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ABSTRACT
The purpose of this study was to explore the control mechanisms
and consequences of cholesterol induced hypertriglyceridemia,
since, although it has been known that hypercholesterolemia of
rabbits is accompanied by hypertriglyceridemia, the mechanism of
this altered metabolism has not been elucidated.

Hypertriglyceridemia was produced by feeding rabbits a

high cholesterol diet; plasma and tissue lipids were analysed,

hepatic 1lipid synthesis assessed and the lipoprotein lipase
activities in plasma, heart and adipose tissue were measured.
The time course of changes in plasma lipids and the triglyceride
turnovers were studied in hypercholesterolemic and control
rabbits.

The experimental results showed that the increase in
plasma triglyceride in hypercholesterolemic rabbits was not
primarily due to an increase in triglyceride synthesis by the
liver, nor to a decrease in tissue lipoprotein lipase. Triglyceride
synthesis in the livers of hypercholeséerolemic rabbits did not
significantly differ from that of control rabbits. The cardiac
lipoprotein lipase activity of the experimental group was even
higher than that of control when Ediol or normal very low density
I{poprotéin (VLDL) was used as the substrate. The lipoprotein
lipase activity of heart from bothlcontrol and hypercholesterolemic
rabbits was significantly decreased when a large amount of free

cholesterol was present in the Ediol or VLDL. The intact rabbit,
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with a high plasma concentration of cholesterol, showed a decreased
hydrolysis of plasma triglyceride by the post~heparin lipoprotein
lipase. -
. Thus, it was proposed that the free cholesterol causes

a decrease in hydrolysis and hence uptake of the plasma triglyceride.
This is enzyme inhibition of a competitive nature and eventually
produces hypertriglyceridemia in these rabbits. i

The cause of the increase in heart lipoprotein lipase
activity in hypercholesterolemic rabbits is probably due to an
adaptive change in response to a decreased triglyceride uptake
by the heart. The latter is a result of inhibition of lipoprotein
lipase by plasma cholesterol. Since lipoprotein lipase is believed
to be indispensable for triglyceride uptake by extrahepatic
tissues, a depression in its activity, through unknown mechanisms,'
induces new synthesis of the enzyme to maintain energy balance,

Both cardiac and hepatic mitochondria accumulated a large
quantity of cholesterol and its esters .within a few months of
giving a high-cholesterol diet, while the phospholipid and
triglyceride content of all the sﬁbcellular elements of the heart
and liver cells were not affected by the high concentration of
these lipids in the plasma. The selective uptake and interference
of the efflux of cholesterol from the cell to the plasma may be

responsible for the observed increase in cholesterol and its

esters in mitochondria.
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The intergelationship between cholesterol and triglyceride
in plasma and tissues may be explained as follgws: in the intra-
vascular space and in blood~tissue interspaces, cholesterol
inhibits lipoprotein lipase activities and this results in
hypertriglyceridemia., In tissues, cholesterol does not induce
triglyceride accumulation. Thus, this finding implies that
triglyceride accumulation in the plasma of these rabbits does

not aggravate the cholesterol-induced atherosclerotic process,

Furthermore, an inhibitory effect on lipoprotein lipase may be
found in any conditions where the lipoprotein species contain

a large proportion of cholesterol.
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CHAPTER I

INTRUDUCTION

Lipids are one of the major constituents of animal cells,
accounti&g for 7 to 32 per cent of the dry weight of the sub~
cellular elements, They are important in the formation of
cellular membrane structures, energy supply and storage and in
the formation of steroid hormones, The differént 61?§§e$ of
lipids such as glycerides, phospholipids, cholesterol and its
esters are complexed together in the perforAance of these functions,
and their metabolism is closely interrelated. Bloom (1950),
Chaikoff (1952) and Bragdon (1956) and their associates found
that the dietary lipids enter the circulation in combigation as
a stable particle - the chylomicron. The protein and the
phospholipid of the chylomicron play an important part in
stabilizing the various lipids in the particle (Wilkens et al.,
1963). Thg transportation of lipids from the liver to other
tissues takes place by means of combining all the lipids and
small amounts of protein to yield lipid~protein complexes, the
lipoproteins. Korn and Quigley (1957) showed that it is the
plasma lipoprotein, not individual plasma lipid, that is
metaboiized by the lipoprotein lipase.

A change in the metabolism of one of the lipids generally

accompanies that of other lipids due to the close interrelation




between lipids. Carroll (1953, 1956 and 1960A) found that the
feeding of long~chain mono-unsaturated fatty acids to rats will |
increase the concentration of cholesterol in the adrenals and
livér, and will promote the excretion of fecal cholesterol in the
absence of dietary sterol, Haines and Mookerjea (1965) found that
a defective ability to synthesize phospholipid may result in a
reduced ability to form very low~density lipoprotein and hence
triglyceride accumulates in the liver.

On the other hand, there are a number of clinical entities
which accompany hypercholesterolemia, hypertriglyceridemia and
hyperphosphatidemia (Fredrickson et al,, 1967; Pomeranze et al,,
1954 and Porte et.al., 1966)., Is the abnormal lipid metabolism
found in these diseases interrelated i,e., does an increase in
one of these 1ipids cause an increase in others? If so, by what
mechanism? May it be due to the stimulation of intestinal absorp-
tion, hepatic synthesis of lipids or due to interference with trans-
portation or utilization of these lipids? Is lipid disposal at
fault, or is there a defect in enzymes which catalyse its utili-
zation? Hypercholesterolemia is one of the major factors in the
development of atherosclerosis (Keys, 1963; Stamler, 1963). If
this is so, then what is the effect of the associated hypertri=
glyceridemia and hyperphosphatidemia on atherosclerotic processes
or lipid deposition in tissues?

It is therefore essential to study the patho-physiology




of bodily lipid metabolism as a mutually interacting group of
substances rather than a single entity. Such interrelated
metabolic changes have been produced in a variety of animals,
For\example, when rabbits are fed a diet containing a high
cholesterol content, not only does the plasma concentration of
cholesterol increase, but an increase in plasma phospholipid
and triglyceride levels also occurs (Weinhouse and Hirsch; 1940;
Wang et al.; 1954; Horlick and Duff, 1954; Kritchevsky et al.,
1954 and Silver et al., 1965). Animal experiments are well
suited for studying such an interrelationship of lipids. Animals
can be fed with one kind of lipid and then the synthesis, trans-
portation and utilization of other lipids can be examined. At
the same time the mechanisms and secondary effects of any changes
can be effectiﬁely studied.

Before describing the experiments, it seems justifiable
to review both the background information and the achievements
of previous research, particularly these aspects which deal with
the interrelationship of lipids, in order to bring this study
into proper perspective, _

A. HISTORICAL REVIEW
1. EARLY HISTORY

As early as 1908; Ignatowski (1908 and 1909) and Saltykow

(1908) found that rabbits develop gtherosclerotic lesions when

fed on meat, milk and eggs. Hueck (1913), but especially

JI




Anitschow and Chalatow (1913) showed conclusively that the
atherosclerosis was due, not to protein, but t; the cholesterol
which was ingested,
2. THE DISCOVERY OF LIPOPROTEIN AND ITS IMPORTANCE

Macheboeuf (1929) first described a lipoprotein of constant

composition from horse serum. The importance of the interrelation-

ships between various lipids, such as phospholipids, triglycerides,

cholesterol and its esters in plasma, became evident at this time.
Amphiphilic phospholipid can be bound to nonpolar 1lipids such as
triglyceride and cholesterol and at the same time the polar region
of its molecules can further combine with protein, producing a
water-soluble complex. This is an important process for the trans-
portation of lipids in the blood., Recknagel and Ghoshal (1966) showed
elegantly this interaction in their experiments; they produced'damage
in the endpplasmic reticulum of the liver cell by CCl4 which
promotes peroxidation of the lipids of this membranous structure.
This was followed by a defect in the ability of the endoplasmic
reticulum to synthesize the protein moieties of lipoprotein, resulting
in a greatly impaired transportation of lipids in the form of
lipoprotein.

Green et al, (1966) showed that most biological membranes,
which sugdivide the mammalian organism into funcFional compartments

and thus regulate the translocation of chemical substances between

compartments, are composed of lipoprotein subunits. Kates et al.




(1961) found that a defect of phospholipid metabolism in the red
cell membrane may cause spherocytosis, They found a partial
block in the enzymic system for conversion of lysophosphatidyl

ethanolamine to phosphatidyl ethanolamine in the red cell

membrane of the patients with hereditary spherocytosis. Wolken
; (1966) showed that photoreception is also dependent on the lipo~

protein structure of the retinal rod and cone cells,

3. THE RELATIONSHIPS BETWEEN FAT, FATTY ACIDS AND .
CHOLESTEROL METABOLISM
From controlled dietary experiments on man, Keys (1964)
concluded that dieta%y saturated fatty acids cause a rise in
blood cholesterol level and that polyunsaturated fatty acids have
a considerably less effecf in the opposite direction. Dietary
cholesterol has some effect on the blood cholesterol level of
man, though this is much less than in some animal species,
Epidemiological studies showed that the risk of developing
atherosclerosis is directly related to the concentration of
cholesterol in the serum (Keys, 1963; Stamler, 1963), These
findings agree well with the results of the study of Groen (1968)
about the epidemiology of atherosclerosis. He found that the type
of nutrition which produces the obesity appears to be of importance,
If the oBesity is due to overconsumption of saturated fat and sugar, it is
generally accompanied by hypercholesterolemia and thereby with an

increased risk of atherosclerosis, In contrast, when the obesity




is the result of the ové;:eating of bread, peas and beans, as in
the Middle East, it is accompanied by a low serum cholesterol and
it qarries no extra risk for the development of coronary heart
disease,

The mechanisms of the fat of fatty acid induced metabolic
change in cholesterol have been studied in animal experiments,
Swell et al. .(1955B) found that addition of fat or fattyracids
to the diet usually increases cholesterol absorption by stimulating
the flow of bile and by providing fatty acid for cholesterol
esterification during absorption., Hofmann et al. (1962) showed
that fat increases cholesterol absorption by improving micellar
solubilization of cholesterol., Carroll studied the effects of
dietary fat on both acetate incorporation into rat liver choles-
terol and the piasma cholesterol level of rabbits, He demonstra=
ted that feeding fats in a commercial diet rather than semisynthe~
tic diet, or addition of erucic acid or nervonic acid enhanced
acetate incorporation into rat~liver cholesterol (Carroll, 1960B;
1962). On the other hand, addition of casein into butter or corn
oil-containing diet depressed acetate incorporation into cholesterol
(Carroll, 1967). He found further that rabbit plasma cholesterol
was more elevated on butter diets than on corn oil diets, Further
elevation of plasma cholesterol was observed when casein was added
to the butter diet but not when it was added to the corn oil diet

