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Swiss-Webster mice were fed 0.5% cyclopropenoid fatty acids

(CPFA) for six weeks or 0.7% CPFA for eight weeks. The CPFA-fed

animals showed depressed growth rates, hyperlipidemia,

hypercholesteremia and increased levels of free serum cholesterol

compared to control mice. Blood decline of iv administered

[
3
H]-cholesterol was biphasic. There were no significant

differences in absorption and elimination rate constants between

control and CPFA-fed animals, though mean area under blood clearance

curves (AUC) was increased (P`-0.01) by 29% in CPFA-fed animals.

Elimination of sterol from iv administered [
3
H]-cholesteryl

palmitate or [
14C]-cholesteryl palmitoleate was biphasic. There

were no differences in the in vivo plasma cholesterol ester

metabolism, elimination kinetics and fecal elimination rate for

labeled sterol from [3H]-cholesteryl palpitate or [14C]-

cholesteryl palmitoleate within treatments. However, compared to

controls, CPFA animals diverted significantly more labeled sterol

into saturated and diunsaturated cholesterol esters, less into mono-

and tetraunsaturated esters and showed decreased blood clearance and



fecal elimination of labeled sterol. Biliary elimination was not

impaired by depressed P450 associated mixed function oxidase

activities or hepatic cholesterol esterase activity in CPFA-fed

mice.

The percentage of saturated fatty acid residues increased at

the expense of monounsaturates in high density lipoproteins and in

the cholesterol esters, triglycerides and C-2 fatty acyl residues of

serum phosphatidyl choline. Total polyene content of serum lipids

was not altered. However, CPFA-fed animals demonstrated increased

linoleic acid at the expense of arachidonic acid in all serum lipid

fractions.

The fundamental effect of CPFA on serum cholesterol

concentration appears to reside in a severely imbalanced cholesterol

ester profile. Results indicate that CPFA alters normal fatty acid

profile of serum cholesterol esters by proportionally altering the

C-2 fatty acyl composition of serum phospholipid; which is the

substrate for lecithin:cholesterol acyltransferase, the major source

of plasma cholesterol esters. Despite prominently decreased

cholesteryl arachidonate, a net increase in serum cholesterol is

probably the result of an overproduction of cholesteryl linoleate,

due to blocked conversion of linoleate to arachidonate.
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Altered Lipid Metabolism and Impaired Clearance

of Cholesterol in Plasma of Swiss-Webster Mice Fed

Cyclopropenoid Fatty Acids

INTRODUCTION

In the early 1960's, cyclopropenoid fatty acids (CPFA) were

discovered to be powerful in vivo inhibitors of monounsaturated

fatty acid synthesis. A succeeding decade of enthusiastic research

produced an extensive literature on the biological activity of CPFA,

reporting a host of toxic responses in many species. Pronounced

increases in plasma cholesterol and incidence of atherosclerosis

have been documented as characteristically toxic effects of chronic

consumption of CPFA in mammals and poultry.

Excessive plasma lipid and cholesterol content have been

associated with atherosclerotic disease since the early 1950's. The

high incidence of atherosclerotic disease in this country motivated

a prolific research effort into the etiology and mechanisms of

atherosclerosis, and the 1960s marked a period of great progress in

elucidation of the biochemistry and physiology of cholesterol

metabolism.

It is curious, therefore, that the hypercholesteremic effect of

CPFA has not aroused interest in the area of atherosclerosis

research and there remains a complete absence of published

information into the relationship between impaired fatty acid

metabolism and hypercholesteremia of CPFA-fed animals. The work

described here was initially undertaken to characterize the

influence of dietary CPFA on the absorption, distribution and
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elimination kinetics of exogenous (dietary) cholesterol, to see if

cholesteremia could develop as a consequence of altered blood

clearance patterns in the CPFA-fed animal. Fatty acid profiles were

also obtained for specific fractions of serum lipid to identify

deficiencies or imbalances in unsaturated fatty acid residues which

could potentially impair normal cholesterol metabolism.

This study revealed that exogenous cholesterol absorbed from

the gut was cleared more slowly in CPFA-fed animals and that

excessive amounts of saturated cholesterol esters occurred in their

blood plasma. A subsequent study was therefore conducted to

determine if accumulations of saturated cholesterol esters noted in

the serum of CPFA fed-animals could cause hypercholesteremia through

slower clearance rates.

The plasma lecithin:cholesterol acyltransferase (LCAT) and

hepatic cholesterol ester hydrolase are two key enzymes of

cholesterol metabolism which may be inhibited by deficiencies of

unsaturated fatty acid residues in their respective serum

phospholipid and cholesterol ester substrates. The activities of

these enzymes were also compared in control and CPFA-fed animals to

study specific mechanisms of CPFA induced hypercholesteremia.

The information from this work may yield useful insights into

the fundamental mechanism by which specific serum lipids can enhance

or induce atherosclerosis, and perhaps contribute to understanding

the processes leading to atherosclerosis. Continued work in this

area may validate CPFA as a model system for the study of

hyperlipidemic and artherosclerotic disease.



3

LITERATURE REVIEW

Inhibition of steroyl-CoA-A
9
-monodesaturase by cyclopropene fatty

acids

A cyclopropene ring is one of the most highly strained

structures in organic chemistry and is a surprising unit to find

among natural products. Therefore, the discovery of two

cyclopropenoid fatty acids, sterculate (2-octyl-l- cyclopropene -l-

octanoic acid), by Nunn (1952) and malvalate (2-octy1-1-

cyclopropene-1-heptanoic acid) by Shenstone and Vickery (1956)

aroused much initial interest among organic and natural products

chemists. These two fatty acids have since been identified as

significant components of seed oils from some 45 plants of the order

Malvales. By far the richest source of CPFA is the seed oil of the

tropical tree Sterculia foetida which contains 50-70% of total fatty

acids as CPFA (Carter and Frampton, 1964; Kircher, 1964 and

Shenstone, et al., 1965). Two plant oils in the order Malvales play

particularly important dietary and economic roles: cottonseed oil

(Gossypium hirsutum) is present in many western food preparations

and as protein supplement in livestock feed rations, while Kapok

seed oil (Eridendran anafractuosum) is important to Asiatic diets.

The CPFA content of these unrefined plant oils is typically 1-2.5%

(Greenburg and Harris, 1982).

The food and agriculture industry has provided the main impetus

for the toxicological research of CPFA. Sherwood (1928) showed that

cottonseed oil incorporated into the diet of laying hens produced

"pink white disorder", wherein egg whites turned pink and yolks
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assumed a bronze color and pasty texture. The cause was

subsequently shown to be an iron chelate of coralbumin in egg white

caused by increased membrane permeability which permitted iron to

diffuse from the yolk (Schaible and Bandemer, 1946). CPFA in feed

rations has also been shown to cause decreased fertility, delayed

sexual maturity, growth depression, altered fat metabolism in

mammalian and avian species, and increased melting point and sticky,

pasty textures in lards, tallows and dairy products (Phelps et al.,

1965).

These adverse physiological effects are now known to result

from excessive saturation of tissue lipids due to in vivo inhibition

of monoene synthesis by CPFA. Raju and Reiser (1964) first

demonstrated this by gastric intubation of rats with [
14

C]-methyl

stearate dissolved in either corn oil or Sterculia foetida oil

(SF0). They reported that the specific activity ratio of

sterate-to-oleate increased about seven times in adipose tissue and

42 times in liver lipids of the SF0 treated animals as compared to

corn oil controls. Higher levels of SF0 nearly stopped synthesis of

oleate from stearate altogether. They concluded that CPFA in the

diet inhibit the conversion of stearic to oleic acid and that the

increase in saturated fatty acids at the expense of the

corresponding monoenes is due to inhibition of the desaturation

mechanism. Johnson et al. (1967) showed that desaturation of

[1-
14
-C]-stearic acid to oleate could be inhibited in hen liver

microsomes by direct addition of sterculate or malvalate in vitro or

by pre-feeding chickens with these CPFA. This desaturase inhibition

was also clearly dose dependent.
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Early workers proposed that the mechanism of CPFA inhibition

occurred through formation of a thioester linkage by non specific

addition of active sulfhydryl groups across the cyclopropene ring.

Kircher (1964) reported that upon addition of methyl sterculate or

sterculene to dilute solutions of methylmercaptan or

a-mercaptopropionic acid, the sulfhydryl group added to the double

bond of the cyclopropene ring. The cyclopropyl methyl and

2-carboxyethyl derivatives were isolated and identified and Kircher

suggested that this reaction may have its counterpart in vivo to

cause the characteristic desaturase inhibition by CPFA. Ory and

Altschul (1964) supported Kircher's hypothesis by demonstrating that

CPFA irreversibly inhibited another sulfhydryl enzyme, acid lipase

from Ricinus communis. No inhibition occurred if cysteine was added

before CPFA suggesting non specific reaction of CPFA with cysteine.

Allen et al. (1967) used sterculic and malvalic acids to inhibit

desaturation of stearate to oleate by hen liver microsomes. They

generated Lineweaver-Burk plots indicative of competitive

inhibition. Addition of stearic acid substrate up to 100 times the

level of inhibitor failed to displace a detectable amount of

inhibitior, thus demonstrating irreversible inhibition or at least

an extremely high affinity of the inhibitor. Raju and Reiser (1967)

used sulfhydryl blockers to demonstrate that desaturase contains

sensitive sulfhydryl groups. They subsequently showed that

solutions of cysteine and glutathione lost reactive sulfhydryl

groups upon treatment with CPFA, as did microsomal preparations of

desaturase.
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However, more recent work has shown that CPFA are not general

inhibitors of sulfhydryl enzymes. James et al. (1968) reported that

sterculic acid is a potent in vivo inhibitor of the sulfhydryl

enzyme system which converts stearic acid to oleic acid in the green

algae, Chlorella vulgaris. However, the addition of glutathione in

concentrations similar to and greater than sterculate, did not

protect against desaturase inhibition by sterculate nor did addition

of glutathione after pre-incubation with stearate and sterculate

reverse this inhibition. The results of Pande and Mead (1970)

directly contradicted those of Raju and Reiser (1967). They found

that preliminary incubation of sterculate with a 100- to 300- fold

excess of reduced glutathione had no effect on inhibition of rat

liver microsomal desaturase by sterculate. They then used Ellman's

reagent to follow changes in concentration of free thiol groups

photometrically. They found that preliminary incubation with excess

sterculate caused no decrease in thiol content of either reduced

glutathione or the microsomal enzyme preparation under conditions in

which sterculate inhibited desaturase in vivo.

More recent reports indicate desaturase inhibition by CPFA is

competitive, noncovalent and specific. Jeffcoat and Pollard (1977)

used rat liver microsomes to study desaturase inhibition by CPFA

with ring structures about the 9,10 or 6,7 carbons. The 9,10 CPFA

(sterculic acid) was the only active inhibitor. Two other 6,7 CPFA

of different chain lengths, 5- (2- pentyl- 1- cyclopropenyl)- and

5-(2-undecy1-1-cyclopropeny1)-pentanoic acids showed no inhibition.

They also showed that following conditions of high desaturase

inhibition with [
3
H]-sterculic acid, most of the label could be
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extracted from protein and was thus not covalently bound. Fogerty

et al. (1972) showed that a homologous series of CPFA with the

double bond of the cyclopropene ring at the 8,9 or 9,10 or 10,11

positions were powerful inhibitors of desaturase, while the 11,12

homolog was inactive. Jeffcoat and Pollard surmised that these data

strongly suggest the noncovalent binding energy of CPFA with a C9 or

C10 carbon in the cyclopropene ring is much greater than that of

stearate for the desaturase active site and this must be due to

either a better fit or some polarization interaction dependent on

the cyclopropenoid ring at C9 and C10 position in the hydrocarbon

chain.

