.C.,
lIida, T., and Brannan, S.] done on an Excalibur
ODS 3 u column [methanol/water, 80:20, v/v;
flow rate, 0.5 ml/min], the 12 BP esters with
the exception of the 38,78 and 7a,128 pair were
well resolved, and by a change of solvent to
acetonitrile/methanol/water [40:40:20, v/v/v;
flow rate, 1.5 mi/min], the recalcitrant pair was
nicely separated; 38,78 before 7a,128.)

The eight stereoisomeric 3,7,12-acids are
completely separated as their BP, MP and NPM
esters, emerging from each column in the order,
ofB, BBB, BBa, Pof, afa, aaB, faa, aer, precisely
corresponding to the order found with their
methyl esters (Reference 20, footnote 14). As
seen in Table 4, although the order of elution
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of the eight esters of each type from the two
columns is the same, the relative capacity fac-
tors (rk’ values) are dissimilar. Additional evi-
dence that rk’ values are not reproducible on
different columns, as suggested by Shaw,
Rivetna and Elliott (9), is found in a previous
resolution (Chang, F.C., lida, T., and Brannan,
S., unpublished data) of the eight BP esters.
(See Table 4, footnote b.) Of the four types of
esters compared, the AM esters of the afa and
Baf acids were unresolved on both columns, al-
though the elution order of the compounds was
unchanged. The four corresponding esters of
hyocholic (3e,6a,7a) acid were included in this
comparison for added interest. Table 4 shows
that both the rk’ values and order of elution of
the two sets of esters of cholic and hyocholic
acids vary according to the columns used. Fig-
ure 5 is a typical chromatogram of the NPM
esters of the nine trihydroxy acids on a C-18
column.

A high degree of HPLC resolution was
achieved for a number of difficult-to-separate
pairs ‘of bile acid isomers by derivatizing their
carboxy groups to form BP, MP, NPM or AM
esters. These esters, because of the simplicity
in their preparation and the enhancement of
UV-sensitivity, should be useful in the investi-
gation of unknown bile acid metabolites present
in biological extracts. Of the four types of
derivatives examined, the NPM esters appear to
be the most promising.
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ABSTRACT

This study addresses two questions: 1) what is the maximum amount of tocopherdl that can be
contained in egg phosphatidylcholine liposomes, and 2) what is the stability of these vesicles in the
presence of serum proteins? These liposomes, made with a French pressure cell, can contain no more
than 33 mol % of tocopherol. Tocopherol changes liposomes in a manner similar to cholesterol,
making them larger, less permeable to aqueous dyes and highly resistant to protein-induced disruption.
The suppression of protein-induced disruption is more pronounced with tocopherol than with choles-~
terol, even at lower molar ratios. Thus, liposomes containing alpha tocopherol (15 to 30 mol %) may
be useful for delivering physiological quantities of this vitamin to cells in culture or to tissues in vivo.

Lipids 20:195-200, 1985.

INTRODUCTION

Tocopherol is an antioxidant vitamin. Defi-
ciency of this substance is associated with a
variety of species-specific disorders, including
degeneration of myelinated axons in both the
central and peripheral nervous systems of
mammals (1,2,3). Tocopherol-containing lipo-
somes may prove useful for the treatment of
neurological symptoms associated with certain
disease states (abetalipoproteinemia, biliary
atresia, cystic fibrosis) in which tocopherol
depletion is prominent (4,5,6). Previous work
(7) has shown that tocopherol-enriched human
lipoproteins enhance the survival of developing
rat neurons in vitro. The role that tocopherol
plays in this phenomenon may be explored
by using tocopherol-containing liposomes to
introduce the water-insoluble vitamin to
aqueous media.

The purpose of this communication is to
define a simple and reproducible method for
incorporating large amounts of the vitamin into
egg phosphatidylcholine (PC) liposomes using a
French pressure cell and to test the feasibility
of these liposomes as transport vesicles in vivo
by assessing their interactions with serum pro-
teins. Others have produced tocopherol-phos-
pholipid liposomes by sonication (8,9,10).
However, the reported yield of incorporated
tocopherol was much lower than found in our
study.

*To whom correspondence should be addressed at
Department of Pathology, Veterans Administration
Research Center, 3801 Miranda Ave., Palo Alto, CA
94304.

MATERIALS AND METHODS

Egg phosphatidylcholine (egg PC) (Sigma,
St. Louis, Missouri) was purified as previously
described (11). Cholesterol (Nutritional Bio-
chemicals, Cleveland, Ohio) was recrystallized
three times from methanol. Both d-alpha
tocopherol (aT) and 4(5)-carboxyfluorescein
(CF) were used as received (Eastman Kodak,
Rochester, New York). Fetal calf serum (FCS)
(Sterile Systems, Logan, Utah) was obtained
through the cell culture facility at the Univer-
sity of California, San Francisco. Rat plasma
apo high density lipoprotein (apo HDL) was
prepared as described (12).