(Carroll, 1967), These findings by Carroll strongly suggest that




a diet containing little cholesterol can dramatically influence

% cholesterol metabolism, )

4. THE MECHANISMS OF PHOSPHOLIPID INDUCED HYPERCHOLESTEROLEMIA
Friedman et al, (1965) found that the infusion of phos-~

pho}ipids could induce a hypercholesterolemia., Almost all phos-

pholipids, when infused in animals at a sufficiently rapid rate to

induce a sustained high plasma level, 1led to hypercholesterolemia,
This phospholipid induced hypercholesterolemia is not dependent
upon a primary change in the rate of cholesterol synthesis,
catabolism, intestinal absorption or excretion of cholesterol,
Byers and Friedman (1969) recently gave additional evidence by
applying continuous inquion of lecithin into the rats which were
in the isotopic steady st;te with respect to clé4 ~cholesterol,

They found that plasma accumulation of cholesterol during lecithin
infusion derived from both cholesterol pre-existing prior to
infusion énd from that newly synthesized after the start of
infusion, and that about one third of this cholesterol of mixed
origins was supplied from the liver, However, there was no increase
in the rate of cholesterol synthesis in the lecithin-infused rats.
This new study confirms the hypothesis of Friedman et al, (1965) that
the increase in plasma cholesterol is caused by the phospholipid
which chénges the partition of cholesterol between plasma and the
tissue, A portion of the cholesterol normally discharged into

plasma and then later taken up again by the liver and other




tiésues is "sequestrated " in plasma by the physicochemical effect
of excess phospholipid. It is noted that total amount of plasma
cholesterol of normal rabbifs is in order of 50 mg whereas that

in the liver 300 mg. A minute off-balance in the latter could
produce a great change in the plasma cholesterol level.

A lipid suspension derived from intestinal. lymph possesses
the ability to extract cholesterol existing in'soluble-lipoprotein
of hypercholesterolemic serum (Minari and Zilvefsmifi!y96%);' This
fact, too, gives support to the theory proposed by Frieaéan and
his associates,

5. THE MECHANISMS OF CHOLESTEROL INDUCED HYPERPHOSPHATIDEMIA

McCandless and Zilversmit (1956) studied the cholesterol
induced hyperphosphatidemia by feeding rabbits with Purina rabbit
chow to which 1% (w/w) cholesterol in fat had been added. At the
end of 5 months, both control and cholesterol-fed rabbits received
an intravenous injection of 1 mc P32, Six hours later, blood
samples were taken, Plasma concentrations of non-choline-containing
phosphatides, lecithin and sphingomyelin in the experimental
animals were 5, 9 and 12 times the control values respectively,
The net synthesis of each phosphatide per gram of liver was un-
changed in the cholesterol fed animals. The liver, however,
doubled in weight and to this extent the turnover of each fraction
was increased by a factor of two. Occasionally hepatic phospho-~

lipid synthesis in the rabbit was observed to be increased on a




per gram basis also. More significant than the changes in hepatic
phosphatides were those produced in plasma, in which concentration
increments of 5- to 12-fold occurred in the various phosphatides,
with only a. 2-fold decrease in specific activities. These studies
indicate a greatly accelerated rate of supply of newly formed
phospholipids by the liver.

6. INTER-ACTION BETWEEN LIPIDS -

Boyd (1937) demonstrated that phospholipids played an
important part in maintaining the stability of the serum lipid
emulsion, a fact subsequently confirmed by Ahrens and Kunkel
(1949). Wilkens and Krut (1963) added a very small amount of
total serum lipid to a supersaturated cholesterol solution in
triglyceride oil, and found that the serum lipid markedly depressed
the rate of crystallisation of cholesterol. Burns and Rothblat
(1969) found that the excretion of free cholesterol by prelabelled
cultured éells was enhanced by the addition of phospholipids to the
culture medium, ‘ .

Ansell et al. (1964) and Masoro (1968) explained the
relationship between the phospholipids and other lipids on the
basis of the polarity of the lipids, Plasma is an aqueous solu-
tion. Water is a polar compound, i.e. water molecules in the
electric field tend to orient with the hydrogen atoms toward the

negative pole and the oxygen atom toward the positive pole and such
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polar molecules tend to attract each other, Most lipids are
nonpolar compoﬁnds; the regions of marked localization of positive
or negative charge are not_found in these molecules. Nonpolar
compounds are insoluble in water because there is no charge on
the molecule, and therefore no strong attrac-ion for the water
molecule., Also water molecules have a relatively stréng attrac-
tion for each other, which prevents simple mixing or intermingling
of water with nonpolar molecules. Phospholipids are often called
polar lipids. They have a polar region at one end of the molecule
and a nonpolar region at the other and thus can work as a bridge to
connect the nonpolar lipids such as triglyceride and cholesterol
with the polar compounds such as protein and water. This is an
important action for the solubilization and stabilization of the
plasma lipids,
7. LIPOPROTEIN LIPASE AND FAT TRANSPORT

Héhn (1943), while engaged in an investigation of the
mass of circulaéing red cells, discovered that the infusion of
blood,to which heparin had been added‘as an anticoagulant, into
lipomic dogs caused a rapid clearing of the lipemia. Since then the
cleafing reaction has been investigated extensively. Anderson and
Fawcett (1950) reported that the plasma of an animal which received
heparin'contained a factor able to clear lipemic plasma in vitro,
Anfinsen,Boyle and Brown (1952) introduced the term "clearing factor!

for this factor. Korn (1955A and 1955B) proposed the term
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"lipoprotein lipase s instead of clearing factor, because he found
that the clearing factor lipase attacks only‘lipoproteins or the
triglyceride emulsions which have been activated by a high density
lipoprotein from plasma. Jeffries (1954) perfused the isolated -
hind limbs and liver. He found that this lipase entered the
circulation from the hind limb and was destroyed by the liver.

The lipoprotein lipase (LP-lipase) has been demonstrated
in extracts of heart (Korn, 1955A and 1955B) and adipose tissue
(Korn and Quigley, 1957)., The products of the reaction catalyzed
by LP-lipase have been studied by Robinson and French (1953)

.and Korn (1959), A complete hydrolysis of triglyceride and
monoglyceride by this enzyme was demonstrated by these investigators,
From these findings Robinson and French (1960) concluded that
LP-lipase catalyzes the hydrolysis of the triglyceride moiety of
chylomicrons and certain other low density lipoproteins. The
liberated-free fatty acid (FFA) combines with plasma albumin, and
since the complex formed is soluble and the chylomicrons disappear,
the plasma becomes clear.

The mechanism of exogenous heparin in inducing LP-lipase
activity was studied by Robinson et al. (1959B). They suggested
that heparin releases the enzyme from its site, and this reaction
appears.to depend on the negative charge associated with the heparin

molecule., Korn (1955A and 1957) showed that heparin may form an
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integral part of the lipase, since the enzyme in extracts of adipose

tissue is progressively inactivated by a bacterial heparinase

preparation. It is also inhibited by pyrophosphate and this
% inhibition can be reversed by heparin.
The importance of the LP-lipase in fat transport was

shown by the following experiments, Bragdon and Havel (1954)

demonstrated that protamine sulfate, a known inhibitor of LP-lipase,
increased the concentration of triglyceride in the plasma of

rat$ and decreased the rate of removal from the blood of intravenously
injected chylomicrons., Havel and Gordon (1960) found that the
inheritable deficiency of LP-lipase is the cause of the decrease in
hydrolysis of glyceride at sites of removal in Type I hyper-
lipoproteinemia. These experiments showed that LP-lipase is

important for fhe removal of plasma glycerides,

The mechanism of the incorporation of plasma triglyceride
fatty acids (TGFA) into adipose tissue was investigated by Bezman
et al, (1962A). Slices of adipose tissue from rabbits in different
nutritional states were incubated under various conditions with
plasma very low density lipoprotein (VLDL), in which TGFA had
been biologically labelled with palmitate-1-Cl4, LP~lipase
activity, released into a heparin-containing medium, was assayed in
the same tissués. Their results show that the incorporation of TGFA
into the slices is dependent on the nutritional state of the animal

and is positively correlated with the LP-lipase activity released
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from the tissue under the influence of hepariq, which in turn
correlates with the total LP-lipase activity of the tissue.
Garfinkel et al, (1967) showed that LP-lipase activity in
epiéidymal adipose tissue of a fasted rat can be increased signifi-
cantly within a relatively short period by administration of
glucose or by treatment of the rat with actinomycin D, The
antibiotic actinomycin D has been used to explore a mode sf
regulation of LP-lipase activity that probably differs from
that of an enhanced carbohydrate metabolism. The mechanism of
actinomycin action involves the inhibition of an- unstable,
actinomycin-sensitive form of ribonucleic acid (RNA), which
destroys the stable RNA template. Thus more of the stablé RNA
templates are present for the synthesis of LP~lipase (Eagle and
Robinson, 1964). The rapid re-esterification of FFA that
accompanies glucose refeeding is absent from the tissues of
fasted rats injected with actinomycin. These experiments
demonstrated that LP-lipase regulates triglyceride uptake by
fat tissue. Garfinkel and his associates observed that in
almost all actinomycin-treated rats which responded with increased
LP-lipase activity, triglyceride uptake was greatly enhanced.
This was not due to the enhancement of re-esterification as

occurred after glucose refeeding. On the other hand, in up to




14

50% of the animals, the actinomycin injection.failed to increase the
LP-lipase activity and, as well, no increase in triglyceride uptake was
found in these animals, thus providing evidence that the uptake
of lipoprotein triglyceride by epididymal adipose tissue is
critically related to the level of the enzyme LP-lipase in the
tissue, . _ ' -
8. STUDIES ON TURNOVER OF TRIGLYCERIDE

Havel and Fredrickson (1956) studied the rate of disappear~
ance of intravenously injected chylomicrons in anesthetized dogs.
They observed that over 90% of the palmitate-l-C14 labelled
triglycerides disappeared from the blood at an exponential rate.
Furthermore, the greater the load, the slower the fractional rate
of disappearance of plasma triglyceride (Fredrickson et al. 19584),
Formation and fate of endogenous triglycerides in plasma of
rabbits wére studied by Havel et al. (1962). Specific activity-
time curves of triglyceride fatty aciq in the liver and plasma
VLDL was compared. There was a precursor-product relationship
between the triglyceride fatty acid of the liver and plasma
VLDL. 1In addition, they observed two components in the specific
activity~-time curves after intravenous injection of labelled VLDL,
indicating the existence of a component representing the transfer

of triglyceride fatty acid from plasma to liver and that for
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extrahepatic removal. :
Farquhar et al. (1965) found that the kinetic behaviour

of radioactive plasma triglyceride was more complex when palmitate

was used than when glycerol served as a labelled precursor, probably

j because glycerol recycled less than did palmitate, For both

glycerol-2~Hq and palmitate-1-014, most of the labels incorporatéd
into triglyceride were in the Sf > 20 fraction. Analysis of the
hydrolysate of Sf > 20 triglyceride demonstrated that essentially
all the H3 was in the glycerol moiety, and all the cl4 in the
fatty acid portion. The specific activity~ time curve of palmitate-
labelled Sg > 20 triglyceride was clearly no longer linear by 24
hours, whereas the disappearance of glycerol-labelled molecules
remained first-order up to 48 hours. Thus, the use of glycerol
provides a more valid estimate of plasma triglyceride turnover
than does fatty acid.