Toxicology of cyclopropenoid fatty acids

CPFA have been shown to undergo incomplete oxidative

metabolism, incorporate into animal tissue lipids and produce many

toxic responses following chronic consumption. Nixon et al. (1977a)

demonstrated rats cannot oxidize [9,10-methylene-
14
C] sterculic

acid to
14
CO2' that the label is rapidly incorporated into liver

and depot fat and that excretion is primarily in urine. Eisele et

al. (1977) identified the main urinary metabolites as short chain

cyclopropene dicarboxylic acids which required a-, a-, and w-

oxidation with reduction of the olefenic ring to a cyclopropane

ring. Nixon et al. (1977b) showed that in rats dietary CPFA was

incorporated into tissue and milk of females and accumulated in pups

via milk from dams. One percent CPFA fed with three percent corn

oil severely reduced pup survival in successive litters. Nixon et

al. (1974) studied subacute exposure levels of two percent SF0 in
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rats and reported growth depression, organomegally, hypersaturation

of tissue lipids, hepatic necrosis and focal degeneration of kidney

tubules. The effect of CPFA on three vital membrane systems is of

particular interest. The authors noted that erythrocyte hemolylsis

rate in 0.3 M glycerol was increased by 30%, mitochondrial swelling

by reduced glutathione was completely inhibited, and microsomal

codeine demethylase activity was depressed nearly 50% in SF0 -fed

rats. The authors surmised that deficiencies in unsaturated fatty

acids in the subcellular fractions disrupt lipid membrane structural

integrity to alter membrane functional properties. Malfunctions in

these essential membranes would precipitate deterioration of other

processes and general health of the animal. The conclusions of

Nixon et al. (1974) were supported by Eisele and co-workers (1982)

who reported depressed microsomal mixed function oxidase activity

and altered in vitro metabolism of aflatoxin B
1
and aflatoxicol as

well as liver histological damage in rabbits fed 0.25% dietary CPFA

for 28 days.

Most of the recent interest in CPFA has followed the discovery

of their ability to promote certain forms of cancer. Sinnhuber et

al. (1968) reported that at six months a 90% incidence of gross

hepatomas was found in fish on a diet of four ppb aflatoxin B1 +

220 ppm CPFA as compared to only a 20% incidence at nine months in

positive controls on four ppb aflatoxin B1.

They concluded that "greater incidence per liver and per

population coupled with earlier development and more rapid growth of

hepatoma in CPFA-aflatoxin fed fish, indicates that CPFA act as

tumor-initiating and promoting agents." Subsequent work with the
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trout have verified these results and conclusions (Lee et al., 1971;

Sinnhuber et al., 1974; and Hendricks et al., 1980). There is some

evidence to indicate that CPFA are tumor promotors in rats, though

these species are not nearly as sensitive as trout. Lee et al.

(1969) reported that Long-Evans rats developed 70% total tumor

incidence when fed aflatoxin plus 200 ppm CPFA as compared to 59% in

the aflatoxin positive controls. The increase in tumorigenesis was

highest in lungs. In a subsequent study Nixon et al. (1974)

investigated tumor promotion by several levels of CPFA on both sexes

of Wistar rats and Fischer rats, dosed with graded amounts of

diethylnitrosamine or aflatoxin Bi. Tumor incidence was dependent

upon dose of carcinogen, but CPFA showed only weak promotion of some

treatments. There was no clear statistical basis to establish a

dose dependent tumor promotion by CPFA. These indefinite results

point to the need for additional study of CPFA tumor promotion in

mammals.

The hypercholesteremic activity of dietary CPFA has been noted

infrequently throughout the literature of the past 15 years.

However, no information is available to determine if there is a

relationship between altered fatty acid metabolism and impaired

cholesterol metabolism which explains this effect in CPFA treated

animals. Tennet et al. (1959) compared the influence of various

dietary lipids, including cottonseed oil, on the plasma cholesterol

concentration and degree of aortic atherosclerosis of cholesterol

fed cockerels. They found that an inverse relationship could be

predicted between the polyunsaturated fatty acid content of the

lipid and the plasma cholesterol content of the cockerels. However,
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cottonseed oil caused much higher cholesterol concentrations and a

greater degree of atherosclerosis than predicted. The authors

suggested that "a substance of unknown identity" must exist in

cottonseed oil to cause such cholesteremia. This substance was

identified as CPFA by Goodnight and Kemmerer (1967). They reported

that daily feeding of 200 mg SF0 with and without a corn oil

supplement to cockerels produced significant (pf 0.05) to highly

significant (pf 0.01) increases in plasma cholesterol at two and

four weeks. Severity of aortic atherosclerosis on the SF0 diet was

much greater (p`-.0.01) than in corn oil products after 20 weeks.

Cockerels fed cottonseed oil or low levels of SF0 exhibited a direct

relationship between the quantity of CPFA and the severity of

atherosclerosis at 16 weeks as compared to controls.

Ferguson et al. (1975) reported that 0.27% SF0 (55% CPFA) in

the diet of male New Zealand rabbits doubled the mean plasma

cholesterol at three weeks and tripled it at five weeks as compared

to controls. At weeks three and five the percentage of free plasma

cholesterol increased in the SF0 fed animals by 40.5% and 24%

respectively as compared to controls. Plasma triglycerides

increased by 132% and 49% in SF0 fed animals, compared to controls

at weeks three and five respectively. By week five liver

cholesterol increased 99% above controls in SF0 fed animals.

However, these differences were not statistically significant

because of large variation within groups. This is an inherent

problem in evaluating treatment effects on serum cholesterol, and

demonstrates the need for large numbers of animals and, ideally,
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smaller, more economical animal models. Eisele et al. (1982) also

reported that serum cholesterol levels increased by 40% over

controls in rabbits fed 0.5% for 28 days.

Plasma cholesterol transport-lipoproteins

Cholesterol is a 27 carbon, nearly planar, rigid steroid ring

system. It has one hydroxyl group in the 3-position and a branched

aliphatic side chain. The 3f3-hydroxyl group may become esterified

with long chain fatty acids, thus changing the bipolar molecule to a

hydrophobic one. Cholesterol and lecithin are commonly found in a

ratio of 1:1 in natural membranes (Jain, 1975). Cholesterol exerts

an important control over the fluidity and function of biological

membranes. Below the transition temperature cholesterol disrupts

the tight packing structure of phospholipid hydrocarbon chains to

maintain membrane fluidity. Above the transition temperature,

hydrophobic affinity of the steroid nucleus prevents flexing of the

acyl chains to reduce fluidity (Lucy, 1974). Thus cholesterol

exerts a profound influence on the stability and function of every

specialized membrane system. The subject of cholesterol's influence

on membrane physical properties is well reviewed by Myant (1981).

The two general sources of cholesterol are endogenous

(bio-synthesized) and exogenous (dietary). Virtually every

mammalian cell type can synthesize cholesterol but the liver and

small intestine are the most active. Turley et al. (1981)

administered [
3
H] water to rats and measured

digitonin-precipitable sterols in different organs one hour later.

They calculated that the liver contributed about 50% of total body
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sterol, the small bowel 24% skin 8% and remaining tissues 18%. A

large component of plasma cholesterol is also resorbed from

desquamated intestinal mucosal cells and from bile through

enterohepatic circulation (Treadwell and Vahouny, 1968; Meittinen et

al., 1981). The intake of dietary cholesterol may vary tremendously

among humans; an intake of 2,000 mg/day is reportedly common among

consumers of animal products (Vahouny and Treadwell, 1976).

Cholesterol is essentially insoluble in body fluids; yet it is

transported from its absorption sites in the gastric mucosa to

ubiquitous sites of utilization among peripheral tissues and back to

its major site of catabolism and elimination in the liver via the

lymphatics and blood stream. Essentially all plasma and lymph

cholesterol is transported in the form of the lipoprotein - a stable

complex of lipid, protein and carbohydrate. Verdery and Nichols

(1975) and Scanau (1972) have reviewed the biochemical and physical

evidence for the current structural model of the lipoprotein. This

model divides the spherical lipoprotein into three concentric

regions. A polar surface is comprised of amphiphilic phospholipids,

unesterified cholesterol and apolipoproteins with conformations

which permit simultaneous interaction with the aqueous medium, the

apolar core of the lipoprotein and presumably with each other. An

outer hydrophobic core extends approximately 20°A from the polar

surface to the ends of the phospholipid chains and also includes

cholesterol and apoprotein side chains of hydrophobic amino acids.

An inner hydrophobic core extends from the ends of the phospholipid

acyl chains to the center of the lipoprotein, and accommodates the

triglyceride and cholesterol ester (CE) load of the lipoprotein.
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Although bipolar cholesterol is structurally important in

circulating lipoproteins, most plasma cholesterol is transported as

CE within the inner hydrophobic core.

Lipoproteins are conventionally classified into four major

groups on the basis of density, floation rate and electrophoretic

mobility: chylomicrons, very low density, low density and high

density lipoproteins (VLDL, LDL and HDL).

The chylomicrons and VLDL are the lipoprotein classes of least

density and highest triglyceride content. They are primarily

synthesized in the intestine and the liver, respectively. Their

main function is believed to be distribution of freshly absorbed

lipid to peripheral tissues. Most newly absorbed cholesterol is

carried in the VLDL fraction. Rudel et al. (1972, 1973) have shown

that following ingestion of radiolabeled cholesterol by rabbits, the

VLDL fraction initially maintained both highest specific activity

and total activity of all lipoprotein classes. Subsequent

redistribution of labeled cholesterol in both LDL and HDL supports

the hypothesis that these lipoproteins are derived from further

metabolism of VLDL and chylomicrons.

Chylomicrons and VLDL undergo extensive catabolism during

circulation through extrahepatic tissues, especially in muscle and

adipose tissue. Hydrolytic depletion of core triglycerides rapidly

occurs through the action of lipoprotein lipase associated with the

capillary endothelium (Higgins and Fielding, 1975;Redgrave, 1970).

The resultant chylomicron and VLDL "remnants" are lipoprotein

species of smaller size and higher particle density (Nichols et al.,

1968). These remnants are rapidly taken up by the liver in rats
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(Windler et al., 1980 a,b; Sherril, 1978) and may represent the most

important route of CE transport from gastric mucosa to the liver.

Hepatic clearance of the cholesterol, CE and lipoprotein rich

chylomicron remnants is rapid and nearly complete with a half life

of 5-15 minutes; clearance of VLDL remnants is much slower with a

half life of some 6-12 hours (Levy et al., 1971). Quarfordt and

Goodman injected rats with chylomicrons containing dual labeled

cholesterol esters [(3H)-cholesterol and (14C)-fatty acyl

group]. They measured the tissue distribution of labeled

cholesteryl esters of oleate, linoleate and palminate in liver,

plasma, four other tissues and that remaining in the rest of the

carcass at four time points (20 minutes, 60 minutes, 3.5 hours and

24 hours). They also estimated the percent of each ester that was

reesterified from ratios of 3H/14C in each tissue at each time

point as compared to their ratio in the original chylomicrons. They

reported that 80-90% of the CE was removed from the plasma by liver

without appreciable immediate hydrolysis. However, slow, gradual

hydrolysis was observed (60% at one hour, 85% at 3.5 hour). The

rate of reesterification of liberated cholesterol was slower than

the rate of hydrolysis, but complete; by 24 hours 80-99% of each CE

found in plasma or liver had been reesterified.