Protein was determined by the method of
Lowry et al. (13), with bovine serum albumin
as standard. Cholesterol was determined by an
enzymatic method (14). Lipid phosphorus was

- measured according to Bartlett (15). Alpha

tocopherol was measured by fluorescence (16).

Liposomes were prepared from an aqueous
dispersion of lipids as described previously (11).
Briefly, 20 mg of egg PC in ethanol were mixed
with ethanolic aT to form solutions containing
between 5 and 67 mol % of tocopherol. Aque-
ous dispersions, made by adding 3 ml of col-
umn buffer (0.2 M NaCl, 0.02% Na azide,
0.001 M EDTA, pH 7.6) to the dried lipids,
were passed rapidly three times through a
French pressure cell (3/8" piston diameter;
American Instrument Co., Silver Springs, Mary-
land) at 20,000 psi. Gel chromatography was
performed on certain preparations using a 2%
agarose (BioRad, Richmond, California) col-
umn (95 x 1.2 cm).

LIPIDS, VOL. 20, NO. 3 (1985) .
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The flasks used for evaporation were later
rinsed in buffer and dried. Three ml of ethanol
were then added to each flask in order to quan-
titatively recover any lpids that had not
entered the aqueous phase.

To make CF-containing liposomes, 2 ml of
an aqueous (0.2 M) solution of CF was used in
place of column buffer. Either tocopherol or
cholesterol in ethanol! was mixed with ethanolic
egg PC and dried as usual. The aqueous disper-
sions were run four times through the French
pressure cell at 20,000 psi. The resulting lipo-
somes were filtered through a Sephadex G-50
column (2 x 10 cm) to remove external dye
(12). A single cholesterol value of 37 mol % was
chosen because previous studies (12) had shown
that this concentration produced the most
stable liposomes with respect to apolipoprotein-
induced disruption.

The. fluorescence of CF is largely self-
quenched at concentrations above 0.10M
whereas in dilute solutions fluorescence is
proportional to the dye concentration (17).

Therefore, an increase in fluorescence of dilute
suspensions of liposomes was interpreted as

evidence of either increased membrane perme-
ability (slow dye release, measured in minutes,
in the absence of protein) or liposomal disrup-
tion (rapid dye release, measured in seconds, in
the presence of protein or detergents) (12).

Fluorescence was measured on a spectro-
photofluorometer (Model SPF-500, American
Instrument Co.) at 37 C, 460 nm excitation and
520 nm emission (2 nm slit widths). One ml of
either standard buffer or buffer plus serum pro-
teins was put into quartz cuvets and warmed to
37 C. Ten ul of CF-containing liposomes were
then added and rapidly mixed (5-6 seconds
elapsed time). The intensity of fluorescence was
continuously monitored. At the end of the
experiment, 0.1 ml of a 20% solution of Triton
X 100 was added to disrupt the liposomes and
release the dye remaining within them. The per-
cent of dye released at time ¢, R(t), was calcu-
lated according to the following formula:

R(t) = 100 (F()—Fo)/[(FMax X 1.1)-Fgl. [1]

Where F, is the intensity of fluorescence of
1 ml of buffer plus 10 ul of dye-containing
liposomes at time 0; F(t) is the fluorescent
intensity of 1 ml of buffer or serum proteins
plus 10 ul of dye-containing liposomes at time
t; and Fy,y is the fluorescent intensity of the
above mixtures after the addition of 0.1 ml of
Triton solution. The relative values for Fy,y on
the day of preparation were 90, 98, 80 and 66
fluorescent units for the four different types of
liposomes made (pure PC; 37 mol % choles-
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TABLE 1

Percentage of Trapped Dye Released
After Storage at 4 C '

Background
fluorescence
Day of After
Lipsome type preparation 6 weeks
100 mol % egg PC 9.4% 43%
PC + 37 mol % cholesterol 7.2% 28%
PC + 15 mol % a-tocopherol 1.2% 2.3%
PC + 29 mol % a-tocopherol 1.5% 3.1%

The background fluorescence (Fg) of CF from
several different liposome preparations (warmed to
37 C) is calculated according to Equation [2]. The Fg
found on the day of preparation is compared to the
Fg found following 6 weeks of storage at 4 C under an
argon atmosphere.

terol; 15 mol % tocopherol and 29 mol %
tocopherol, respectively). After six weeks of
storage at 4 C, the liposomes were warmed to
37 C and examined on the same spectrophoto-
fluorometer using identical settings. The result-
ing Fpay values were 118, 120, 86 and 66
fluorescent units respectively.