Reaven et al, (1965) found that higher triglyceride

concentrations were associated with higher turnover rate of

plasma triglyceride in the human being.,

SRR
USSR
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B, CHOICE OF EXPERIMENTAL ANIMAL ANP DIET

Expériments 6n animals have been very important in advan-
cing the knowledge of lipid metabolism, as related to human disease,
but £he results should be interpreted with caution. There are a
number of advantages in using the animal as an experimental model.,
For i?stance, when studying the metabolic interrelationship of
lipids, we can simpl;fy the results by feeding a simple, éontrolled
.diet, such as a cholesterol enriched diet to the animals. Then
the primary factor is this controlled diet, all the resulting
metabolic changgs are secondary to it, An additional advantage
is that tissue samples can easily be taken from the animal but
not from the human being.. Consequently, many laboratory animals,
such as the chicken, pigeon, monkey and pig, have been used for
different aims in lipid research (Hartroft et al., 1963), However,.
there are certain limitations using the animal model in answering
the problems of human disease; the species difference in metabolism,
the difference in dietary habit and the life span all have to be
considered, The effec; of diet on blood lipids is widely different
among different species. For example, oleic acid in the diet.
has little or no effect on the plasma cholesterol in man (Keys
et al., 1958), while in the rat it.appears to be as productive
of hypercholesﬁerolemia as saturated fatty acid (Hegsted et al.

1959).
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Whgn 1arge amounts of cholesterol are* fed to the experi-
mental animals, the homeostatic mechanisms of the body react to
maintain a constant concentration of plasma cholesterol., The
body has three options; absorption may be decreased, endogenoqs
synthesis may be inhibited or the disposal of cholesterol may
be accelerated, Friedman and Byers (1954) found that the
homeostatic mechanisms in rabbits were different from those in
rats and dogs in that the rabbit usually absorbed more cholesterol
by the intestine than the rat when an equivalent amount of
cholesterol per body weight was given. The iiver of the rabbit
is unable to remove the dietary excess of cholesterol from the
plasma as rapidly as the rat (Hartroft er al., 1963), Gould
(1951) found that the liver of the rabbit was apparently less
able to compensate by means of a decrease in synthesis of

cholesterol than the livers of the dog and the rat. As a result,

‘the rabbit quickly develops hypercholesterolemia when fed with

cholesterol, Therefore the rabbit is'an ideal animal in which
to induce hypercholesterolemia and thus to study the change in
triglyceride metabolism related to hypercholesterolemia,

In order to induce hypercholesterolemia in rabbits,
many varieties of diet have been fed; some examples are given

below:
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First author of Amount of cholesterol ) Other addition
the reference in diet
Page (1935) 0.2 g/ day olive oil
Weinhouse  (1940) 1 g/day
Kritchevsky (1954) 3 % (w/w)

. Horlick (1954) 0.75 % Cw/w)
Hartroft (1963) 1 g/day margarine
Kwaan (1964) 1 g/day peanut inhibitor
Maier (1965) © 0.6 % Cw/w)
Silver (1965) 1 % Cw/w)
Parker (1966) 4 % Cw/w)
Carroll (1967) ' 15% butter or

corn oil, casein
or dextrose

. e AT T £ L T £ i v, g
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C. STATEMENT OF THE PROBLEMS

The preceeding review of previous wori in the field of
lipid research indicates the importance of studies dealing with
the inter-relationships between the lipids of plasma and tissues.
All lipids are complexed with protein to form chylomicrons or
lipoproteins during the processes of absorption, transportation
‘and utilization. The change in quantity or quality of one kind
of lipid in the diet or in plasma is followed by the change in
metabolism of other lipids., Fat and fatty acids affect the
cholesterol metabolism by stimulating its absorption by the
intestine as well as its synthesis by the liver. Physicochemical
sequestration may be one of the mechanisms by which the intravenou~
sly injected phospholipid could induce hypercholesterolemia, A
high cholesterol diet can in turn induce the elevation of plasma
phospholipid by accelerating the hepatic output of phospholipid,
The elevafion of cholesterol ester in the plasma of the animal
fed free cholesterol is due to an incgease in the esterifying
activity of the enzymes existing in the intestinal mucosa.

However, the mechanism of cholesterol induced hypertri-
glyceridemia has not been elucidated, What are the control factors
regulating a plasma triglyceride level? What are metabolic
patterns.in rabbits fed a high cholesterol diet in terms of
intestinal absorption, hepatic synthesis, transportation and

utilization of triglyceride? What consequences do combined .
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hypercholesterolemia, hypertriglyceridemia and hyperphosphatidemia

produce.? An attempt was made to answer some of these questions
with respect to normal and abnormal lipid metabolism,
D. THE AIM AND THE DIRECTIONS OF THE PROJECT
The aim of thi; study was to find possible mechanisms
for and secondary effects of cholesterol induced hypertriglyceridemia.
.1. THE POSSIBLE MECHANISMS

a. Physicochemical sequestration~~ Friedman et al,

(1965) postulated a physicochemical relation between the triglyc~
eride and cholestgrol. According to the hypothesis, the injected
triglyceride traps a large amount of cholesterol in the plasma

by a mutgal attraction, The increase in plasma triglyceride in

the hypercholesterolemic condition may also be due to a mechanism
similar to that proposed by Friedman et al. (1965). Conversely,

the increased plasma cholesterol itself could trap a large amount
of triglycéride in the plasma. Unfortunately, this physicochemical
mechanism was not proved by direct evidence in Friedman's work,

but was postulated indirectly by the exclusion of other possibilities.
Thus, this mechanism cannot be proposed as an answer to my question
and therefore further studies were necessary.

b. Increased entry of triglyceride into the plasma - There

are two sources of plasma triglyceride; intestinal absorption and hepatic
secretion; the latter including an increase in hepatic fatty acid synthesis

and/or a secondary increase due to an increased sypply of FFA from




21

the adipose tissue, The increase in plasma triglyceride in rabbits
on a high-cholesterol diet could therefore oriéinate from any one
of these three sources. In order to find the mechanisms underlying
the increase in plasma triglyceride, the participation of these

organs in the plasma triglyceride turnover has to be evaluated in

the hypercholesterolemic state.

C. Decreased disposal of triglyceride from the plasma -

The transport of triglycerides from the"plésma into extrahepatic
tissues is mostly accomplished by their hydrolysis to fatty acid
and glycerol. This hydrolysis is catalyzed by lipoprotein lipase
(LP~lipase), In fact, Bezman (1962A) and Garfinkel (1967) and their
associates concluded from their experimental results that LP-~lipase
is necessary for triglyceride uptake by the extrahepatic tissues. ZK\'
Therefore, the determination of LP-lipase activity should prove to
be important if the increased plasma triglyceride found in rabbits
on a high-cholesterol diet is secondary to the decreased disposal
of triglyceride from the plasma.
2. THE POSSIBLE EFFECTS OF CHOLESTEROL INDUCED HYPERTRIGLYCERIDEMIA

To find the controlling factors of pathogenesis of athero~
sclerosis is one of the final goals in studying metabolic changes
of lipid in the rabbits. It is weli known that a high plasma cho-
‘lesterol level, if sustained long enough, damages arteries in all
species and leads to atheromatosis (Gould et al., 1963). The

question then is what kind of role will increased triglyceride
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have with regard to hypercholesterolemia? Can the cholesterol esters,
phospholipid and triglyceride in tissues also be influenced by the
elevation of cholesterol and other lipids in plasma? Do these bio~
chemical changes in tissues influence the function of the subcellular
elements?

It is the purpose of this thesis to examine these questions
By a subcellular fractionation study of two target organs, the
heart and liver; lipid composition and functional changes of these
elements will be analyzed.

E. THE RELEVANCE OF THIS STUDY TO MEDICINE

As described above, by using the animal as an experimental
model, the synthesis, transportation and utilization of triglyceride
under the influence of cholesterol will be examined.  An hypothesis
will be proposed to explain the mechanisms and possible effects
of cholesterol induced hypertriglyceridemia. The c’inical impli=-
cations of-such information follows:
1, THE PATHOGENESIS OF VARIOUS DISEASE§

There are many diseases, the manifestation of which inclu-
des hypercholesterolemia and hypertriglyceridemia., In patients
withlischemic heart disease, hypercholesterolemia (Doyle et al.,
1959) and sustained hypertriglyceridemia are common (Pomeranze et
al., 1954; Woldow et al., 1954; Albrink et al,, 1961). Hypertri-
glyceridemia may be found in the patients with myxedema with hyper-

cholesterolemia (Porte et al.,, 1966). Finally, some primary
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hyperlipemic patients may also have hypercholesterolemia (Klein,

Lever and Fekete, 1959; Fredrickson et al., 1967). The relationship
between hypercholesterolemia and hypertriglyceridemia may be similar
to tﬂat vwhich will be proposed here for rabbits. There are limi-
tations in human experimentation i.e. we cannot give certain diets
or chemicals to human beings to induce a metabolic change which,

as the primary-change, may induce secondary effects. Tissue speci-
mens from the human being are hard to obtain. Therefore, animal
experiments must be used to supplement investigations on humans.

As will be described here, a simple cholesterol enriched
diet, as the primary inducer, may be administered to an animal to
bring about hypercholesterolemia, and secondary changes in 1lipid
synthesis, turnover and LP-lipase activities could be investigated
in detail. It is my hope that the information obtained will be
useful in understanding the pathogenesis of certain metabolic
changes in human disease.

2. POSSIBLE EFFECTS OF CHANGES IN TRIGLYCERIDE METABOLISM IN THE
ABOVE DISEASE

The cause and effects of hypercholesterolemia in myxedema,
ischemic heart disease and other atherosclerotic diseases have
been extensively studied, while studies of the associated hyper-
triglyceridemia in these diseases were scarce. It is as yet un-
ansyered whether the elevated plasma'triglyceride exaggerates the

pathological processes caused by the cholesterol. A further
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question is whether plasma cholesterol in some idiopathic hyper=
lipemic patients aggravate the triglyceridemia. The analysis of
the 1ipid compositions of tissues and of the function of subcellular

element:y, as will be described here, implies that secondary meta~

bolic alterations in tissues are minute,
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CHAPTER 1II '
; N ' MATERIALS AND METHODS
A. DIET

New Zealand albino male rabbits, (from the Canadian Breeding
Farm, Montreal, Canada) with body weights ranging from 1.9 to 2.2
kg were divided into two groups. One group was fed with ordinary
rabbit pellets (from the Maple Leaf Mills Co. Montreal, Canada) *,
while the other group was fed with the same pellets with 3% choles=~
terol added. The cholesterol (U.S.P, powder) was dusted onto
the pellets and mixed as thoroughly as possible, The residual
pellets and choiesterol éowder in the food holder were not discarded
so that all the cholesterol was finally ingested by the rabbits.
Although the residual food may have contained more cholesterol
powder thén the top pellets, sooner or later the rabbits consumed
all the given food and thus all the cholesterol.