Conclusions based on these data must be very tentative,

however, since only one or two animals were used for each

determination and no statistical substantiation of results was

possible. From these results there was no apparent difference in

the liver or plasma levels of cholesterol derived from any of the

three CE by 24 hours. These data do not provide a valid basis for
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projecting relative clearance rates of the different cholesterol

esters however, since equilibration of cholesterol among its various

tissue compartments is slow. At 24 hours the labeled cholesterol

would still have been in the early distribution phase. However, the

great extent of reesterification observed at this relatively short

time period suggests that if some CE do in fact clear slower than

others (e.g., saturated CE versus unsaturated CE), then their

respective rates of formation in the serum (i.e., reesterification

following hydrolysis in the liver) would be a controlling factor of

the net rate of cholesterol clearance. Thus the hypercholesemic

effect of CPFA could reside in depletion of, or imbalance in, the

pool of available fatty acyl groups for CE formation during

reesterification in the serum.

The parenchymal liver cells are thought responsible for most

hepatic uptake of lipoprotein remnants (Nilsson and Zilversmit,

1971). The proportions of apolipoproteins C and E (apoC and apoE)

on the surface of remnant particles are believed crucial for

recognition of hepatic parenchymal receptors which mediate their

clearance. During extra hepatic processing the remnants are

depleted in apoC and enriched in apoE. It is proposed that apoC is

inhibitory to receptor mediated uptake while specific forms of apoE

(iso-apoE3 and iso-apoE4) are recognized by the receptor (Havel

et al., 1980).

LDL transports about two-thirds of total plasma cholesterol and

CE; most or all LDL in humans is derived through extra hepatic

processing of VLDL of hepatic origin (Norum et al., 1983; Kolata,

1983). LDL are believed to constitute the main cholesterol delivery
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system to the peripheral tissues. The "LDL pathway" first proposed

by Goldstein and Brown (1971) proposes receptor binding of LDL apoB,

cellular absorption and lysosomal degradation. Release of

cholesterol within the cell exerts feedback inhibition of de novo

cholesterol synthesis by inhibition of hydroxymethylglutaryl-CoA

reductase, repression of LDL receptor synthesis and increased

synthesis of CE to meet cellular needs.

Several lines of experimental evidence indicate that the

concentration and composition of available fatty acids are important

determinants of production rate and composition of the triglyceride-

rich lipoprotins. Goh and Heimberg (1977) reported that the

activity of microsomal hydroxymethylglutaryl coenzyme A reductase

and output of triglyceride, cholesterol and CE were stimulated by

uptake of oleic acid in isolated, perfused rat livers. When

perfused with equimolar quantities of palmitic (16:0), oleic (18:0)

or linoleic (18:2) the activity of the enzyme was in the order 18:1 >

18:2 = 16:0. Output of glyceride was in the order 18:1 = 18:2 >

16:0. Output of CE and cholesterol was in the order 18:1 > 18:2 >

16:0. Greenspan et al (1981) and Sundler et al. (1973) reported

similar stimulation of hepatic glycerolipids by 18:1 in mice and

perfused rat liver parenchymal cells. Heimberg and Wilcox (1972)

have reported that an oleic acid perfusate causes a 50% increase in

VLDL secretion over equimolar palmitic acid perfusate in isolated

rat liver. They proposed that increased saturation decreases the

amount of core lipid (CE and triglyceride) secreted in VLDL because

particles from the oleic acid perfusate were lighter, had more

triglyceride, less CE and less phospholipid than VLDL from the
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palmitate perfused livers. Therefore, deficiencies or imbalances in

the plasma pool of available unsaturated fatty acids in CPFA-fed

animals could be expected to exert a severe and complicated effect

on lipoprotein production and lipid composition.

Metabolism and clearance of plasma cholesterol

Virtually every mammalian cell type can synthesize cholesterol,

but the liver is the only organ where it is catabolized and

eliminated to a quantitatively significant extent. Transport of

excess cholesterol from peripheral tissues to the liver is mediated

primarily by HDL in conjunction with its closely associated

lecithin:cholesterol acyltransferase (LCAT) activity. HDL are

discoid particles composed mostly of phospholipids, proteins

(primarily apoA-1) and cholesterol with almost no CE. They are

secreted primarily in the liver but to a lesser extent in the small

intestine (Norum, et al., 1983). LCAT catalyzes the transfer of a

fatty acyl residue from the C2 position of phosphatidyl choline to

free cholesterol with formation of lysolecithin and CE (Glomset,

1962; Glomset and Wright, 1964). LCAT activity is found primarily

in the HDL fraction where it is highly activated by apoA-1. HDL is

recognized as the physiological substrate for LCAT (Glomset, 1968;

DeLamatre et al., 1983).

The specificity of the enzyme for particular C2 fatty acids is

species specific. LCAT is thought to be the major source of plasma

CE and this determines the characteristic serum CE profile of the

various species (Stefanovich, 1969; Sgoutas, 1972, Glomset, 1968).

Portman and Sugano (1964) first demonstrated this by suspending



18

[
14
C]-cholesterol in rat plasma or human plasma which was

previously heat treated to deactivate LCAT. Upon incubating small

volumes of fresh (LCAT active) human plasma with inactive rat plasma

and conversely, fresh rat plasma with inactive human plasma, they

found that newly formed [14C]-cholesterol esters resembled the CE

profile of the native LCAT active plasma. They concluded that the

CE pattern found during incubation was determined by the specificity

of the native LCAT, rather than the fatty acid source.

In all species studied, the preference is for transfer of

unsaturated C2 fatty acids. Sgoutas (1972) has studied LCAT

specificity in lipoprotein free human plasma preparations with

sonicated dispersions of free cholesterol and phosphatidyl choline

(PC) composed of various C2 fatty acyl residues. He determined that

the rate of C2 transfer to free cholesterol is linoleate > oleate >

arichodinate » saturated fatty acids. Dietary deficiencies of

essential fatty acids are reflected in the serum lecithin fatty acid

profile. Rats fed diets deficient in essential 18:2 have been shown

to have depressed LCAT activity with an altered plasma CE profile,

ostensibly due to unfavorable acyl composition of the HDL lecithin

substrate (Sugano and Portman, 1965; Takatori et al., 1976).

Alterations in serum phospholipid composition may alter

physical properties of HDL which are critical to its function as the

physiological substrate of LCAT. Soutar et al. (1974) showed that

transition temperatures of aqueous dispersions of phosphatidyl

choline are dependent upon both chain length and degree of

unsaturation of the fatty acyl groups. They found the energy of

activation for LCAT catalyzed transacylation is greater below the
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transition temperature of the particular phospholipid and that the

LCAT reaction is abruptly accelerated at temperatures which

correspond to the phase transition of the particular phosphatidyl

choline in the vesicle substrate.

As noted previously, HDL apoproteins apoA-1 and apoC-2 are

potent activators of LCAT. Soutar's group (1975) subsequently

reported that the potency of apoA-1 was greatly diminished with

saturated phosphatidyl choline substrate and that below the

transition temperature of the substrate neither apoA-1 nor apoC-1

activates LCAT.

Taken together, the results of these studies suggest that

saturation of serum phosphatidyl choline by CPFA desaturase

inhibition could be expected to alter the normal LCAT activity;

either by altering the normal concentration of C2 fatty acyl

residues or by altering the physical properties of the HDL

phospholipid substrate necessary for LCAT activity and LCAT

activation by apoA-1 and apoC-1.

In genetic or familial LCAT deficiency classic signs are

elevated serum free cholesterol and decreased CE (Norum et al.,

1972). These signs have been reported in CPFA-fed rabbits by

Ferguson et al. (1975) and in CPFA-fed mice studied in this thesis.

Glomset (1968) originally proposed that the LCAT/HDL system

functions primarily in transport of cholesterol from peripheral

tissues to liver for elimination. According to Glomset's scheme,

circulating HDL rapidly equilibrate with the excess free cholesterol

in cell membranes of peripheral tissues. The LCAT reaction converts
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bipolar cholesterol to highly lipophilic CE which is effectively

sequestered within the HDL neutral lipid core. Circulating HDL

continues to "scavenge" excess cholesterol as the lipid core

gradually accumulates CE, until it is cleared from the circulation

by the liver and eliminated. This model has gained wide acceptance

with some modification to account for the fact that CE can

equilibrate among lipoproteins and for receptor mediated uptake of

lipoproteins by peripheral tissues (Norum et al., 1983; Sabine,

1977).

As noted, the liver is the prominent site of plasma clearance

of all lipoprotein classes and most plasma cholesterol is

transported as CE. Parenchymal liver cells rather than Kupffer's

cells are probably responsible for most of this uptake (Nilsson and

Zilversmit, 1971, 1972). Goodman (1962) injected rats with

chylomicrons containing 14C-cholesterol esters to study CE uptake

and elimination. He reported that 90% of the label appeared in the

liver as CE followed by slow hydrolysis of the CE and gradual

redistribution of labeled cholesterol to other tissues. Deykin and

Goodman (1962) subsequently reported that most of the cholesterol

esterase activity was found in soluble protein fraction of rat liver

homogenates with slight activity observed in microsomes and

mitochondria. They measured hydrolytic rates of specific

cholesteryl esters individually and as equimolar mixtures to be

certain that physical properties of the substrate suspension did not

influence their rates of hydrolysis in the homogenates. The order

of hydrolysis of CE in both sets of experiments was: cholesterol

linoleate = oleate > acetate > palmitate »stearate. These in vitro
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rates of CE hydrolysis have been reported by Goodman (1962) to be of

similar magnitude to the rates of net hydrolysis observed in vivo

for labeled chylomicron CE.

Relative rates of hepatic CE hydrolysis have important

implications for the net rate of biliary excretion of cholesterol.

Katayama and Yamasaki (1963) demonstrated that free cholesterol is

susceptible to enzymatic a-hydroxylation, the first step in

biogenesis of cholic acids, whereas esterified cholesterol is hardly

hydroxylated under the same conditions. Ogura et al. (1971)

injected rats with either [4 -14C] cholesterol or [4-14C]-

cholesteryl oleate or with a mixture of [1,2-
3
H] cholesterol and

[
14
C] mevalonate. Bile acid and cholesterol in both liver and

serum were analyzed over time and the authors concluded that the

immediate precursor of bile acids was free cholesterol, but not the

esterified one and that both cholic and chenodeoxycholic acids

originated from a common precursor cholesterol pool.

Mathe et al. (1972) conducted a study of a similar design to

that of Ogura et al. (1971) to see if the rate of bile acid

production was affected by the degree of saturation of CE. They

injected rats with red blood cells containing [
3
H]-cholesterol.

Their results substantiated the findings of Ogura et al. (1971) in

that they found free cholesterol accumulated in the liver at a rate

which closely paralleled biliary secretion of bile acid. The

appearance of CE in the liver increased linearly at a slow rate over

time. However, saturated, monounsaturated, diunsaturated or

tetraunsaturated CE did not equilibrate with free cholesterol and

their respective occurrences in the liver were much lower than the
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output of bile salts observed at each respective time point. The

authors concluded that no single class of CE was preferentially

eliminated in the bile.