The background fluorescence, Fg, at time
t = 0 was calculated by the following equation:

Fp =100 [Fo/(FMax X 1.1)] (2]
Between 1 and 10% of the total maximum
fluorescence was found in Fg (Table 1) on the
day of preparation.

Negatively stained preparations of liposomes
were prepared and sized as described previously
(11). They were examined and photographed at
60,000 magnification and 80 KV in a Siemens
101 electron microscope (Siemens Corp. Medi-
cal/Industrial Groups, Iseline, New Jersey).

RESULTS

Maximum Molar Ratio of oT to PC
in Aqueous Dispersions

Ethanolic solutions of aT and PC containing
from 5 to 67 mol % tocopherol were dried and
dispersed in 3 ml of column buffer. The amount
of each lipid entering the aqueous phase was
then compared to the quantity adhering to the
walls of the evaporating flask. When the starting
ratio of aT was less than or equal to 20 mol %,
nearly all the lipid went into the aqueous dis-
persion (Fig. 1). However, as the initial aT con-
centrations were increased, the entry of both
oT and PC into the aqueous phase was reduced
because the lipids began to adhere to the glass
walls of the evaporating flask. At an initial
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FIG. 1. The percent recovery of both aT (e) and
PC () in the aqueous dispersion is shown as a func-
tion of the starting ratio of the lipids in ethanolic
solution. These data were averaged from duplicate
assays.

80

Adherent to flask

ey

R
(=)
i | °

£ ® /
— Y Ps

'—

3 90

©

c
L Aqueous

20 [—
0 1 | 1 { | | | ]
20 40 60 80

Initial T (mol %)

FIG. 2. The molar ratios of oT to PC are measured
both in the aqueous phase (0) and in the film of dried
lipid which adheres to the walls of the evaporating
flask after the aqueous phase is removed (e). These
values are compared to the initial molar ratios of T
in ethanolic solution.

tocopherol concentration of 67 mol %, all of
the lipids were adherent and none entered the
aqueous phase,

Regardless of the initial ratios used, no more
than 30 mol % of aT ever entered the aqueous
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FIG. 3. Elution profiles from a 2% agarose column
(1.2 X 95 cm). Each fraction contains 1.9 ml of
elutant. Phospholipid () is measured as inorganic
phosphorus and reported in pg/ml elutant. Tocopherol
(®) is also reported in ug/ml elutant. Top: «T-PC lipo-
somes prepared from a starting ratio of 20 mol % oT.
Bottom: oT-PC liposomes prepared from a starting
ratio of 50 mol % (aqueous dispersion contained
30 mol % oT; see Figure 2). These results are repro-
ducible.

phase, thus putting an upper limit on the
amount of tocopherol available for liposome
formation. When initial concentrations of either
33 or 50 mol % aT were used, the amounts of
oT and PC adhering to the glass maintained a
strict 1:1 molar ratio (Fig. 2).

Liposomal Structure

The aqueous dispersions from two lipid mix-
tures (one with an initial tocopherol ratio of
20 mol %, and the other of 50 mol %) were
chosen for liposome production and character-
ization studies. The aqueous dispersions were
passed three times through a French pressure
cell at 20,000 psi and then analyzed by column
chromatography. Evaluation of the oT and PC
content of the collected fractions (Fig. 3) in

LIPIDS, VOL. 20, NO. 3 (1985)
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FIG. 4. Electron micrograph of negatively stained oT-PC (20 mol %) liposomes. Left: (X 180,000 Sample
from the void volume shows pleomorphic multilamellar forms with diameters between 1000 and 6000 A. Right:
(X 180,000) Sample from the included volume peak fraction shows flattened unilamellar liposomes with an
average long diameter of 280 A. Only one type of particle is appreciated.

both cases showed that these two lipids co-
eluted and maintained fairly constant molar
ratios across the included volume peak. These
ratios were 23 mol % oT when the aqueous dis-
persion contained 20 mol % tocopherol and
33 mol % when the agueous dispersion con-
tained 30 mol % tocopherol. Note the markedly
reduced lipid recovery in the latter sample
prepared from a 50 mol % ethanolic solution.

Electron micrographs of the material in the
excluded volume peak from the 20 mol % prep-
aration of liposomes (Fig. 4, left) show large,
pleomorphic, multilamellar particles ranging in
size from 1000 to 6000 A. The included
volume peak from the same sample (Fig. 4,
right) shows smaller, more uniform particles,
suggesting that the structures are small uni-
lamellar liposomes. A mean particle diameter of
about 280 A was obtained by measuring the
largest dimension of each flattened vesicle. This
size is consistent with the presence of a single
bilayer wall.