Judging from the plasma chole;terol changes, this method
of feeding was found to be a simple, effective method for rabbits
fed.on this diet for more than one week. For those rabbits fed on
this diet for less than one week, the cholesterol was dissolved in
ethyl ether, then mixed with the pellets and the ether was allowed
to evaporate.

The daily food intake was 104 + 52 g (mean * S.E.M.) in the

control rabbits and 137 + 106 g in the experimental rabbits and the body

% Triglyceride content was found to be 1% (w/w).
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weight at'the time of sacrifice (ranging 2-6 months) was from 2.7
to 3.2 kg in the control and é.3 to 3.2 kg in ;he experimental
group.
All the rabbits were fasted over-night before the experiment,

B. ANESTHESIA

For the anesthesia, 20% urethan (ethyl carbamate, w/v)
and 2% chloralose (w/v) in water was injected intraperitoneally
in the dose of 1.2 ml per pound of body weight, Chlor{lose was
dissolved in the warm urethan solution (55-65°C) and was kept in
an incubator to prevent re-crystallization. Animals anesthetized
with chloralose do not react to painful procedures but exhibit
exaggerated responses to auditory and tactile stimuli., Urethan
has a rather weak hypnotic action in man but produces fairly
rapid and profound narcosis in animals without significantly
affec?ing respiration, circulation or the spinal reflexes (Shideman,
1958). ' .

In the experiments in which the heart, liver and arteries
were needed only for the subfractionation, or for examination of
atherosclerosic’ lesions, rabbits were killed by a blow on the
head.

C. SAMPLING

In long term experiments (more than one month), rabbits

were examined at monthly intervals for cholesterol depository

lesions on iris, ears and skin, and the plasma protein, cholesterol,

cholesterol ester, triglyceride and phospholipid levels were
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measured. The blood was taken from the ear vein or cental ear
artery for these experiments. The syringe was first wet with
heparin solution (1000 u/ml water).

\ For the experiment in which the blood had to be taken
several times at short intervals a polyethylene cannula was
inserted into the femoral artery.

D. PROTEIN DETERMINATION

The plasma or tissue proteins were measured by the method
descriﬁed by Lowry et al. (1951) because of its high sensitivity
and simplicity. There are two distinct steps which lead to the
final color with protein: 1, reaction with copper in alkali,
and 2. reduction of the phosphomolybdic-phosphotungstic reagent
by the copper-treated protein, Since the relation of color to
protein concentration is not quite linear, care was taken to dilute
the protein sample to an appropriate concentration range.

In order to avoid the deterioration of the reagents, CuSO,
«5Hp0 and potassium tartrate solution was prepared as a separéte,
doubly-concentrated stock solution.

E. LIPID EXTRACTION AND DETERMINATION

1. LIPID EXTRACTION

The plasma or tissue lipids were extracted according to
the method of Folch et al. (1957). This is a simple method for
the preparation of extracts of totay lipids from plasma or tissue,
The plasma or tissue homogenate was mixed with chloroform-methanol

(2:1, v/v) mixture. The clear lipid extract obtained by filtration




was then washed free of non-lipid contaminants by shaking it with

Q.2 its volume of 0.58% (w/v) NaCl in water. The washed clear

lipid extract was quantitatively transfered to the test tubes and

evaporated to dryness under nitrogen gas at 55°C for the determi-
nation of various lipids,
2. CHOLESTEROL DETERMINATION

Cholesterol and its esters were determinéd according to
the method of Searcy and Bergquist (1960). Fre;‘chbﬁégte;ol“was
separated from the ester by digitonin precipitation and ﬁ%;hed once
with acetone~-ether. An orange color was forﬁed when the total or
free cholesterol and a solution of FeS04 in glacial acetic acid
were treated with H2504. The color was quantitated at 490 mii,
a wave-length less susceptible to interfering substances. The
amount of esterified cholesterol was calculated by subtraction.,
A rapid protein precipitation was obtained when serum was treated
with acetone-ethanol and this extract could be treated directly
with the FeS0, reagent to produce new color reaction, Maximum
color intensity was reached in 8 to 15 min and was relatively
constant during the period. It was possible to measure accurately
cholesterol concentrations below 100 ug.

Liebermann~Burchard method was widely used for serum
cholesterol estimation. Many modifications of this method have

been necessary since the color reaction is dependent on temperature,

is sensitive to light and lacks stability, Zlatkis et al. (1953)
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have produced a stable chromogen by treating cholesterol with a
FeCly reagent. However, this reaction lacks séécificity.
Protein, tryptophan, bilirubin, bromine, vitamin A, unsaturated
fatty acids, hemoglobin and steroids formed interfering color
complexes, many of which absorb significantly in the spectral
region suggested by Zlatkis et al, for cholesterol quantitation.
In order to remove interfering proteins Henly (1957) or Chiamori
and Henry (1959) modified the Zlatkis technique by allowing serum
to stand for at least 30 min with the FeClg-acetic acid or by
heating the samples,

As compared with these methods of cholesterol determination
the method of Searcy and Bergquist has the definite advantages of
stability, specificity, simplicity and lack of temperature and light
sensitivity, Digitonin developed color when mixed with FeClg,
acetic acid and Hy504; but this color contributed minimal.interfe-
rence in the wave-lengths near 490 mp which were used in this
experiment,

3. PHOSPHOLIPID-PHOSPHORUS DETERMINATION

Phospholipid-phosphorus was determined by the method of
Hurst (1964). The determination of orthophosphate by the reduction
of the yellow phosphomolybdate complex to molybdenum blue is a
standard ;nalytical procedure, Hydrazine sulphate is added to the
stannous chloride solution to stabilize its reducing ability.

After the phospholipid (PL) was digested with 2 ml of 15 N sulfuric
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acid, 3 drops of concentrated perchloric acid, instead of hydrogen
peroxide and urea were added to the digested phospholipid solution.
The amount of phospholipid was calculated from the value of phosphorus
assuming that the molecular weight of phosphorus is 1/25 of the average
molecular weight of phospholipids.
4. TRIGLYCERIDE (TG) DETERMINATION

The method of determination of triglyceride was based on
the principles proposed by Van Handel and Zilversmit (1957), and
also by Carlson and Wadstrom (1959) and modified by Jagannathan
(1964). The principle of the methods is adsorption of phospho-
lipids on Zeolite or silicic acid, saponification of the phospho~
lipid~free components to yield glycerol, oxidation of glycerol to
formaldehyde with periodate, reduction of the excess periodate
with sodium bisulfite and colorimetric determination of the
formaldehyde by its reaction with chromotropic acid. After saponifica-
tion of thé triglyceride, oneldrop of 40% acetic_acid was added,
No loss of glycerol occurred when acet?c acid instead of sulfuric acid
was added (Jagannathan, 1964)., Thiourea solution was added prior to
photometric measurements to minimize the development of a red color
cont*ibuted by the reagents.

In this experiment, Florisil (magnesium silicate) instead
of Zeoliﬁe was used to adsorb phospholipids. This modification
has an advantage of quantitatively removing phospholipids and

allowing good recoveries of the glycerides (Carroll, 1961).
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5. FREE FATTY ACID (FFA) DETERMINATION

 For the determination of triglyceride synthesis by the
liver and the assay of lipoprotein lipase (LP-iipase) activity,
the FFA were measured by method of Goss and Lein (1967). The
FFA Qere extracted once with the mixture containing the same
amount of isopropyl alcohol and heptane but twice the amount

of 1 N sulfuric acid as in Dole's extraction mixture, The two~

phase titration of Dole's method (Dole and Meinertz; 1960) was
unsatisfactory in that reliable end points using the suggested
indicators (thymol blue and Nile blue) were difficult to detect,
In this modification the standard base, 0,1 N sodium ethoxide, is
miscible with heptane and consequently obviates the need for a

two-phase system. A solution of phenolphthalein in absolute

ethanol serves as the indicator and provides an easily observable
end point. The recovery data for palmitic acid dissolved in
heptane over a concentration range of 29-591 uEq/l. using a
visual end point were 98.6 + 1,6% (S.E.M,).
F. TRIGLYCERIDE SYNTHESIS BY THE LIVER
1. ESTERIFICATION OF TRIGLYCERIDE IN THE LIVER OF CONTROL AND
HYPERCHOLESTEROLEMIC RABBITS,

a. Incubation - Liver homogenates and radioactive fatty
acid were incubated according to the method of Tietz and Shapiro
(1956). Palmitic~1-Cl% acid in benzene was diluted with KCl-Tris
buffer and neutralized with KOH (pH 7.5). One tenth microcuries

(0.04 uM) of potaésium-l-C14 palmitate and 10 UM of ATP (adenosine
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triphosphate) were put into each sample for incubation, and the
prétein concentration of this sample was determined befbre incubation,
Six samples of this same liver homogenate weré incubated simultaneou-
sly. After 5, 10, 20, 40, 60 and 90 min of incubation, one of
these samples was taken out for lipid extraction as described above
(Folch et al., 1957). The amount of lower chloroform phase of the
lipid extract was recorded. One half ml of ;his extracF was pipetted
into 10 ml 0.4% (w/v) Omnifluor* in toluene solﬁtioniénd counted
in liquid scintillation countér for thé measurement ;f Eﬁelﬁotal
activity of potassium-l-C14 palmitate presenfed in the incubation
mixture. Another 10 ml of this extract vas evaporated to dryness
under nitrogen gas at 55°C, then dissolved in 0.5 ml of chloroform
for thin layer chromatography.