However, the entire experiment was conducted over a six hour

period from the time of injection of [3H]-cholesterol. At the end

of the experiment, the specific activity of the CE in liver was

still increasing linearly with time, and it is extremely unlikely

that if differences exist in the rate of hydrolysis and subsequent

elimination of any of the CE considered, that these rate differences

would resolve themselves in six hours, with two time points. To

compare true elimination rates of respective CE it would be

necessary to begin sampling after the distribution phase which takes

at least several days for cholesterol. Ideally equilibration of

labeled cholesterol should be complete among various tissue

compartments, among the concentrations of its various CE in the

sampling compartment and a true logarithmic blood decline

(elimination phase) is established. This obviously could not be

achieved in the bile cannulated animal.
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ABSTRACT

Swiss-Webster mice fed 0.5% cyclopropenoid fatty acids (CPFA)

for six weeks showed depressed growth rates and developed hyper-

lipidemia, hypercholesteremia and increased levels of free serum

cholesterol as compared to control mice. No depression of cytochromes

P-450 and b
5
or microsomal mixed function oxidase activities occurred

to indicate impaired oxidative catabolism of serum cholesterol.

Elimination of intragastrically administered [3H]-cholesterol from

blood was biphasic; there was no significant difference in first

order rate constants for absorption, distribution and elimination

processes between control and CPFA fed animals. However, the area

under the blood clearance curve for CPFA-fed animals was significantly

increased (K0.01) by 29% over controls, demonstrating a net increase

in clearance time for exogenous cholesterol in CPFA animals, thus

contributing to their hypercholesteremia. In the CPFA-fed mice,

the percentage of saturated fatty acid residues increased at the

expense of monounsaturates in the cholesterol ester, triglyceride and

phosphatidyl choline fractions of serum lipid. Total polyene content

of serum lipid was not altered, however CPFA fed animals demonstrated

increased linoleic acid at the expense of arachidonic acid in all

serum lipid fractions. Excessively saturated serum lipids may impede

clearance of serum cholesterol in CPFA-fed animals by inhibited

plasma lecithin:cholesterol acyltransferase (LCAT) and hepatic

cholesterol esterase activities.
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INTRODUCTION

The cyclopropenoid fatty acids (CPFA) present an interesting

anomaly among natural products. CPFA incorporate a highly strained

cyclopropene ring which serves no clear physiological or metabolic

function in plant species which synthesize them, yet demonstrate pro-

nounced biological activity with diverse toxicological consequences in

animal species which consume CPFA. The major naturally occurring

CPFA are 18 carbon malvalate (2- octyl -l- cyclopropene -l- heptanoate) and

19 carbon sterculate (2- octyl -l- cyclopropene -l- octanoate) found in

plant oils of the order Malvales. Two plant oils of this order have

particularly important dietary roles. Kapok seed oil (Eridendran

anafractuosum) is important to Asiatic diets, while cottonseed oil

(Gossypium hirsutum) is present in many Western food preparations and

livestock feed rations. The CPFA content of these unrefined plant

oils is typically 1-2.5% but is greatly reduced upon hydrogenation

(Shenstone et al. 1965).

The earliest and most characteristic manifestation of CPFA

toxicity is a prominent increase in the saturated fatty acids with

concomitant decrease in the corresponding monoenes of tissue lipids.

Raju and Reiser (1964, 1967) and Johnson et al. (1967) demonstrated

in vivo and in vitro that CPFA inhibits steroyl-CoA-A
9
-monodesaturase

which synthesizes oleic from stearic acid. Early reports proposed

that the mechanism of CPFA inhibition occurred through formation of

a thioester linkage by non-specific addition of active sulfhydryl

groups across the cyclopropene ring (Ory and Atschul, 1964; Raju and

Reiser, 1967; Allen et al., 1967). However, subsequent work has shown
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that CPFA are not general inhibitors of sulfhydryl enzymes (James and

Harris, 1968; Pande and Mead, 1970) and that the association of de-

saturase with sterculate is apparently noncovalent (Jeffcoat and

Pollard, 1977). Fogerty et al. (1972) used non-naturally occurring

homologs of sterculic acid to demonstrate that an olefinic carbon at

C9 or C10 is required to inhibit desaturase; thus some structural

homology with oleic acid is required and inhibition is competitive.

Many adverse physiological effects have been reported following

the feeding of CPFA to animals. Impaired reproduction, delayed sexual

maturity, growth depression and altered fat metabolism are described

in mammalian and avian species among work reviewed by Phelps et al.

(1965). Subsequent work has shown CPFA to be cocarcinogenic with

various carcinogens in trout CSinnhuber et al., 1974; Lee et al.,

1971) and that subacute exposures to rats produced organomegaly with

extensive tissue degeneration and altered membrane function in

erythrocytes, mitochondria and microsomes (Nixon et al., 1974).

Dietary CPFA have also been reported to increase plasma and

liver cholesterol and induce aortic atherosclerosis in rabbits and

chickens (Ferguson et al., 1976; Goodnight and Kemmerer, 1967). The

reason for the cholesteremic activity of CPFA is unknown, but may be

an indirect consequence of A
9
-monodesaturase inhibition. Several pro-

cesses vital to the normal metabolism and transport of cholesterol

require esterification of cholesterol with unsaturated fatty acids.

The work in this area is well reviewed by Glomset, 1968; Goodman,

1965 and Norum et al., 1983. It is possible that A9-monodesaturase
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inhibition by CPFA produces deficiencies or imbalances in the fatty

acid profile of blood serum lipids, particularly within the

cholesterol ester fraction, that impair normal metabolism and

clearance of serum cholesterol. Despite an abundant literature on

the toxicology of CPFA, there is a paucity of published information

about the effects of CPFA on the metabolism of serum lipids and

mechanism(s) of its cholesteremic activity.

This study was undertaken to investigate the basis of the

cholesteremic activity of CPFA in Swiss-Webster mice. Our report

describes the effects of CPFA (fed as Sterculia foetida oil) on the

lipid composition and fatty acid profile of total and fractionated

serum lipids. We also present the results of a pharmacokinetic

study, to determine if hypercholesteremia is associated with altered

absorption, distribution and blood clearance of intragastrically

administered I3H]-cholesterol in CPFA fed mice.
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METHODS

Animals and diet. Random bred four week old male Swiss-Webster mice

(14-17 gm) were housed at the Oregon State Laboratory Animal Resource

Center. Mice were supplied with a modified Kirshnarao and Draper diet

(1967) with 20% protein. The control diet (table 1) consisted of

92.8% premix, 2.2% vitamin mix (USBC Total Vitamin Mix) and 5.0%

corn oil which was mixed 1:1 (w/v) with 3.0% agar (DIFCO) dissolved in

distilled water at 80°C. The hot mix was solidified at 2-5°C to a

solid gel, cut into small blocks and stored in plastic bags at -10°C

until used. The experimental diet was prepared similarly but corn oil

was replaced with sufficient Sterculia foetida oil (52% CPFA) to bring

the CPFA content of the diet to 0.5% dry weight basis. CPFA content

was determined by derivatization in methanolic AgNO3 followed by GLC

(Schneider et al., 1968).

Mice were housed 5/cage in polycarbonate shoebox cages and main-

tained on a 12 hour light/dark cycle at 22±2°C. Animals were

acclimated to control diet for one week, then half were switched to

the 0.5% CPFA diet for six weeks. Mice were fasted 12 hours before

sacrifice. Body, spleen and liver weights were recorded and blood

samples were obtained for lipid analysis by cardiac puncture. All

tissues were stored on ice until prepared for analysis, then sample

preparations were stored at -80°C until used.

Evaluation of hepatic function. Hepatic mixed function oxidase assays

were conducted on microsomal preparations from two groups of four

livers from animals on control and CPFA diets. Microsomes were
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prepared as described by Eisele et al. (1982). Microsomal protein was

determined by the method of Lowry et al. (1951), cytochrome P-450 and

b
5

contents as described by Mazel (_1971). Ethoxyresorufin-0-

deethylase (_EROD) and ethoxycoumarin -0- deethylase (ECOD) were deter-

mined at 37°C as described by Burke and Mayer (1974) and Ullrich and

Weber (1972), respectively. Benzphetamine-N-demethylation was deter-

mined by measurement of liberated HCHO at 37°C by a modified method

of Anders and Mannering (1966) using 2.0 mg microsomal protein in a

total volume of 1.5 ml per 20 min. incubation.

Pharmacokinetic analysis of labelled serum cholesterol. [7(n)-
3
1-1]-

Cholesterol (New England Nuclear Corp., Boston, MA) was added to

sufficient carrier cholesterol to adjust the specific activity to

8.30 pCi/pg. Radiopurity was determined at 97.5% by TLC on silica

gel H developed in benzene-ethyl acetate 7:2 (v/v) and diethyl ether-

hexane 50:50 (v /v). Four animals on control and six animals on CPFA

diet were intragastrically dosed with 8.30 pCi [3H]-cholesterol

dissolved in 0.1 ml warm (37°C) corn oil. After dosing, ten pl blood

samples were collected periodically from tail veins with heparinized

capillary pipettes. Blood samples were solubilized and counted in a

liquid scintillation counter.

The label appearing in the blood at each time point was expressed

as % initial dose per ml blood. Semilog blood clearance curves were

prepared from each animal and computer fitted to an equation with the

program "AUTOAN-2" using first order input (Sedman and Wagner, 1976).

The area under the curve CAUC) for each blood clearance curve was
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hand calculated by trapezoidal summation and compared to computer

estimated AUC's to check the accuracy of computer fits.

Serum lipid analysis. Blood sera from three to five mice were pooled

so total volumes of 1.0-3.0 ml were obtained. Five such serum samples

were collected from control and CPFA animals. The serum was extracted

in CHC1
3
/CH

3
OH and crude lipid purified on a Sephadex G-25 column as

described by Nelson (1975). Total and free cholesterol (Zak et al.,

1957) and total phosphorous (Bartlet, 1959) were determined on an

aliquot of pure lipid. Fatty acid methyl esters were prepared with

BF
3
-methanol from an additional aliquot of pure lipid. The remaining

pure lipid was separated into neutral and polar fractions by silicic

acid chromatography. Cholesterol esters and triglycerides were

isolated by TLC of the neutral fraction on silica gel H developed in

hexane/ethyl ether/acetic acid 90:10:1. Lipid bands were visualized

with dichlorofluorescein and scraped. Fatty acid methyl esters were

prepared directly from adsorbed lipids with BF3-methanol or methanolic

sodium methoxide.

Pure phosphatidyl choline was isolated by TLC of the polar

fraction on silica gel H developed in CHC13/CH3OH/H20 60:30:5.

Positional analysis of fatty acid residues was performed by digesting

phosphatidyl choline with phospholipase A2 from Ophiophagus hannah

(Nutter and Privett, 1966). The lysolecithin and free fatty acid

were isolated by the same TLC system described for isolation of

phosphatidyl choline, then fatty acid methyl esters were prepared as

described above. Fatty acid profiles for cholesteryl ester,
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triglyceride, lysolecithin and C-2 free fatty acid fractions were

determined by capillary GC on a JSW DB-225 column

(50% cyanopropylmethyl-(50%)-methylphenyl-polysiloxane), 0.25 mm id,

0.25 p film, 30 M length. Injection temperature was 80°C with

initial time of 2 min. and temperature program of 180-210°C at

4°C/min. with a flame-ionization detector.
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RESULTS

Physiological effects. Table 2 shows that substitution of S. foetida

oil for corn oil in the CPFA diet slightly increased saturated fatty

acids, and decreased monoenes and polyenes relative to the control

diet. However, both diets were rich in essential and polyunsaturated

fatty acids and there was no fatty acid deficiency in the experimental

diet which would have produced any adverse physiological effects or

cholesteremia apart from CPFA in the experimental animals.

Table 3 lists physiological effects of the CPFA treatment. It is

apparent that by six weeks 0.5% dietary CPFA produced significant

growth depression and hepatomegaly. Since the liver is the major

organ of cholesterol catabolism, occurrence of hepatomegaly raised the

possibility that the cholesteremic activity may arise, in part,

through impaired hepatic function. Microsomal mixed function oxidase

assays were performed to compare hepatic function in CPFA fed animals

with controls. The results, summarized in table 4, show that this

exposure to CPFA did not significantly alter microsomal protein,

cytochrome P-450 or b5 contents and failed to depress mixed function

oxidase activities.