Stability of Liposomes at 37 C

CF-labeled PC liposomes containing aT at
final molar concentrations of either 15 mol %
or 29 mol % were prepared and compared to
CF-containing liposomes composed of either
pure PC or 37 mol % cholesterol. At 37 C all
preparations showed a slow increase in dye

LIPIDS, VOL. 20, NO. 3 (1985)

release with time (Fig. 5). Pure PC liposomes
released about 40% of their dye content within
2 hr. The 29 mol % tocopherol liposomes re-
leased about 10% of their dye content, while
both the 15 mol % tocopherol and the 37 mol
% cholesterol liposomes released only 5% after
2 hr.

Stability Following Exposure to HDL Apoprotein

When exposed to apo-HDL (50 ug in 1 ml
column buffer) the pure PC liposomes rapidly
released dye (60% release within 2 min) (Fig. 6,
top). Cholesterol-containing liposomes showed

Trapped
Dye Released
(%)

Minutes

FIG. 5. The release of CF from non-chromato-
graphed liposomes is measured at 37 C. The percent
release from pure egg PC (2) is compared to release
from liposomes containing 37 mol % cholesterol (a),
15 mol % T (e) and 29 mol % «T (o). The data
shown are from one experiment. Repeat studies
showed similar curves.
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FIG. 6. The percent release of CF dye after 10 ul
liposomes are mixed with 1 ml of protein-containing
buffer at 37 C. Egg PC (2); 37 mol % cholesterol (a);
15 mol % «T (e); and 29 mol % oT (o). Top: Release
of CF from liposomes after incubation with apo HDL

(50 uwg/ml. buffer). Bottom: Release of CF from’

liposomes after incubation with 15% fetal calf serum
in buffer. These curves were constructed from one
experiment. Repeat studies showed similar patterns.

greater stability (13% dye release at 2 min), but
the tocopherol-containing preparations were
the most stable, releasing less than 5% of their
trapped dye on exposure to apo-HDL.

Stability After Exposure to Fetal Calf Serum

Similar differences in liposome stability also
were demonstrated by incubation with 15%
FCS in buffer (Fig. 6, bottom). We studied the
interaction of CF dye (10°° to 107 M) with
15% FCS solutions and found that, although
the fluorescent intensity was decreased by
about 15% as compared to buffer alone, the
fluorescent intensity was still linear within this
range. Also, there was no evidence of quenching
upon the addition of a 20% Triton solution
(1:10, v/v).

Stability After Storage at4 C

After 6 weeks of storage in an argon atmo-
sphere at 4 C, the liposomes were again ex-
amined for dye release at 37 C. The amount of
background fluorescence, Fg, found immedi-
ately after warming to 37 C was determined
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according to Equation {2]. The pure PC lipo-
somes (Table 1) showed a marked increase in
Fp as evidenced by a loss of 43% of their
trapped dye. The liposomes containing 37 mol
% cholesterol lost 28% of their dye after stor-
age. In contrast, the 15 mol % and 29 mol %
tocopherol liposome preparations had lost only
2.3% and 3.1% of their trapped dye, respec-
tively. The changes seen in the aT-containing
liposomes were lower (both in % change from
Day 0 and in absolute value) than the changes
seen with either the pure PC or cholesterol-
containing liposomes.

DISCUSSION

These studies show that liposomes of egg PC
can incorporate up to 33 mol % of alpha
tocopherol (Fig. 3) when prepared using a
French pressure cell. Our data regarding to-
copherol concentration in PC vesicles differs
from the findings of Bellmare and Fragata (8),
who reported a maximum molar ratio of
4.8 mol % alpha tocopherol in their liposome
preparations prepared by sonication. This dif-
ference could be due to the method of prepara-
tion, to differences in the % of unsaturated acyl
chains in the egg PC preparations (as suggested
by Diplock et al. [9]), or to the method of
measuring tocopherol content. We used an
assay based on the direct fluorescence of to-
copherol after the liposomes had been dis-
rupted and the lipids saponified and extracted
into hexane. All of our lipids were quantita-
tively recovered. Bellmare and Fragata used an
indirect fluorescent assay based on the inter-
action of tocopherol with the stable free
radical, 1,1-diphenyl-2-picrylhydrazine (DPPH).
Furthermore, some of their measurements were
performed on intact liposomes in dilute etha-
nolic solution. Our experience has been that
measurements of the fluorescence of tocoph-
erol in 