The preparation of thin layer chromatography was carried
out accbrding to the methods of Christophe and Natthijs (1967).
A slurry of 30 g silica gel G (with CaSOA) in 60 ml distilled
water was spread out on four of 20 X 20 cm glass plates to a
thickness of 0.25 mm., The plates were activated for 30 min at 160°C,
The developer was a mixture of ether-petroleum ether-glacial acetic
acid (20:80:2, v/v/v). The proportion of acetic acid was increased

from 1 part (Hofmann, 1963) to 2 parts in order to improve the

*0Omnifluor - New England Nuclear Corp.
Contents: A blend of 98% PPO and 2% Bis - MSB
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separation of FFA, The plates were air-dried, The spots were
detected with iodine vapor (Skipski et al., 1964). A greater
amount of starting material can be applied without sacrificiag
resolution with thin-layer chromatography compared to ﬁaper
chromatography, and hence sufficient material may be recovered
to perform various chemical tests, e.g. radio-activity can be
measured and gas-liquid-chromatographic analysis~of fatpy acids
c?n be performed. Quantitative thin-léyer chroﬁatogfabhy possesses
an advantage over single column chromaﬁography in thaﬁ ; méré
complete separation of the majority of individual components can
b% attained at ease with greater efficiency.

| The separated triglyceride with silica gel G was suspended
in 4% (w/v) Cab-0-Sil* and 0.4% (w/v) Omnifluor in toluence solution
and counted by two different channels simultaneously in liquid
scintillation counter,

b. Statistical considerations for counting ~ Radioactive

decay is a random phenomenon, i.e., the distribution of a sufficiently
large number of cpm (counts per minute) follows the Poisson
Aistribution curve. Because of this situation, one obviously

cannot know the M"true' value of the result of a given counting

operation, The accuracy of any individual measurement (n) is

*Cab~0~8il: thixotropic gel powder.

St ey




gauged by the magnitude of its deviation from the mean value.

In radiotracer assay, however, it is common to make only
one or two activity determinations per sample. 1In this case the;e
is no mean value from which the standard devfation may be calculated.
Because of the nature of the Poisson distribution, however, the
standard deviation of a single determination of magnitude (n)
may be taken as ~h , that is, the square root of the total number
oﬁ counts collected. A related unit, the relatﬁveléégndarﬁi‘

| e

deviation is defined as standard deviation — A

| total number of counts n
thus the larger the value of n, the smaller the relative standard
d;viation, the higher the reliability of the counts. Radiotracer
measurements are usually made so that the relative standard
deviation is equivalent to 1% of the totgl counts (Wang et al.,,

1965). " In order to achieve this, samples were counted for 10-40

minutes to collect at least 10,000 counts, since when

b _ _ 1 n - 1 -
- = 19 = oo v = (10032’ n = 10,000

There 1s a 68,3% probability that the true total counts are within

the range of 10,000 + 100 counts.

c. Determination of the counting efficiency ~ There are

two purely instrumental methods for determining counting efficiency
which d6 not require preparation of multiple samples or permanent
alteration of the samples by addition of internal standard: the

"external standard” method and the '"channels ratio" method. Two
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sample countings are required for external standardization

with and without exposure to the external gamma source, while the
"channeis ratio" method only requires a single count in two different
channels (Bush, 1963). The latter method was chosen in thesec
experiments. The average efficiency was 66% for Cl4 and 30% for H3,

In order to compare samples of various efficiencies with

‘one another, the counts per minute (cpm) of the samples were
converted to disintegrations.per minute (dpm) acéording to the
efficiency. i ';i; Y

(count rate of sémple) - (count rate of backeround)
efficiency

!

{ dpmsample =
| Tﬁe percentage of FFA in liver which is esterified to new

tiiglyceride is equal to the percentage of total radioactivity of

P tassium-1-cl4 palmitate in the sample which is incorporated into

triglyceride, Liver was weighed and calculated as g per kg of

body weight. The FFA content of the liver homogenate was determined

and then the amount of FFA which was esterified to new triglyceride

in the liver per kg of body weight was calculated. Although the

FFA Aetermination of the liver may be influenced by the presence

-of acidic phospholipids, the original method by Goss and Lein

(1967) was used without modification to extract FFA, since the

change in phospholipid content in these experiments was negligible.

2, FATTY ACID SYNTHESIS, ESTERIFICATION AND CHOLESTEROI SYNTHESIS

"The method described by Longmore et al, (1967) was used for

the determination of acetate-1-cl% incorporation into triglyceride,
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fatty acid and cholesterol in rabbit liver slices. 5 pc sodium
acetate-l,Z-C14 and 10 puM sodium acetate in 0.5 ml water were
added to 5 ml of medium containing intracellular cation., The
incubation medium was gassed with 95% oxygen and 5% carbon .dioxide
fo; a minimum of 20 minutes before tissues were added. The 25 ml
flasks were covered with Parafilm and placed in Dubnoff shaker for
2 hours at 37°C, then the total lipids were extracted and separated,
0.5 ml of upper aqueous phase was dissolved in:10 ﬁﬁ 3; Bray's
solution (Bray, 1960) and counted. 0.5 ml of lower chloroform
phase of the lipid extract was dissolved inllO ml of Omnifluor
toluene solution and counted. The amount of acetate being
used for the synthesis of different lipids by the liver was
calculated from the percentage of total added radioactivity
incorporated into individual lipids.

| Most metabolic studies on liver in vitro have been
carried in an extracellular type of medium. It has long been
kﬂown that, on incubation, liver cells rapidly exchange their
intracellular potassium for extracellular sodium, thereby providing
a highly abnormal intracellular environment. In this experiment,
the effect of cationic exchange was obviated by providing only
potassium ions in the extracellular environment. It was demonstrated
that the decrease in fatty acid synthesis in the extracellular
type of médium was attributable primarily to its low magnesium

concentration and secondarily to its high sodium concentration.
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An increase in HCO3-concentration from 10 to 40 nM at constant
pPH produced a two- to fivefold increase in ace;ate incorporated
into fatty acids (Longmore et al., 1967),
G. LIPOPROTEIN LIPASE (LP-LIPASE) ACTIVITIES

1. GENERAL CONSIDERATIONS

There are numerous methods for the determination of LP-~
lipase activity. The most simple one is to follow the decrease
in turbidity of lipemic plasma, a suspension of chylomicrons or
a triglyceride emulsion in vivo or in vitro. A somewhat more
complicated one is to determine the difference in the ultra-
centrifugal pattern or electrophoretic distribution of the serum
lipoprotein after the injection of heparin in vivo or incubgtion
with LP-lipase in vitro. LP-lipase catalyzes the hydrolysis of
the triglyceride moiety of lipoprotein, therefore the LP-lipase
activity can also be assayed by incubating the enzyme with a
suitable substrate and titrating the FFA release or determining
glycerol. Chylomicrons (Robinson et al., 1953), soluble lipo-
proteins of Sg¢ greater than 10 (Korn, 1955B), and egg yolk lipo-
proteins (Nichols.et al., 1954) are all the suitable substrates.
No detectable hydrolysis of the triglyceride moiety of plasma
lipoproteins with Sg smaller than 10 occurs (Sﬁore, 1955).
Simple triglyceride emulsions make good substrates in the presence
of plasma lipoproteins, especially &~ lipoproteins (Koxrn, 1955B).

Commercial emulsions of coconut oil, olive oil, sesame oil and
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soybean oil are all suitable.

Under carefully controlled conditions the turbidity method"
‘may also be used as a quantitative enzyme assay, but speciat care
.must be taken. Since only the largest particles scatter 1ight;
the decrease in optical density ipdicates only the hydrolfsis of
chylomicrons or triglyceride emulsions. If soluble lipoproteins
are also present in the incubation mixture, their hydrolysis is
Tot detected and, as they are competitive subsératéé,zhe_eniyme
%ctivity, vhen measured by a decrease in turbidity, will be
&nderestimated. Therefore, the turbidity m;thod is of no use if
%oluble lipoproteins are to be used as substrate. Further, the
jurbidity of a given suspension of chylomicrons is profoundly
affected by temperature and addition of other components such as
enzyme inhibitors (Korn, 1959). The turbidity of the suspending
medium may change as a result of protein or fatty acid precipitation
(Robinson and French, 1960).

For the assay of the action of heparin in vivo, particular
. precautions are necessary, especially in acute experiements. As
heparin is rapidly destroyed, its level in the circulating plasma,
and hence the degree of alteration of the lipoproteins, at any
instant, is a function of both the amount of heparin injected
and the time of withdrawal of the sample. Determination of the
concentration of the FFA and glycerol, although they may be

elevated, is difficult to relate to enzymatic activity in vivo,
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as these compounds are rapidly metabolized.
2, IN VITRO EXPERIMENTS

a. Ediol* as the substvate - The plasma LP-lipase, heart

vand adipose LP-lipase were determined by the methods of Mgir

(1967), Alousi and Mallov (1964) and Hollenberg (1959) respectively,
To unify the procedures the following modificatioqs were adopted, |
In all these experiments, 5% Ediol in Krebs;Ringér phosphate

(KRP) buffer (Umbreit et al., 1964) was used, f"I“ne”p'ﬁ’iof Ediol

Was adjusted to the optimal condition.(8.5) for this eéé&ﬁe'with NH,0H
(Korn et al., 1957). Bovine serum albumin (fraction V) was

aﬂded as the FFA acceptor., A molecule of plasma albumin can

Jind as many as 25-30 molecules of FFA (Masoro, 1968), Approximately
3\microm01es of albumin were added to the incubation medium.
Therefore, this amount of albumin can accept at least 21 micromoles
of FFA. 1In most of our experiments about 15 micromoleé of FFA

were released by the LP-lipase i.e, FFA acceptor was sufficiently
available. Heparin was added in the experiments for tissue

LP-lipase at the level of 30 pg per ml of incubation medium,

which gives an optimal concentration., At a high level, heparin
itself inhibits the action of LP-lipase (Korn, 1955A, Gartner

et al., 1966). For the plasma post-heparin LP-lipase assay, 1 mg

%Ediol: 50% emulsion of coconut oil containing 12,5%
sucrose, 1.5% glyceryl monostearate, and 2.0% polyoxyethylene
sorbitan monostearate. Calbiochem.
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of heparin per kg of body weight was injected intravenously and

blood was taken before and 10 min after injection for LP-lipase

determinatibn.