The effects of CPFA on blood serum cholesterol are characterized

in table 5. The CPFA diet increased serum cholesterol by 84 mg /dl.

This elevation in serum cholesterol is associated with hyperlipidemia

as judged by the increase in serum phospholipids. The ratio of

free to total cholesterol is also increased in the CPFA fed mice.

Since the ratio of total cholesterol to phospholipid (relative

cholesterol) has remained essentially constant, the increase in free
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cholesterol must have occurred at the expense of the esterified serum

cholesterol in the CPFA fed animals.

Blood clearance of [
3
H]-sterol. The mean blood clearance curves for

intragastrically administered [3H]-cholesterol are presented in

figure 1. Elimination of labeled sterol is biphasic in both curves,

but the blood decline is apparently slower in the CPFA fed animals.

However, despite this difference the triexponential equations which

describe these curves are very similar:

control:

C=3.563e
-0.544(t-0.154)

+0.747e
-0.054(t-0.154)

-4.22e
-1.975(t-0.154)

C PFA:

C=4.362e
-0 590(t-0.250)

+0.934e
-0 054(t-0.250)

-5.301e
-1.887(t-0.250)

Where C is blood concentration, t is sampling time and 0.154 and 0.250

are lag times (days) for appearance of label in blood. The results of

the kinetic analysis presented in table 6 indicate no significant

difference in absorption (a) and distribution (0 first-order rate

processes, coefficients (A,B,C) or the half life as determined from

terminal slope. The variation associated with the estimation of these

kinetic parameters (table 6) renders the equation for clearance in

CPFA animals statistically indistinct from that for controls at

0.05. However, there is a highly significant increase (29%) in the

AUC for the CPFA animals by day 25, which demonstrates a net increase

in blood clearance time for [3H]- sterol in CPFA fed mice, despite

generally similar elimination patterns.
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Serum lipid analysis. The analysis of unfractionated mouse serum

lipid, presented in table 7, clearly illustrates the inhibition of

A
9
-monodesaturase in the CPFA fed mice. Total saturated fatty acids

are increased 35% and monoenes are proportionally decreased by 37%

in the CPFA fed mice relative to controls. Total polyenes are

unaffected, but the ratio of polyenes to saturates (P/S ratio) shows

a highly significant decrease of 25% relative to controls.

The effects of dietary CPFA on the major nonpolar fractions of

mouse serum lipids are illustrated in table 8. In the cholesterol

ester and triglyceride fractions total saturation increased 57% and

92% respectively; total monoenes decreased 29% and 31% respectively

and the P/S ratio decreased 43% and 49% respectively, relative to

controls.

The effects of dietary CPFA on serum phosphatidyl choline are

presented in table 9. A positional analysis was performed on

phosphatidyl choline because the C-2 fatty acid residues are a major

source of unsaturated fatty acid residues in serum cholesterol esters.

Thus a significant alteration in the C-2 fatty acid profile by CPFA

could directly perturb normal cholesterol metabolism.

Polyenes comprise nearly 70% of C-2 fatty acids, primarily 18:2

and 20:4. Therefore A
9
-monodesaturase inhibition by CPFA does not

significantly alter the content of saturated or monounsaturated C-2

fatty acyl residues in serum phosphatidyl choline. In contrast,

saturated fatty acids comprise about 70% of the C-1 fatty acids and

desaturase inhibition is prominent at this position. There is a
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significant increase in total saturates (46%) and decrease in monoenes

(44%) relative to controls.

There is a consistent pattern of increased 18:2 and decreased

20:4 in the total and fractionated lipids of CPFA fed mice. This

trend is statistically significant in the cholesterol ester and

phosphatidyl choline C-2 fractions.
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DISCUSSION

In a preliminary study (data not shown) mice fed 0.2% CPFA for

30 days exhibited serum cholesterol levels 33% higher than controls.

Following i.p. injection with 14C-acetate there was no measurable

difference in the amount of label incorporated into liver cholesterol

over time, indicating that dietary CPFA did not accelerate cholesterol

synthesis by channeling acetate units into (3-hydroxy-(3-methylglutaryl-

CoA, the precursor of sterols. The results of the present study

establish instead that CPFA exert their hypercholesteremic effect, at

least in part, by increasing the net blood clearance time of the

labeled exogenous sterol. However, no measurable alteration of

absorption, distribution or elimination processes was noted to ex-

plain this effect. Cholesterol is eliminated largely through

oxidation of the C-27 sterol to C-24 bile acids by hepatic NADPH-

cytochrome c reductase and cytochrome P-450 associated microsomal

hydroxylations (Sabine, 1977; Danielsson, 1973); however, the CPFA

treated animals exhibited no alteration of mixed function oxidase

activities to indicate impaired oxidative metabolism of cholesterol

(table 5). Nevertheless, it would be instructive to compare the

cholesterol metabolite profile in serum from control and CPFA-fed

mice, since it is not possible to propose or exclude any potential

mechanisms of hypercholesteremia solely on the basis of altered

elimination kinetics of undifferentiated [
3
H]-sterol and in vitro

enzyme activities.

Olathe et al. (1972) and Ogura et al. (1971) showed that free

liver cholesterol is the required precursor for bile acid formation.
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Most serum cholesterol is esterified to unsaturated fatty acids and

must be hydrolysed to the free sterol in the liver before it is

excreted in the bile. Deykin and Goodman (1962) have demonstrated

that in rats cholesterol esters are hydrolysed to free cholesterol

by a cytosolic cholesterol hydrolase of liver parenchymal cells. The

order of hydrolytic activity is: linoleate = oleate > acetate >

palmitate > stearate. The maximal velocities of hydrolysis for

cholesteryl oleate and linoleate were 4.6 times that for cholesteryl

palmitate; there was only slight hydrolysis of cholesteryl stearate.

The rates of hydrolytic activity observed in vitro are generally of

similar magnitude to the rate of net hydrolysis of chylomicron

cholesterol ester observed by Goodman (1962) in vivo.

The CPFA diet produced a net increase in saturated cholesterol

esters with corresponding decreases in monounsaturated esters and in

the P/S ratio of the cholesterol ester fraction. This increase in

the ratio of saturated to unsaturated serum cholesterol esters may

impede net cholesterol clearance by inhibiting cholesterol ester

hydrolase with excessive amounts of slow reacting saturated sub-

strates, thus inhibiting production of free liver cholesterol for

biliary elimination. As noted previously from table 8, 18:2 and

20:4 are the major fatty acid residues of mouse serum cholesterol

esters. The CPFA diet produced a large increase in 18:2 at the

expense of 20:4. It is surprising that CPFA should exert such a

pronounced influence on the tissue concentrations of polyenes.

Linoleic, 18:2 is an essential fatty acid, its only source is dietary.

Arachidonic acid, 20:4 is synthesized from 18:2 when the dietary source



38

of 20:4 is limiting. The data are thus consistent with an inhibited

synthesis of 20:4 from 18:2 producing a build-up of precursor and

deficiency of the product. If 20:4 is more rapidly hydrolysed by

cholesterol ester hydrolase than 18:2, then the decrease in the ratio

of 20:4 to 18:2 may as well impair cholesterol clearance with excessive

amounts of slowly hydrolyzed substrate.

The lecithin:cholesterol acyltransferase or LCAT reaction is

another key process in serum cholesterol metabolism that could be in-

directly effected by desaturase inhibition of CPFA. The LCAT enzyme

catalyzes transfer of an acyl group from the C-2 position of lecithin

to the 3-0H of cholesterol. The physiological substrate of LCAT is

high density lipoprotein (HDL) which collects free cholesterol from

peripheral tissues and transports it to the liver as cholesterol ester

(through associated LCAT activity) for subsequent catabolism and

elimination. Glomset (1968, 1979) and Stefanovich (1969) suggest that

LCAT activity and specificity are the major determinants of the

proper plasma cholesterol ester profiles for different species. The

rate of acyl group transfer depends on the type of fatty acid in the

C-2 position and on the fluidity of acyl chains of phospholipid sub-

strate. Takatori et al. (1976) have shown in rats that essential

fatty acid deficiency alters the profile of fatty acyl residues of

serum lecithin and that LCAT activity and the plasma cholesterol

ester profile is altered in 18:2 deficient animals, ostensibly due to

alteration of acyl composition of the HDL lecithin substrate. Sgoutas

(1972) has shown in vitro that the rate of fatty acyl group transfer

by rat plasma LCAT is 20:4 > 18:2 > 18:1, and transfer of saturated
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fatty acids is very slow. Therefore, hypersaturation of the C-2 fatty

acid residues in CPFA animals might have been expected to inhibit LCAT

activity. However, no significant increase in saturated or decrease

in monounsaturated C-2 fatty acid residues is observed in the serum

phosphatidylcholine of CPFA fed mice.

Soutar et al. (1974) showed that transition temperatures of

aqueous dispersions of phosphatidyl choline are dependent on both

chain length and degree of unsaturation of fatty acyl groups. The

activation energy for transacylation catalyzed by LCAT is greater

below the transition temperature of the phospholipid and LCAT activity

is abruptly accelerated at temperatures corresponding to the phase

transition of the particular phosphatidyl choline in the vessicle sub-

strate. Soutar et al. (1975) subsequently reported that human plasma

apolipoprotein apoA-1 and apoC-1 are potent activators of human LCAT,

but potency was greatly diminshed for apoA-1 with saturated PC sub-

strates and neither apoA-1 nor apoC-1 activated LCAT below the

transition temperature of the substrate.

As noted in table 9, CPFA diet greatly increased total saturation

of the C-1 fatty acid residues in the phosphatidyl choline of mouse

serum. It is thus possible that hypersaturation of serum phosphatidyl

choline by CPFA could sufficiently decrease fluidity of the phospho-

lipid substrate (i.e. increase transition temperature) to inhibit

the basal LCAT activity and normal apolipoprotein activation in vivo.

Deficient LCAT activity can produce hyperlipidemia and elevated

serum levels of free cholesterol (Glomset, 1968; Glomset et al., 1970).

These signs were observed by Ferguson et al. (1974) in the CPFA fed
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rabbit, as well as Swiss-Webster mice in this study (table 5). We

have initiated a study to evaluate the effects of dietary CPFA on

serum LCAT activity in mice to determine if alterations in the fatty

acyl composition of serum lipoprotein substrates alter the fatty acyl

composition of nascent cholesterol esters in vitro.
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Table 1. Composition of Mouse Dry Diet.

Ingredient Percent of
Dry Dieta

Dry Premix
Cornstarch 30.91
Dextrin 34.41
Soy Protein 20.00
Cellulose 2.50
Methionine 0.05
CaCO3 2.20
Ca(H2PO4)Z.H20 2.00
Mineral Mixb 0.73

Vitamin Mixc 2.20

Lipidd 5.00

a
Dry diet contains 3.86 kcal/kg.

b
AIN Mineral Mix 76.

c
USBC Total Vitamin Supplement.

°Corn oil.
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Table 2. Fatty Acid Composition of Mouse Diets.

Fatty Acid Dieta

Control 0.5% CPFA
b

14:0 0.03 0.10
16:0 8.63 13.28
16:1w9 0.22 0.33
18:0 2.52 2.5Q
18:1w9 28.38 23.22
18:2w6 54.87 46.75
18:3w3 1.30 0.51

CPFA 0 10.49

18:0/18:1 0.09 0.11

Saturatesc 11.18 15.88

Monoenes d 28.60 23.55

Polyenese 56.17 48.65

a
Data expressed as percent of total fatty acid content; diet
contains 5.0% lipid by wt.; control = corn oil; CPFA's =
cyclopropenoid fatty acids.

b
Percent of CPFA's in dry diet.

c
Sum of 14:0, 16:Q, and 18:Q.

d
Sum of 16:1w9 and 18:1w9.

e
Sum of 18:2w6 and 18:3w3.
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Table 3. Physiological Effects of Six Weeks 0.5% Dietary
CPFA in Swiss-Webster Micea.

Item Diet

Control 0.5% CPFA

Initial body weight (g) 24.4±0.5 23.7±1.8

Final body weight (g) 42.0±1.0 37.3±1.8
b

Liver/body weight (%) 3.65±0.16 4.21±0.17
b

Spleen/body weight (%) 0.27±0.04 0.32±0.04

a
Data are means ± standard deviation.

bSignificantly different from control (P<0.05, d.f. = 10).
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Table 4. Effects of Six Weeks of 0.5% Dietary CPFA's on the Mouse
Hepatic Mixed Function Oxidase System.

Item Dietary Groupa

Control CPFA-2
b

Microsomal Protein (mg/g liver) 9.440.41 8.87±0.27

Cytochrome P-450 (nmol/mg) 0.496±0.133 0.659±0.264

Cytochrome b5 (nmol/mg) 0.204±0.076 0.269±0.016

NADPH-cytochrome c reductase
(nmol/mg/min)

0.960±0.035 1.395±0.177c

Ethoxycoumarin-O-deethylase
(nmol/mg/min)

0.017±0.003 0.016±0.001

Ethoxyresorufin-O-deethylase
(nmol/mg/min)

0.004±0.001 0.003±0.001

Benzphetamine-N-demethylase
(nmol/mg/min)

0.43±0.28 0.19±0.04

a
Values are means ± 1 SD.

b
CPFA = cyclopropenoid fatty acid's.

cSignificantly different (Pc0.05) from control.
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Table 5. Effect of 0.5% Dietary CPFA on Cholesterol and
Phospholipid of Mouse Serum.

Item Diet

Control CPFA

Serum Phospholipid 120.2±20.9 160.8±11.8a
Pi/ml)

Total Serum Cholesterol 181±28 265±26
b

Ong %)

Relative Serum Cholesterol 21.2±1.4 22.5±1.5
(vg/pgPi)

Free/Total Cholesterol 0.22±0.07 0.32±0.04c

aSignificant difference between means (P_0.05, d.f. = 8).

b
d.f. = 18.

c
P<0.05, d.f. = 6.



Table 6. Pharmacokinetic Constants for Blood Clearance of [3111-Cholesterol

from a Two Compartment Open Model with First-order Input in Control
and CPFA Fed Mice.

Ka(days
-1

) AUC
a

0(days-1) ei(days-1) B A C t1/2(days)

CPFA C CPFA C CPFA C CPFA C CPFA C CPFA C CPFA C CPFA C

1.887 1.975 22.06 17.11 0.590 0.544 0.050 0.054 4.362 3.563 0.934 0.747 -5.301 -4.224 1.389 1.287

s 0.398 0.311 2.06 2.44 0.246 0.068 0.012 0.011 1.656 0.527 0.298 0.366 1.88 0.524 0.662 0.154

aHighly significant difference (M.01, df = 8) between the means.
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Table 7. Effect of 0.5% CPFA on Fatty Acid Composition
of Unfractionated Mouse Serum Lipid

Fatty Acida
% Composition

Control CPFA

16:0 15.26 20.01 6

16:1w9 2.95 ND
f

18:0 8.35 11.81
b

18:1w9 12.07 8.03 6

18:2w6 22.29 28.43c

18:3w6 1.35 1.00c

20:4w6 15.34 13.52

Saturates
d

23.61 31.82
b

Monoenes 15.02 8.03
b

Polyenese 47.64 48.07

Polyenes/saturates 2.02 1.51
b

18:1w9/18:0 1.50 0.68
b

a
Fatty acid content expressed as percent of total.

bHighly significant difference (P.`.0.01; df = 9).

cSignificantly different (13'0.05; df = 9).

d
Sum of 16:0 + 18:0.

e
Sum of 18:2 + 18:3 + 20:4 + 22:4 + 22:5 + 22:6.

f
Not detected.



48

Table 8. Effect of 0.5% CPFA on Fatty Acid Composition
of Non-Polar Mouse Serum Lipids

Fatty Acida % Composition

Cholesterol Esters Triglycerides
Control CPFA Control CPFA

16:0 6.36 12.185 13.05 25.22
b

16:1 3.94 ND
f

3.99 ND
f

18:0 3.89 5.19 1.92 7.92 5

18:1 11.19 8.58 17.56 16.46

18:2 25.94 36.75c 23.44 30.01

18:3 3.47 5.12 2.24 1.70

20:1 4.90 6.07 7.56 4.53

20:4 31.18 21.99c 5.08 3.07c

Saturates
d

10.25 17.37c 14.97 33.14
b

Monoenes 20.03 14.65
b

29.11 20.99
b

Polyenese 69.08 67.94 38.26 37.33

Polyenes/saturates 7.37 4.22c 2.19 1.115

18:1w9/18:0 3.41 1.73 9.62 2.115

a
Fatty acid content expressed as percent of total.

b
Highly significant difference (P<0.01; df = 6).

c
Significantly different (PaL05; df = 6).

d
Sum of 16:0 + 18:0.

e
Sum of 18:2 + 18:3 + 20:4 + 22:4 + 22:5 + 22:6.

f
Not detected.
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Table 9. Effect of 0.5% CPFA on Cl and C2 Fatty Acid Residues
of Phosphatidyl Choline

Fatty Acida
% Composition

C2 Cl

Control CPFA Control CPFA

16:0 10.96 9.87 43.18 52.39

16:1 ND
f

ND ND ND

18:0 5.88 5.48 27.73 36.27c

18:1 9.48 7.00c 9.78 4.09
6

18:2 31.50 40.56
6

4.66 4.71

18:3 ND ND ND ND

20:1 4.86 4.36 5.45 4.66

20:4 26.53 20.44c ND ND

22:4 5.06 4.57 ND ND

22:6 6.24 3.47
b

ND ND

Saturates
d

16.84 15.35 70.91 88.66c

Monoenes 14.34 11.37 15.23 8.75
b

Polyenese 69.38 68.93 4.66 4.71

18:1w9/18:0 1.62 1.29 0.36 0.12

a
Fatty acid content expressed as percent of total.

b
Highly significant difference (P0.01; df = 5).

c
Significant difference (Pf.0.05; df = 5).

d
Sum of 16:0 + 18:0.

e
Sum of 18:2 + 20:4 + 22:4 + 22:6.

f
Not detected.
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FIG. 1. Blood clearance curves for ig [
3
H]-cholesterol in control

and CPFA fed mice; 0 and I represent means of observed

values, lines are computer fitted curves.



0
0

CO

C
0)
U6.
0)

a-

5.0

01.

I. 0

0.5 1

0.1

e Control
0 OCPFA

51

0

_13

0
I i I I I I I i 1 i i 1 1

4 8 12 16 20 24

Time (days)

FIG. 1



52

IMPAIRED CLEARANCE, ELIMINATION AND METABOLISM OF PLASMA

CHOLESTEROL ESTERS ASSOCIATED WITH HYPERCHOLESTEREMIA IN

MICE FED CYCLOPROPENOID FATTY ACIDS

submitted by

John P. Matlock and J. E. Nixon

Oregon State University

Environmental Health Sciences Center and

Department of Food Science

Corvallis, Oregon 97331



53

ABSTRACT

Swiss-Webster mice were fed corn oil control diet or 0.7%

cyclopropenoid fatty acid (CPFA) for eight weeks and dosed iv with

an equimolar suspension of [3H]-cholesteryl palmitate and

[
14
C]-cholesteryl palmitoleate. Blood decline of labeled sterol

was biphasic. There were no differences in the in vivo plasma

cholesterol ester metabolism, elimination kinetics or fecal

elimination rate for labeled sterol from [
3
H]-cholesteryl

palmitate or [
14
C]-cholesteryl palmitoleate within treatments.

However, compared to controls, CPFA animals diverted significantly

more labeled sterol into saturated and diunsaturated cholesterol

esters, less into mono- and tetraunsaturated esters and showed

decreased blood clearance and fecal elimination of labeled sterol.

Biliary elimination was not impaired by depressed hepatic

cholesterol esterase activity in CPFA-fed mice.

The fundamental effect of CPFA on serum cholesterol concentra-

tion appears to reside in a severely imbalanced cholesterol ester

profile. Results indicate that CPFA alters normal fatty acid

profile of serum cholesterol esters by proportionally altering the

C-2 fatty acyl composition of serum phospholipid; which is the

substrate for lecithin:cholesterol acyltransferase, the major source

of plasma cholesterol esters.
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INTRODUCTION

Sterculate (2- octyl -1- cyclopropene -1- octanoic acid) and

malvalate (2- octyl -1- cyclopropene -1- heptanoic acid) are the two

major naturally occurring cyclopropenoid fatty acids (CPFA). The

highly strained, reactive cyclopropene ring is an unusual structure

to find among natural products, yet CPFA are significant

constituents (1-2.5%) of seed oils from some 45 plants of the order

malvales, of which the dotton plant (Gossypium hirsutum) is the most

important to Western agriculture and food industries.

CPFA are powerful in vivo inhibitors of the stearoyl-CoA-

A
9
-monodesaturase enzyme complex which synthesizes oleic from

stearic acids (Raju and Reiser, 1964, 1967; Johnson et al., 1967).

Chronic consumption of CPFA causes a rapid increase in the saturated

fatty acids of tissue lipids with a concomitant decrease in

corresponding monoenes. Many pathological effects have been

reported among various species fed dietary CPFA, including growth

depression, impaired reproduction, cancer promotion, altered mixed

function oxidase activities and impaired membrane functions (for

review see Phelps et al., 1965; Greenburg and Harris, 1982).

CPFA are also shown to be hypercholesteremic and atherogenic

agents. Tennet et al. (1959) reported that polyunsaturated fatty

acids are generally hypocholesteremic in the diet of cockerel

chickens, yet cottonseed oil, which is rich in polyunsaturates,

produced much higher plasma cholesterol and a greater degree of

atherosclerosis than predicted. They suggested the presence of a

cholesterogenic agent of unknown identity in cottonseed oil. This
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agent was identified as CPFA by Goodnight and Kemmerer (1967) who

demonstrated a direct relationship between the quantity of dietary

CPFA, and the concentration of plasma cholesterol and severity of

atherosclerosis in chickens. Ferguson (1975) reported that 0.27%

Sterculia foetida oil (55% CPFA) in the diet of male New Zealand

rabbits profoundly increased plasma and liver cholesterol and

elevated the percentage of free as opposed to esterified plasma

cholesterol. Eisele et al. (1982) reported a 40% increase in serum

cholesterol in rabbits fed 0.5% CPFA for 28 days.