| Another modification was the method of homogenization of the

tissues. The heart was blotted on the Whatman's filter paper immediately

after being taken from the animal. The left ventricle without visible

fat tissue was cut off , weighed and washed with ice-cold KRP buffer

(pH 8.5). Then it was cut into fine pieces and homogenize& using a

Teflon pestle in 5 volumes of KRP buffer (w/v). The final volume of

the heart homogenate was recorded, and 0.5 ml of this homogenate was

added to the incubation medium., The LP-lipase of the epididymal fat

tissue was measured in a similar manner. In this instance, in order to

avoid difficulties in obtaining an even homogénate in ice cold medium,

the weighed epididymal fat tissue (100 mg) was thrown directly into

the medium and éut into fine pieces and incubated. S
One ml of the mixture of tissue and medium was taken before

and after one hour of incubation at 37°C for the determination of

FFA by the method described above (Goss and Lein, 1967). The activities

were expressed as microequivalents (uEq) of FFA formed during 1 hr

of incubation per 1 g of tissue or 1 ml of plasma corrected for pEq

FA present before incubation. The FFA release was linear after an

initial lag period of about 15 min, during the period 20 min to 60 min

(Fié. 1). It was assumed that the lag period was due to the fact that

the homogenate was added ice-cold, and that the lag period was constant

for all samples.
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Fig. 1. The Rate of FA Release by Heart LP-lipase dﬁ;ing Incubation,
| Normal heart homogenate was used as a source of the enzyme

and incubated at 37°C in the presence of substrate, Ediol. The

number of experiments are two and the results are expressed as

uEq FA per g of heart (ordinate). Abscissa indicates time in minutes.
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b. Very low density lipoprotein (VLDL. d < 1.006) as the

substrate - This lipoprotein was isolated from the control and

hypercholesterolemic rabbits according to the.method of Havel et

al. (1962). The serum was centrifuged for 15 hr at 115,000'x

g at 10°C. The d<1.006 lipoprotein (LP) contained in the top

1 cm of the tube, was aspirated out. Six-tenth ml of the mixture

of different proportions of these LP was qsed as éhe substrate

for heart LP~lipase of the control or hyperchoigstgroﬁemic rabbit,
The serum infranate- was brought to d ==1.01§ b& ﬁixing |

with d = 1.085 saline according to the following equation:‘

AxY+Bx2Z=(A+BW
where A is the volume of the serum infranate, B is the volume of
salt solution, Y is the density of the serum infranate (d = 1.006),

"Z 1s the density of salt solution (1.085), W is the desired

- density of the mixture. It was centrifuged as before, the.LP
in the top 1 cm of the tube was harvested as LP of d=1,006- ’ i
1.019, while the final infranate was the LP of d > 1.019.
(Havel et al., 1955). %

The protein, cholesterol, cholesterol ester, phospholipid
and triglyceride content (mg/ml) of above lipoproteins were

measured. The values were calculated as the percentage of individual
lipid in the total. The lipids in the VLDL were also calculated

as mg of lipid in 1 ml of VLDL.
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c. Cholesterol or cholesterol ester enriched Ediol as the

substrate - 27, 18 or 9 mg of cholesterol or 27 mg of cholesterol
acetate or stearate was dissolved in 1 ml of aéetone.~ 3 ml of 5%
Ediol in KRP buffer (pH 8.5) was added and was shakeniat 37°C'for
2 hr to evaporate the acetone, although the physical and metabolic

properties of the cholesterol and of Ediol were reported not to

~change by the presence of acetone (Quarfordt et al., 1966). 0.6

ml of this mixture of free or esterified cholestérol;éﬁd Ediol was
used as the substrate instead of Ediol fo determine tﬁei;'effect on
the heart LP-lipase activity of the control rabbit. The control
which was treated similarly with acetone but without cholesterol
showed no significant deviation in the activity of LP-lipase (86,1

* 14.2, n= 7, acetone~treated,vs. 92,2 * 13.1, n =11, non-treated),

d. Phospholipid and Ediol mixture as the substrate - 27 mg
of lecithin, B, y~dipa1mitoy1-DL-a-lecithin*, was mixed with acetone
and Ediol and prepared as above.

e. A mixture of control and hypercholesterolemic VLDL -~

Control heart homogenate was incubated with 0.6 ml of substrate
which is composed of 0.6, 0.4, 0.2 or O ml of control VLDL and 0,
0.2, 0.4 or 0.6 ml of hypercholesterolemic VLDL, respectively. The
lipid and protein composition of these VLDL was calculated from the

known composition of each component.

* Synthetic, Sigma Chemical Company
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f. The kinetics of enzyme inhibition ~ Since factors
other than LP-lipase existing in the heart homogenate might

influence the results, the LP-lipase from rabbit plasma was

.purified and the inhibitory effect of cholesterol was tested

using this enzyme.

The plasma LP~lipase was purified accordipg to the
methods of Fielding (1969). The cold post-hepafin plasma was
mixed with 1/50 vol of 25% Ediol and was gently shakén in a-
Vater bath at 37°C for 7 min to activate the emulsion and allow
the formation of the enzyme-substrate compléx which was purified
5y flotation. The purified complex was solubilized by sodium
deoxycholate, 0.5 o} of potassium oleate was added to the sodium

eoxycholate solution to stabilize the enzyme, A further

purification was obtained by the adsorption of the solubilized

" enzyme on calcium phosphate gel, The enzyme was eluted with

the sodium deoxycholate-buffer solution containing 0.05 M sodium
citrate.

The inhibitory effect of ch91ester01 and the kinetics of
the inhibition were tested with this purified enzyme according
to the Lineweaver-Burk method (Webb, 1963; Lineweaver and Burk ,
1934)., 5.4 mg of free cholesterol was put into each of three
25 ml Erlenmeyer flasks., 0.8 ml acetone was added to each
flask to dissolve the cholesterol. 15, 30 or 45 mg of triglyceride
(in the form of 5% Ediol) was added to each of these flasks. 1In

some experiments the amount of triglyceride was 20, 30, 40, 50 or
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60 mg (Ediol was used here). The volume of the mixture of Ediol

and cholesterol was adjusted to 1.2 ml with KRP buffer.‘ The acetone
was evaporated by shaking the flasks at 37°C for 2 hours. ‘ihe
.control with different concentrations of Ediol was prepared in

the same'way but without cholesterol. One ml of the dilutgd
purified plasma LP-lipase was added to each of these flasks

and incgbated according to ;he method of Muir (i967). _For
éomparison, 4 mg protamine sulfate with variou;.coﬁﬁe%trgtibns

%f Ediol were also incubated, Although in this experi$eh; fhg
éontrol was not treated with acetone, the e*periments with tissue
ﬁomogenates indicated that the effect of re@aining acetone was

%il. 1/v was plotted against 1/s in the presence of Ediol alone,
Ediol plus cholesterol and Ediol plus protamine sulfate, respectively
(Lineweaver and Burk , 1934). v signifies pEq FA released per

" hour per mg enzyme protein, s signifies mg TG present in the

incubation medium.

g. Experiments with cholesterol, palmitic acid and Ediql

_mixture - 27 mg of cholesterol and 30 pEq of palmitic acid were
dissolved in 1 ml of acetone and then mixed with 3 ml of Ediol
and shaken as described above. 0.6 ml of this mixture was used
as the substrate for an incubation with homogenate of the control
heart.. The recovery rate of this added fatty acid was calculated

to see the effect of the presence of cholesterol.
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3. IN VIVO EXPERIMENTS .
Botﬂ contr91 and hypercholeéterolemic rabbits were given
heparin intravenously (1 mg/kg body weight) to release the tissue
LP-lipase into the blood.v Blood was taken through an arterial
cannula just before and 10 min after the injection. The plasma
cholesterol and its ester, phospholipid, triglyceride and FFA
levels were determined to observe the effect of released ﬁP-lipase
on these lipids in vivo. The 10 min interval was selected because
plasma LP-lipase activity reaches a maximum about 1 min after the

injection of heparin and remains elevated at least 10 min (Robinson

and Harris, 1959A).
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H. THE TIME COURSE CHANGES OF PLASMA CHOLESTEROL LEVEL,
TRIGLYCERIDE LEVEL AND TRIGLYCERIDE TURNOVER

This section dealt with the determination of plasma tri-

glyceride turnover and piasma lipid level during high cholesterol
diet of various durations
1. INTRAVENOUS-INJECTION OF GLYCEROL~2-H3

Rabbits, after 0, 1.5, 7, 14, 42 or 70 days of h;gh-cholesterol
diet, were fasted overnight and the femoral artery was cannulatea. -
80 uC of glycerol-Z-H3 was injected through the ear vein. Blood
samples ﬁere taken through the cannula 30, 60, 90, 150, 210, 270
and 330 min after injection. Plasma cholesterol, phospholipid
and triglyceride levels were determined. The triglyceride was
separated and counted as above. The activity of the triglyceride
was expressed és dpm per ml of plasma after correcting fhe effect‘
due to individual variations in injected doses. This was done

by multiplying a factor which was the ratio of 108 dpm to dpm of

the injected glycerol-Z-H3 per kg of body weight., The radio=-

activity of the triglyceride was plotted on semi-logarithmic
paper.

The liver takes up glycer91-2-H3, which is incorporated
into triglyceride and secreted into the blood as lipoprotein ..
The labelled triglyceride is cqnstantly removed from the circulation
and replaced by the non-labelled triglyceride. Consequently, the

specific activity of the plasma triglyceride increases, then
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decreases f:ontinually and the rate of decrease at a given time
(t) depends upon the size of the blood trigl;ceride compartment
(B), the rate of blood triglyceride turnover (q), and the amount
of labelled triglyceride present at the time in question (B¥),

Mathematically one may represent this relation as

dt - B -

in which Sb is the specific activity of B. 1In words‘this equation
reads as follows: the ghange of specific activity per infinitesimal
un}t of time is equal to the rate of triglyceride turnover, times
the specific activity of triglyceride, divided by thg size of the
triglyceride pool, The minus sign indicates that the specif;c
activity decreases. If we substitute K, for q/B (fractional

turnover rate) we obtain

ds

b : :
dt = =%
or its integrated form
S, = Sg e Kot
in which Sg is the specific activity of B at zero time.
K2t = 1In Sg
5

At t=1tg, K2t1=.— In 2 = 0.693, then fractional turnover rate

2
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il
K, = 0.693 and t = —2 = 2 _ - 144t
5 t K, - 0.693 &

(zilversmit, 1960).

If the specific activities of the triglyceride are
plotted on semilogarithmic paper, we can obtain Sg and t% . Ky and t_are
derived from'these values by uging above equations. )

In rabbit the average plasma volume is 3.88% of the body
weight (Armin et al., 1952). From this, the plasma triglyceride
pool size was assumed to be:

B="TG x BW x 0,0388

in which TG is the plasma triglyceride level in mg/ml and BW is_
the body weight in g (Reaven et al., 1965)., However, the volume
distribution of an injected isotope was much larger than the pool
size calculated as above (e.g. see Fig. 15?. Question regarding
validity of using the plasma compartment as the pool of TG wi}l
be discussed in a-later section (Discussion)., Plasma triglyceride
furnover rate q was obtained by multiplying the fractional turnover
rate by the size of the pool.
2; INTRAVENOUS INJECTION OF TRITIUM LABELLED VLDL (d < 1,006)

. 500 pc of glycerol-2—l{3 in 10 ml of normal saline was
injected intravenously into a normal fed rabbit. The rabbit

was bled 1 hr later. . VLDL was iso}ated from this blood as

above. The activity of 0.1 ml aliquot of this LP was determined

in Bray's solution. Approximately 19 x 105 dpm of this LP was injected




50

into fasted rabbits after 0, 1.5, 7, 14, 21 or 49 days of either
high cholestergl or normal diet. Blood was taken 5, 30, 60, 90,
150, 210 or 270 min after injection for the determination of
plasma lipid and triglyceride turnover. The specific activity
of the plasma triglycefide was expressed as dpm per ml of plasma
and corrected to 2 dose of 108 dpm per kg body weight‘as above,
It was then piotted on semilogarithmic paper. The curve of
disappearance of radioactivity from the plasma triglyceride
after iptravenous injection of the VLDL contained two components.,
The second component was extrapclated to zero time to obtain the
specific activity at zero time, The half turnover time t; was
indicated by the line drawn vertically to the time axis fz;m
the cross point pf half radioactivity and disappearance curve.
The turnover time tt is 1.44 ty. The fractional turnover rate
and turnover rate were derivedzas described above.