We have previously reported severely altered plasma lipid

metabolism, excessively saturated plasma cholesterol esters and

decreased blood clearance of exogenous cholesterol in

hypercholesteremic mice fed 0.6% CPFA for six weeks (Matlock et al,

1984). We suggested that impaired blood clearance of serum

cholesterol in CPFA fed mice may result from decreased hydrolysis of

excessively saturated cholesteryl esters and subsequently impaired

billiary elimination of the free sterol. The work presented here

was conducted to compare in vivo cholesterol ester metabolism of the

sterol derived from a saturated and an unsaturated cholesterol

ester; to determine alterations in the in vivo formation of serum

cholesterol esters in CPFA-fed mice, and to demonstrate the effect

of altered cholesterol ester profiles on blood clearance patterns

and fecal elimination of serum cholesterol in CPFA-fed mice.
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METHODS

Animals and diet. Random bred four week old male Swiss-Webster mice

(14-17 gm) were housed at the Oregon State University Laboratory

Animal Resource Center and supplied with a modified Kirschnarao and

Draper diet (1967) as described by Matlock et al. (1984). The

control diet contained 5% corn oil. In the experimental diet corn

oil was replaced with sufficient Sterculia foetida oil (52% CPFA) to

bring the CPFA content to 0.7% dry weight basis. CPFA content was

determined by derivitization in methanolic AgNO3 followed by GLC

(Schneider et al., 1968).

Preparation of radiolabeled cholesterol esters. [4-
14

C]-

cholesteryl palmitoleate and [7(n)-3H]-cholesteryl palmitate were

prepared from the method of Deykin and Goodman (1962). [4 -14C]-

cholesterol (55.7 m Ci/mmol) and [7(n)-3H]-cholesterol (5 Ci/m

mol) were purchased from Amersham Corp. (Arlington Height, IL).

Cholesterol (>99% pure), and palmitolyl chloride and palmitoyl

chloride were purchased from Nu-Chek Prep. Inc. (Elysian, MN).

One-hundred pCi
[14C]- cholesterol was reacted with 10 pl of

palmitolyl chloride in 0.1 ml dry pyridine (distilled from Ba0).

Sufficient carrier cholesterol was added to 150 pCi of

[3H]-cholesterol to adjust the specific activity to 8.38 X 104

pCi/m mol and reacted with 10 pl of palmitoyl chloride. The starting

mass of cholesterol in both reactions was 1.79 X 10
-3

mmol.

Following purification of the cholesterol esters by thin layer

argentation chromatography (Morris, 1963) the yield of

[14c
]-cholesteryl palmitoleate and [3H]-cholesteryl palmitate
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was 77% and 75% respectively. Radiopurity of both cholesterol

esters was greater than 95% as determined by radio-scans of

argentation thin layer chromatograms. These syntheses were repeated

with unlabeled cholesterol and fatty acid methyl esters were

prepared for analysis by capillary GC on a J&W DB-225 column capable

of resolving cis and trans isomers. The expected fatty acid methyl

ester peak was observed for each ester with unidentified minor peaks

composing less than 5.5% of the product.

Blood cholesterol ester clearance studies. Equimolar amounts of

[3H]-cholesteryl palmitate and [14C]- cholesteryl palmitoleate

were suspended in 0.9% NaCl with Tween 20 (J.T. Baker Chemical Co.,

Phillipsburg, NJ) as described by Ogura and Yamasaki (1971). After

four weeks six mice from the control diet and five mice from the

0.7% CPFA diet were injected through the tail vein with 0.25 ml of

the cholesterol ester suspension. Each dose contained 8.27 pCi

[3H]-cholesteryl palmitate and 4.93 pCi [14C]-cholesteryl

palmitoleate. Eighty pl blood samples were collected from tail

veins for the first five days then 10 pl blood samples were

collected periodically thereafter. The 80 pl blood samples were

extracted with CHC1
3
/Me0H 2:1 as described by Nelson (1975).

Authentic standards of cholesteryl palmitate,-palmitoleate,-

linoleate and -arachidonate were added as carriers to the extract

which was chromatographed by argentation TLC. Plates were scraped

and counted for
3
H and

14
C appearing in each cholesterol ester

in a liquid scintillation counter to follow redistribution of the

labeled cholesterol amoung various serum cholesterol esters and to

quantify the concentration of respective cholesterol esters over
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time. Ten pl blood samples were solubilized and counted to obtain

blood clearance curves for
3
H and

14
C labeled cholesterol.

Semilog blood clearance curves were prepared from each animal and

computer fitted to an equation with the program "AUTOAN-2" (Sedman

and Wagner, 1976) from which kinetic constants were obtained. Fecal

mass was measured periodically and 0.1 g fecal samples were

solubilized and counted to calculate total fecal elimination of
3
H

and
14
C labeled sterols over a period of 12 days in control and

CPFA-fed mice.

Hepatic cholesterol esterase activity. After eight weeks 10 mice

from control and CPFA groups were killed. Serum cholesterol was

measured (Zak et al., 1957). Livers were pooled from each group and

rinsed in ice-cold 0.1 M potassium phosphate buffer, pH 7.4. The

livers were homogenized at ice temperature with 2.5 ml buffer per

gram of liver. Homogenates were centrifuged at 2000 X g for 15

minutes. The hepatic cholesterol esterase activity in these

supernatants was measured as described by Deykin and Goodman (1962)

except that incubations were carried out with 0.57 pCi

[14C]-cholesteryl palmitoleate and 0.97 pCi [3H]-cholesteryl

palmitate substrates (1.08 X 10-5 mmol each) added in 50 pl

acetone. In addition to heat inactivated controls additional

incubations were performed with 0.64 pCi (1.15 X 10
-5

mmole)

[
3
H]-cholesterol to correct for simultaneous reesterification by

acyl coenzyme A:cholesterol acyltransferase (ACAT) activity. Five

ml volumes of the organic phase from each incubation were reduced to

dryness under N2, mixed with carrier cholesterol, cholesteryl

palmitate and cholesteryl palmitoleate then chromatographed by
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argentation TLC. Bands for free cholesterol and both esters were

recovered,
3
H and

14
C were counted in each and the percent

hydrolysis was determined.

Plasma Lecithin:Cholesterol acyltransferase (LCAT) activity. Plasma

LCAT activity was measured as described by Portman and Sugano

(1963). LCAT inactivated [3H]-cholesterol containing substrate

was prepared by incubating plasma from control and CPFA-fed animals

at 60°C for 30 minutes, followed by addition of 4 1.1Ci [7.18 X 10-5

mmol] [
3
H]-cholesterol in 50 ul acetone per two ml incubation

volume of plasma substrate. Volumes of 150 0 fresh [LCAT active]

plasma to be tested for LCAT activity were added to 2.0 ml of the

[
3
H]-cholesterol plasma substrate in 25 ml erlenmeyer flasks.

Incubations were carried out at 37°C for two hours with shaking.

Reactions were killed with addition of 5 ml ice cold methanol, then

transferred to 50 ml volumetric flasks and adjusted. to the mark with

CHC13 /MeOH 2:1. Two ml of the water washed filtrate (equivalent

to 0.08 ml plasma) was reduced to dryness mixed with authentic

cholesterol ester standards and the various [
3
H]-cholesterol ester

LCAT reaction products were isolated by argentation TLC and

quantitated as described above.

High density lipoprotein fatty acid analysis. High density

lipoproteins were prepared by precipitation with phosphotungstate

and magnesium ions (Warnick and Albers, 1978), (HDL precipitating

reagent, Sigma Chemical Co., St Louis, MO). The HDL suspension was

extracted and fatty acid methyl esters prepared from sodium

methanoate were analyzed by capillary GC on a J&W DB-225 column [50%

cyanopropylmethyl-(50%)-methylphenylpolysiloxane], 0.25 mm id, 0.25 p
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film, 30 M length. Injection temperature was 80°C with initial time

of 2 minutes and temperature program of 180-210°C at 2°C/minute.
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RESULTS

Dietary fatty acid profile. Table 10 shows that substitution of S.

foetida oil from corn oil in the CPFA diet produces minor alteration

of the fatty acid composition relative to the control diet. There

is a significant decrease in essential 18:2 and total polyenes in

the CPFA diet. However, both diets were rich in polyunsaturated

fatty acid and there was no essential fatty acid deficiency in the

CPFA diet which would have produced any adverse physiological

effects, as cholesteremia, apart from CPFA in the experimental diet.

Cholesterol ester metabolism. Figures 2 and 3 illustrate the

gradual redistribution of labelled sterol from iv injected

[3H]-cholesteryl palmitate and [14C]-cholesteryl palmitoleate

among the various cholesterol esters over a five day period. At day

one, the labeled sterol from both esters has already been

extensively reesterified to polyunsaturated fatty acids. The

disposition of label was still changing at day two (not shown), and

the cholesterol ester profile did not appear to achieve

physiological equilibrium before day five.

Comparison of figures 2 and 3 reveals that within treatments

the distributions of cholesterol from [
3
H]-cholesteryl palmitate

and [
14
C]-cholesteryl palmitoleate are very nearly identical among

the various cholesterol esters. However, between treatments the

distribution of cholesterol from both esters is clearly altered from

controls in the CPFA-pretreated animals. The CPFA-fed animals

incorporate significantly less labeled cholesterol into mono- and
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tetraunsaturated cholesterol esters and more into saturated and

diunsaturated cholesterol esters.

Blood clearance kinetics. Figures 4 and 5 illustrate the blood

clearance kinetics of sterol administered intravascularly as

[3H]-cholesteryl palmitate and [14C]-cholesteryl palmitoleate in

CPFA and control animals. Blood clearance is biphasic and best

described as a biexponential equation of the form:

C = Ae -act + Be -3.t

where C is blood concentration at time t, and a and 8 are the first

order rate constants for distribution and elimination, respectively.

The mean numerical values for these terms are presented in Table 11.

Comparing the cholesterol clearance curves from [
3
H]-cholesterol

palmitate with those from [14C]-cholesteryl palmitoleate, it is

evident that both esters produce very similar clearance patterns

within the control or CPFA groups. Note from table 11 that the

elimination rate constants (8) and AUC for both
3
H and

14
C

labels are also similar within each treatment. Figures 4 and 5 show

that elimination of both labeled sterols is impaired in the CPFA

group. The mean elimination rate constants are also significantly

lower in the CPFA group than in the control group. The mean AUC is

also higher in the CPFA group but, due to the large variences within

groups, these differences did not test significant.

Fecal elimination of sterol. Fecal elimination of labeled sterols

was measured for both groups and results are summarized in table 12.

There was too much variability within groups to measure significant

differences in the daily excretion of
14
C or

3
H labeled sterol

with fecal elimination-time curves. Nonetheless, table 12 shows
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that when total label excreted in the feces at each time point was

summed over the 12 day elimination study, the control group excreted

significantly more of the labeled sterols from both

[3H]-cholesteryl palmitate and [14C]-cholesteryl palmitoleate

than did the CPFA group. There is no significant difference in the

total amount of either [
3
H]-sterol or [

14
C]-sterol excreted

within groups. These results are consistent with blood elimination

patterns in figures 4 and 5 and demonstrate that there is no

preference for fecal elimination of cholesterol derived from either

cholesteryl palmitate or cholesteryl palmitoleate within groups.

However, the elimination of sterol from both esters is impaired in

the CPFA-fed animals.

Enzyme assays. Figure 6 shows that hepatic cholesterol ester

hydrolase activity is significantly increased in the CPFA-fed

animals and that cholesteryl palmitate is more rapidly hydrolyzed

than cholesteryl palmitoleate in both control and CPFA groups.

There is only slight non-enzymatic hydrolysis of cholesterol esters

as measured in heat inactivated controls. Concurrent

reesterification of free cholesterol by endogenous hepatic acetyl

CoA:cholesterol acyl transferase (ACAT) activity (data not shown)

was determined at only 0.56± 0.25% esterification of free

cholesterol (n = 2) in ACAT control incubations.

Attempts to compare in vitro LCAT activity and production rates

of specific cholesterol esters in plasma from control and CPFA

animals were unsuccessful using the radioassay of Portman and Sugano

(1963). Although LCAT activity was observed in fresh plasma, only

very low and inconsistent activities were found following



64

incubations of active plasma with heat inactivated

[
3
H]-cholesterol containing substrate. The problem was not solved

by addition of larger volumes of active plasma. Possibly the heat

treatment used by Portman and Sugano (60°C, 30 min.) to deactivate

human LCAT is too destructive of lipoprotein substrates in mouse

serum, and assay conditions could be optimized by with milder

time/temperature treatments.

HDL fatty acid profile. Table 13 shows the occurrence of a

characteristic desaturase effect in high density lipoproteins (HDL)

of CPFA-fed mice. A slight but significant increase in total

saturates with decreased 18:1 content is apparent. However, the

major lipid constituents of HDL, 18:2 and 20:4, are most prominently

altered by CPFA treatment. Linoleic acid (18:2) is increased by 39%

while arachidonate (20:4) is decreased proportionally by 37%

relative to controls.
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DISCUSSION

Conclusions from this study are premised on the assumption that

cholesterol esters administered intravascularly as a particulate

suspension are metabolised similarly to the endogenous cholesterol

esters of serum lipoproteins. Nilsson and Zilversmit (1972) have

shown in rats that both forms of radiolabeled serum cholesterol are

rapidly cleared through phagocytosis by liver macrophages and

subsequently released from these cells into blood and bile. Biliary

elimination is the major excretory pathway for cholesterol injected

as lipoprotein or particulate preparations, and blood clearance

kinetics were also shown to be independent of the physical form in

which cholesterol is administered. Injection of detergent

stabilized cholesterol emulsions would thus appear to be a

physiologically valid method for the study of serum cholesterol

ester metabolism.

We have previously reported a highly significant increase in

serum cholesteryl palmitate (about 90%) with near total depletion of

a monounsaturated cholesteryl palmitoleate in CPFA-fed mice (Matlock

et al., 1984). We hypothesized that if saturated cholesterol esters

cleared more slowly than unsaturated, then CPFA induced

hypercholesteremia may result as a consequence of excessively

saturated plasma cholesterol ester. Results of the in vivo

cholesterol ester equilibration study (figures 2, 3) and kinetic

analysis (figures 4, 5; table 11) show that within treatments there

is no difference in either plasma cholesterol ester metabolism or

elimination patterns of sterol derived from the saturated or
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monounsaturated parent compounds. Indeed, most of the labeled

sterol traced in the blood clearance curves had been reesterified to

polyunsaturated cholesterol esters (figures 2, 3). However, between

treatments, CPFA severely alters the redistribution of sterol among

endogenous cholesterol esters. Regardless of respective clearance

rates of the various cholesterol esters, the fundamental effect of

CPFA on serum cholesterol levels appears to reside in an imbalanced

cholesterol ester profile.

Hepatic uptake of cholesterol esters following iv

administration in rats is 89-93% by 60 minutes and is achieved

without appreciable hydrolysis. Slow, steady hydrolysis follows

which is 85-90% complete by 3.5 hours post dosing. Reesterification

in the plasma occurs at a rate relatively much slower than

hydrolysis, but by 24 hours 80-99% of each cholesteryl ester found

there is reesterified (Quarfordt and Goodman, 1967; Nilsson and

Zilversmit, 1972; Redgrave, 1970). Lecithin:cholesterol

acyltransferase (LCAT) is the major physiological source of plasma

cholesterol esters. The activity and specificity of this enzyme are

the major determinants of normal cholesterol ester profiles of

different species (Stefanovich, 1969; Sgoutas, 1972). LCAT

catalyzes the transfer of an acyl group from the C-2 position of

lecithin to the 3-0H of cholesterol (Glomset, 1968; 1979).

Approximately 60% of the C-2 fatty acyl residues of mouse serum

phosphitidyl choline are composed of 18:2 and 20:4. We have

previously reported that in mice fed 0.6% CPFA for six weeks the

18:2 fatty acid residue at the C-2 position was increased by 29%

while 20:4 at this position was decreased by 23%. The increased
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amount of labeled sterol reesterified into diunsaturated cholesterol

esters and the decrease in tetraunsaturated cholesterol esters

observed in vivo indicates that CPFA alter the normal blood

cholesterol ester (fatty acyl) profile by proportionally altering

the C-2 fatty acyl composition of the LCAT phospholipid substrate.

The physiological substrate for LCAT is HDL (Glomset, 1968;

DeLamarte, 1983). CPFA are shown to similarly alter the 18:2 and

20:4 fatty acyl composition of this substrate (table 13). Thus,

despite decreased cholesteryl arachidonate in CPFA-fed mice, a net

increase in serum cholesterol is primarily the result of an over-

production of cholesteryl linoleate, due to blocked arachidonate

synthesis. In this study CPFA-fed mice developed serum cholesterol

levels 47% higher than controls by eight weeks.

The LCAT experiment described in Methods was designed to

determine if altered cholesterol ester profiles could be

demonstrated to occur in the serum of CPFA-fed animals as a result

of an endogenous change in LCAT activity and specificity or as a

result of altered lipoprotein substrates. The approach was to

conduct a series of cross incubations between LCAT active fresh

plasma and LCAT inactive, [3H]-cholesterol containing substrate

plasma from control and CPFA-fed animals. If altered cholesterol

ester profiles are caused by altered lipoprotein substrates (as

expected) then the source of fresh plasma would have no effect on

the cholesterol ester profile or production rates of the various

esters. The results of such an in vitro study would help

substantiate the hypothesis that altered LCAT reaction products in
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CPFA pretreated serum are responsible for altered cholesterol ester

profiles in CPFA-fed animals.

The kinetic data present strong evidence that hyper-

cholesteremia is caused by impaired clearance of blood cholesterol

in CPFA-fed mice. That fecal elimination of labeled sterol was also

inhibited in CPFA-fed mice shows cholesteremia is probably the

result of impaired biliary excretion with gradually increasing

cholesterol body burden, as opposed to simple recompartmentalization

of body choleiterol from other tissues into plasma.

Cholesterol esters must be hydrolyzed to free cholesterol

before subsequent catabolism to bile acids and biliary elimination

(Matle et al., 1972; Oguara et al., 1971). This hydrolysis is

catalyzed by the cytosolic cholesterol ester hydrolase of

hepatocytes. Unsaturated cholesterol esters are reported to be

hydrolyzed faster than saturated esters (Deykin and Goodman, 1962).

In this study in vivo cholesterol hydrolase activity was increased

in CPFA-fed animals, and the saturated substrate was hydrolyzed

faster than the monounsaturated substrate. Thus, there is no

evidence that reduced fecal elimination of sterol in CPFA-fed

animals is caused by an inhibited cholesterol hydrolase activity or

by an increased serum ratio of cholesteryl palmitate to cholesteryl

palmitoleate as previously suggested (Matlock et al., 1984).

Aside from the primary concern that unmoderated consumption of

CPFA may contribute to atherogenic disease, information from this

work may yield useful insight into the fundamental mechanism by

which specific serum lipids can enhance or induce atherosclerosis,

and perhaps contribute to understanding the processes leading to
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atherosclerosis. Extension of the work in this area may validate

CPFA as a model system for the study of hyperlipidemic and

atherosclerotic disease.
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Table 10. Fatty Acid Composition of Mouse Diets.

Fatty Acid Dieta

Control 0.7% CPFA

14:0 0.16 0.21

16:0 2115 5 14.80
16:1

b
0.30

18:0 2.16 2.65

18:1 22.92 26.48,

18:2 54.90 44.03::

18:3 3.30 1.70'

CPFA 0 15.27

18:0/18:1 0.09 0.10

Saturated 17.49 17.66
Monoenes 22.92 26.68,
Polyenes

f
58.20 45.73'

a
Data expressed as percent total fatty acid content; diet
contains 5.0% lipid by wt; control = corn oil; CPFA =
kcyclopropenoid fatty acid.
'T = Trace

dc

p-<
'

0 05 df = 4
Saturates = Sum of 14:0, 16:0 and 18:0.
fMonoenes = Sum of 16:1w9 and 18:1wd.
Polyenes = Sum of 18:2w6 and 18:3w3.



Table 11. EffeSt of 0.7% CPFA on Kinetic Consnts of Blood Clearance
of [ H]-Cholesteryl Palmitate and [ C]- Cholesteryl

Palmitoleate in Mice.

[3H]-cholesteryl palmitate

Aa Ba a(Days -1)a (Days -1)a AUCb

CPFA Cc CPFA C CPFA C CPFA C CPFA C

74 12.50 7.38 4.00 4.45 3.007 0.805 0.039 0.071f 127.1 73.41

SDe 11.94 1.29 0.63 0.17 3.471 0.080 0.015 0.011 55.23 11.70

[14uj -,_
cholesteryl palmitoleate

T 4.51 9.065f 4.90 4.48 0.579 1.091 0.049 0.077g 109.2 68.10

SD 3.18 1.57 1.89 0.68 0.383 0.21 0.007 0.01 33.8 14.42

a
mean kinetic constants for biexponential equation describing blood
decline of labeled stearol: A, B = Y-intercepts, a= distribution, (3 =

elimination rate constants.belimination
= area under blood clearance curve

dX =
control

- mean
e
SD - standard deviation

f <
p0.05, df=6
gp0.01
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Table 12. Cumulative Fecal Elimination of
3
H and

14
C Labeled

Cholesterol in Control and CPFA-Fed Mice at Twelve Days
Post Dosing.

Percent Applied Dose Appearing in Fecesa

[
3
H]-cholesteryl palmitate [

14
C]-cholesteryl palmitoleate

Control CPFA CONTROL CPFA

36.31±17.76 11.95±5.11
b

27.61±15.94 9.38±3.31
b

a
mean ± standard deviation

b <
p-0.05, df=9
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Table 13. Effect of 0.7% CPFA on Fatty Acid Composition of Mouse High
Density Lipoproteins.

Fatty Acida
% Composition

Control CPFA

14:0 1.59 1 14
16:0 17.79

b
10.35

18:0 11.76 12.43
18:1 5.88 4.39
18:2 29.48 40.93c
20:4 24.90 15.691/4*

18:0/18:1 1.89 2.84c

Saturates
d

30.35 33.47
b

Polyenes/saturate 1.79 1.69

a
Fatty acid content expressed as percent of total.

cb p:).05, df=7
<0

df=7
Sum of 14:0 + 16:0 +18:0

e
Sum of 18:1 + 10:4
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FIG. 2. Redistribution of labeled cholesterol from iv injected

[
3
H]-cholesteryl palmitate among serum cholesteryl

esters in control and CPFA-fed mice over five days.

ap0.05, df=6
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FIG. 3. Redistribution of cholesterol from iv injected

[
14
C]-cholesteryl palmitoleate among serum cholsteryl

esters in control and CPFA-fed mice over five days.

apf-0.05, df=6
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FIG. 4. Blood clearance curves for sterol derived from iv dosed

[
3
H]-cholesteryl palmitate in control and CPFA-fed mice.

Cumulative dose is total DPM counted over 24 days; 0 and

represent means of observed values, lines are computer

fitted curves.
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FIG. 5. Blood clearance curves for sterol derived from iv dosed

[14C]-
cholesterylcholesteryl palmitoleate in control and CPFA-fed

mice. Cumulative dose is total DPM counted over 24 days; 0

and I represent means of observed values, lines are

computer fitted curves.
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FIG. 6. Hepatic cholesterol esterase activity on cholesteryl

palimate and cholesteryl palmitoleate substrates in control

and CPFA pretreated liver homogenates.

df=6
p-0.01, df-6
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