I. LIPID COMPOSITION OF THE SUBCELLULAR ELEMENTS AND

MITOCﬁONDRIAL RESPIRATION OF THE HEART AND LIVER
The heart and liver were homoéenized and fractionated

for the determination of lipid composition and mitoghondrial
respiration (Huang and Kako, 1968). This was carried out as
follows: the heart was immediately soaked in an ice~cold medium
composed of 0.25 M sucrose and 0.002 M EDTA (pH 7.4). The
ventricles with no visible fat were cut into fine pieces.and any

adheringblood washed out with the same medium, It was then
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passed through a stainless.steel tissue press and suspended in

the medium (1:10 w/v). A glass-reinforced Teflon pestle was used
for homogenization at a speed qf 600-1000 rpm. The tube was moved

. rapidly up and down three times. The homogenate was then transferred
into a tighter homogenizing tube and was given onme stroke with a
glass-reinforced Teflon pestle and two strokes with an ordinary
Teflon pestle. The suspension was then centr;fuged'at 500 x g

for 5 min, and the myofibril fraction was pre;are&“%;qm.ghg sediment
according to Fhe procedure of Wheeldon et al. (1965). .éhe supernatant
was centrifuged at 12,800 x g for 10 min, ;nd the mitochondria

thus sedimented were washed once with the homogenizing medium and
ceptrifuged at 8,200 x g for 10 min, The washed pellet was
suspended in the medium to give a final concentration of about

10 mg protein/ml, The microsomal and supernatant fractions were
prepared by centrifuging the post-mitochondrial supernatant. This
last centrifugation was done at 78,000 x g for 120 min, The
microsomal fraction was then suspended in the medium to give a
concentration of approximately 10 mg protein/ml. For the liver

the same mediuﬁ as that for the heart was used for washing and
homogenization using an ordinary Teflon pestle (four strokes in

the loose tube and two strokes in the tighter tube). A centrifugal °
force of 800 x g for 5 min was used to spin down the nuclei and

cell debris, 8,200 x g for 10 min to precipitate the mitochopdria,

and 78,000 x g for 120 min to separate the microsomal fraction
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and the supernatant. The mitochondria were washed once with the

N

homogenizing medium and centrifuged at 8,200 x g for 10 min., They
were then suspended in the same medium to produce a concentration
of‘about 10 mg protein/ml.

Mitochpndrial respiration was measured with an oxygen
cathode in a medium containing 15 mM KCl, 5 mM MgClz, 10 mM-

EDTA, 20 mM glucose, 30 mM phosphate buffer and 25 mM Tris (pH
7.4). Either 3 nM pyruvate plus 3 mM mglate, 3 mM L-glutgmate,

3 mM oxoglutarate, or 8 mM succinate was added as the substrate.
ADP, 0.2 mM, was used as the phosphate acceptor. The final volume
was 2 ml, and the temperature was 25°C. 1In each experiment, 0.1
ml of the suspension of the subcellular elements was pipetted into
the chamber containing thé above mixture. The respiratory control
ratio, P/0 ratio, and oxygen consumption were calculated accordiﬂg
to the method of Chance and Williams (19554).

EDTA was added to the medium for both heart'and liver to
remove Catt or other contaminating metal ionms. This appears to be
éssential in order to obtain a low ATPase activity. Sucrose is
valuable because it prevents aggregatioh of mitochondria and other
subcellular particles and also the cytological properties of
mitochondria are preserved (Schneider, 1959).

An aliquot of the suspension of the subcellular elements
was taken for protein dgterminatiop and the extraction and determina-

tion of the lipids according to the method described in the




e e R A R BT TR P Y T 7 -
fa RTTT T AR ot R e R e B T e T L PR e Y

53

appropriate section above. The lipid content of the subcellular

A

elements or the respiratory function of mitochondria was expressed

on the basis of per mg of protein.

3. STATISTICAL ANALYSIS OF THE RESULTS
The standard error of the mean and the significance of difference

in means were calculated according to t-test for small samples

(Bancroft, 1957).
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CHAPTER III

RESULTS

Approgimately two months after the high cholesterol diet
was started, seven out of nine rabbits developed xanthomatosis
and yellowish plaques along the central ear arteries. The plaques
were situated at the site of bifurcation of the arteries and at
the sites of trauma due to blood aspiration, The xanthomas were
1-5 mm in diameter and firm (Fig. 2).

A. CHANGES IN PLASMA

There was no significant change in the plasma protein
concen;ration between the two groups (8.3 £ 1.3 g% in the
rabbits on a high cholesterol diet, duration of diet average
60 days, n=28; 7.9 * 0.6 g% in the control, n=27).

The plasma cholesterol and its esters, phospholipid and
triglyceride in the experimental group were significantly increased
(Table I). These values were obtained from animals fed cholesterol
.for an average of 60 days. The time course of changes during
feeding was also studied and it was found that the chplesterol
and its ester and phospholipid increased rapidly while the
triglyceride increased slowly (Fig. 3).

.Although both total and ester cholesterol were increased,
the ester/total cholesterol ratio changes from 0,57 in the control

rabbits to 0.30 in the rabbits on a high cholesterol diet,
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indicating that esterification of cholesterol cannot increase
proportionately. The ratio of total cholesterol/phospholipid

was found to be 0.55 (control) and 1.46 (hypercholesterolemic),

i,e. phospholipid synthesis did not increase in parallel to the
cholesterol level. These results suggest that the composition
of lipoprotein species must have been dramatically changed.

There was no significant difference in FFA content of the
plasma or liver (Fig. 4) between the fastiné control and hyper=-
cholesterolemic rabbits.

B. FATTY ACID ESTERIFICATION AND ACETATE INCORPORATION
INTO LiPIDS

One of the possible mechanisms responsible for an elevated
level of plasma triglycéride in the hypercholesterolemic condition
is the increase in esterification and/or fatty acid synthesis in
the liver of these rabbits. Therefore, the extent of fatty acid

esterification to triglyceride was examined in the liver of control

%
i
g
11

and hypercholesterolemic rabbits. The results showed no significant
difference, namely, as indicated in Fig. 5 the fatty acid esterified
into triglyceride was 85.6 % 13.1 HEq/kg of body weight in the
control and 81.2 * 9.3 pEq/kg in experimental rabbits during 90

min incubation. The number of experiments (control, 4; hyper-

cholestérolemic, 8) was small., But this result was confirmed by

14

a second experiment, in which sodium acetate-l, 2-C™" was used

to assess synthesis of triglyceridé by the liver. A half gram




of liver slices was incubated in the medium which contained sodium

acetate—l,Z-C14 and 2 mM sodium acetate. The latter concentration

is approximately three times that of the rabbit plasma (Annison,
1954) and the volume of the incubation medium is large as compared
to that of liver and therefore individual variatioms in acetate
contents in the liver can be disrega?ded. For this reason, it

was assumed that each sample contained the same specific activity

of sodium acetate-l,Z-C14

. There was again no increase in synthesis
of triglyceride in the liver of the hypercholesterolemic rabbit.
The amount of acetate being used for the synthesis of triglyceride
by the liver showed no significant difference (Table II).
C. LIPOPROTEIN LIPASE ACTIVITES

The above experiments indicated that the increase in
plasma triglyceride in the hypercholesterolemic rabbit was not
due to an increase in its synthesis by the liver. Thus, a

second possibility, a decrease in uptake of plasma triglyceride by

extra-hepatic tissue was examined. This may be due to the

‘decrease in tissue LP-lipase activity or due to the physicochemical
effect of cholesterol (Friedman and Byers,1965) which sequesfrates
the triglyceride in the plasma.

LP-lipase is obligatory for triglyceride uptake by thg
extra-hépatic tissues, (Bezman, 19624; Garfinkel, 1967) and
therefore a decrease in tissue LP-lipase activities can cause a

decrease in uptake of triglyceride by the extra-hepatic tissues, thereby
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causing an accumulation of triglyceride in the plasma. Such a
decrease could be due to a decrease in quantity or qualitf of the
enzyme or to the presence of inhibitors,

It was found that the heart LP-lipase activities did not
decrease in the hypercholesterolemic rabbits when coconut oil
emulsion (Ediol) or VLDL was used as the substrate. Fig. 6
shows that the heart LP-lipase activity in the hypercholesterolemic
rabbits was increased when Ediol was used as the substrate (89.8
+ 9,4 pEq/hr.g in control and 168.7 * 14.9 pEq/hr.g in experimental
rabbits). This was also true when normal VLDL instead of Ediol
was used as the substrate (white bars in Fig. 7). The activities
were lower with the VLDL than those with Ediol, but, by using the
same substrate, VIDL, difference between the two groups persisted,
namely, the LP-lipase activity of the hypercholesterolemic heart
was significantly higher than that of the control heart (71.0 *
8.0 pEq/hr.g and 44.2 * 4.3 uEq/hr.g, respectively). This
jndicates that the cause of triglyceridemia was not a result of
the decrease in quantity of the heart LP-lipase.

When LP-lipase from the same source was tested, the aﬁparent
activity measured by using VLDL from the hypercholesterolemic
rabbit as the substrate was found to be lower than that using
normal VLDL (Fig. 7 black vs. white bars). The LP-lipase
activities were depressed to 33~44%. This depression of LP-lipase

activity must be caused by some factors existing in the VLDL from
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the hypercholesterolemic rabbits. The difference in lipid

composition between these two VLDL was thought to be responsible

in causing a depression in LP-lipase activity. The lipid content
of the VLDL Qés then analyzed. Table III shows that cholesterol
and its ester and phospholipid are significantly higher in
hypercholesterolemic VLDL (p < 0.01), and that there was no
significant difference in the triglyceride content of:these two
lipoproteins (p > 0.01), despite rather a laréé dfff;;enéefin
percentage of composition (Table IV). It is possible,.ﬁowever,

the lipoprotein fraction obtained from hypercholesterolemic
rabbits may have a heavier demsity than that from normocholesterol-

emic rabbits, since the density of triglyceride and cholesterol

is 0.92 and 1.06 (g/ml), respectively.

A possible cause of the difference in LP-lipase activities
may be that one of these lipids acts as an inhibitor of the enzymic
action, Therefére various lipid components were added to the Ediol
individually (Fig. 8). It was found that 5.4 mg of free cholesterol
inhibits LP-lipase activity, while the cholesterol acetate has no
‘effect (Fig. 8). The inhibition was 79% (89.8 + 9.4 uEq/hr.g,
control vs. 18.9 + 5.6 uEq/hr.g cholesterol-added). Fig. 9 shows
that phospholipid and cholesterol stearate have no inhibitory
‘effect. It is inferred from these results that the inhibition of
LP-lipase by the VLDL from the hypercholesterolemic rabbit is due

to its high free cholesterol content. This is followed by a
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decrease in triglyceride uptake by the tissue, resulting in
hypertriglyceridemia. .

The inhibitory effect of free cholesterol is dosage

dependent, the mﬁre free cholesterol exists in the incubation
medium, the larger is the inhibitory effect. This is shown in
Fig. 10 and 11. Increasingly larger amounts of free.cholesterol
in an emulsion form (Fig. 10) or in lipoprotein (Fig. 11) caused
proportionally greatér inhibition of LP-lipase activity.

For a study of the kinetics of inhibition, the purified
post-heparinplasma LP-lipase was prepared according to the
method by Fielding (1969). Extent of purification of the enzyme
is summarized in Table V, which indicates that the enzyme'was
purified by 816-fold.

The kinetics of inhibition of LP-lipase by the free
cholesterol were of the competitive nature. This is shown in
Fig. 12, where the rates of the reaction in the presence and
absence of inhibitors were plotted against substrate concentrations in
the manner of Lineweaver and Burk . ‘The three lines appear to

converge on the vertical axis indicating inhibition of competitive

nature by protamine sulfate as well as by cholesterol. -1/K,
was found directly by extending the line to intersect with the
1/S axis. It was -0.005, -0.003, and -0.0015 mg for the substrate
of ﬁdiol only, Ediol plus protamine and Ediol plus free cholesterol

respectively. K, values are therefore, 248, 412 and 825 uM trigly-
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ceride for Ediol, Ediol plus protamine and Ediol plus free
cholesterol, respectively. This well known inhibitor of LP-lipase,
protamine, produced inhibition similar in magnitude to those
reéorted by previous workers (Korn, 1955A).

It was thought at this point that there might be a
possibility in which free cholesterol present in the incubation
mixfure is esterified or combines with FFA released from the
triglyceride. ?his hypothesis was tésted by incubating control
heart homogenates in the presence of cholesterol, Ediol and
palmitic acid; 92.1% of the added palmitic acid was titrated
(n=3). There was no change in amount of esterified cholesterol
before and after incubation (44 ug vs. 41 Ug per 1 ml of the
incubation mixture, n =3). From these observations, it was

concluded that the decreased amount of titrable acid found after

incubation in the presence of cholesterol is not due to the adsorption
or esterification of FFA but due to the real decrease in hydrolysis

of triglyceride.

. The inhibitory effect of cholesterol upon LP-lipase activity
was also shown in an in vivo experiment. Fig. 13 shows the plasma
1ipid level following the injection of heparin. The upper panel

shows the changes of plasma lipids in normocholesterolemic

animalg. The triglyceride level is 114.7 + 9.5 mg% before LP-

lipase is released by heparin. The level is significaﬁtly decreased

by the action of LP-lipase (74.7 + 9.5 mg%). The total cholesterol
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and phospholipid are not affected by the LP-lipase. The lower panel
shows the changes observed in hypercholesterolémic rabbits. There
is no significant hydrolysis of triglyceride upon heparin administra-
tion. This decreased hydrolytic activity of LP-lipase supports the
ideé that the LP-lipase is inhibited by the high concentration of
cholesterol. Significant changes in FFA concentration after heparin
injection will be discussed in the "Discussion" (Chapter 1IV),
D. INTERRETATIONSHIP BETWEEN TRIGLYCERIDE TURNOVER
AND PLASMA LIPIDS

The experiments so far performed showed that the increase
in level of free cholesterol in the plasma caused inhibition of
tissue LP-lipase activities and the accumulation of triglyceride
in the plasma. This cause-effect relationship between the plasma
free cholesterol and triglyceride was further confirmed by the
determination of time course changes in plasma cholesterol level,
triglyceride level and triglyceride turnover rate. The increase
in plasma free cholesterol is accompanied by an initial decrease
in plasma triglyceride turnover rate (Fig. 14, 15). Thereafter,
the plasma triglyceride was gradually increased. The plasma free
cholesterol (panel A) increased from 25.0 + 1.7 mg% to 35.7 % 12.3
mg% after 36 hr of a high cholesterol diet, and 137.7 % 62.7 mgh
at the ené of the first week of this diet, It reached 481.0 &
60.2 mg% after two months of a high cholesterol diet apd then

stayed at a high level with some fluctuatioms. The fractional
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turnover rate (panel C), determined by injecting tritium-labelled
VLDL, decreased rapidly from 58.2% to 33.5% per hr after 36 hr of
a high cholesterol diet. It remained at the rénge of 24,3% -
36.6% per hr whiie the piasma free cholesterol stayed at a high
level. The decrease in fractional turnover rate of triglyceride
was followed by the gradual increase in plasma triglyceride level
(panel B). It increased from 91.0 % 8.9 mg% to 155.6 * 46.3 mgh
at the end of the second week of cholesterol diét and’ feache&
259.4 + 81,5 mg% four months later. Tﬁe elevation of piééﬁa.
triglyceride level; i.e. enlarged triglyceride pool size, should
accompany a decrease of triglyceride fractional turnover rafe,
unless there is a corresponding increase in turnover rate. Because
‘the free cholesterol in plasma remained high in the experimental
rabbits and therefore tissue LP-lipase activities were continuously
inhibited, the hydrolysis of triglyceride by the enzyme could not
increase to keep pace with the increase in triglyceride pool size.
This imbalance between the triglyceride hydrolysis and pool size
would cause a further decrease in triglyceride fractional tﬁrnover
~rate. However, there was no progressive decrease in the fractional
turnover rate, indicating that the hydrolysis of plasma triglyceride
did incre;se even though the plasma free cholesterol was still high,
The increase in hydrolysis of triglyceride at a later period should
be interpreted as the compensatory increase in LP-lipase activity

in hypercholesterolemic rabbit (Fig. 6 and 7).




A return towards control values of the once decreased turnover
rate (panel D, decreased from the control value of 24.1 mg/hr to 16.4
mg/hr after 36 hr of high cholesterol diet) is a manifestation of this
compensation, although a mass action effect owing to an increased level
of substrate for the lipase may be in part responsible for this increase
in triglyceride turnover. Hence, the fractional turnover rate was
maintained at a relatively constant level.

The turnover rate measured in the parallel-fed control rabbits
at the 5th, 21st and 28th day showed no‘signific;nt &e@gétion“as compared
to the 0 day-control value. - |

The plasma triglyceride turnover rate; measured by the injection o:
glycerol—2-H3, agreed well with the results with VLDL-TG-H3 ﬁescribed above
(Fig. 14 and 15). The glycerol-Z-H3 serves as a precursor of plasma VLDL.
With this method, the fractional turnover rate decreased from 51.8 X 6.5%
pér hr (control) to 14.0% per hr (36 hr of high cholesterol diet). It
remained in the range of 3-14% per hr throughout all the experimental peri
The turnover rate similarly decreased (from 36.3 * 7.2 mg/hr to 5.0 mg/hr
after 36 hr of cholesterol diet) but it gradually returned towards the con
The results obtained by using the latter method should be interpreted with
reservation, since the low vaipes found appear to be grossly underestimate
In contrast to the lst method (VLDL method), the turnover rate did not
exceed the control at a later period of the experiment (40-70 days). This
corresponds to the results of hepatic triglyceride synthesis which was not

increased in hypercholesterolemic rabbits.

Fig. 16 is a semilog plot showing the second component of
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the disappearance curves of radioactivity. The results were

taken from experiments using tritium labeled VLDL in one control
and rabbits fed high cholesterol diet of 1.5,.7, 14, 21 or 49 days.
The turnover time of hypercholesterolemic rabbits was all about

169 min,while that of the control was 112 min.

E. INTER-RELATIONSHIP BETWEEN THE PLASMA CHOLESTEROL
AND TISSUE LIPIDS '
This section deals with the analysis of.lipid;in the
subcellular elements of the heart and'liver. In additioé; the

respiratory function of the mitochondria of heart and liver was

assessed.
An electron micrograph of the heart mitochondria prepared
from a control rabbit is shown in Fig. 17. There is little damage
" of the mitochondria. Contamination by the other subcellular

elements cannot be observed. Since the mitochondria align in

rows in the narrow clefts between the tough myofibrils of cardiac
muscle (Fawcett, 1967), a glass-reinforced Teflon pestle had to
be used for homogenization. However, the damage appears to be

very little. The respiratory control ratio of the heart and liver

mitochondria are within normal limits (Table VI). The normal
respiratory control ratio also indicates the intactness of mitochondria
structure (Sobel et al., 1966). There was no significant difference

in the respiratory control ratio, P/0 ratio, or oxygen consumption

between the heart mitochondria with normal and with high cholesterol
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content (p > 0.1). 1In these experiments, L-glutamate, oxoglutarate
or pyruvate and malate were used as substrates. Liver mitochondria
~f the hypercholesterolemic rabbits likewise showed no significant
impairment of respiratory function when succinate was used a§ the
substrate. The change in oxygen consumption of hepatic mitochondria
was of borderline significance (0.025 > p } 0.01).

Fig. 18 to 21 show the contents of.total and esterified
cholesterol in the subcellular fractions of thé»heérﬁ;anq liver.
The elevation of plasma free and esterified cholesterollégsA
accompanied by a significant increase in thése two lipids in the
mitochondria and supernatant fractions of the heart and in.the
mitochondria, microso;es and supernatant fractions of the liver,

_ while the contents in heart microsomes and myofibrils were not
.affected. The total cholesterol and cholesterol ester in heart
mitochondria increase 2-fold, in the heart supernatant 8-fold, in
_the liver mitochondria 5-fold, in the microsomes 3-to 4-fold, and
in the supernatant 17-fold. The changes were all significant

(p < 0.01), The phospholipid and triglyceride of all the sub-
cellular elements of both heart and liver remained unchanged

(Fig. 22 to 25). The livers of the hypercholesterolemic rabbits
weighed an average of 129.1 g and were 30% heavier than the control
livers.. Therefore, the total quantities of hepatic phospholipid

and triglyceride were increased in the hypercholesterolemic rabbits.
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Fig. 5. The Ear of a Hypercholesterolemic Rabbit.,
Note the yellowish plaques along the central ear
artery and xanthomatosis. This rabbit was fed a high-

cholesterol diet for two months.

.
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Fig. 5. The Ear of a Hypercholesterolemic Rabbit.
Notce the yellowish plaques along the central car
artery and xanthomatosis. This rabbit was fed a high-

cholesterol diet for two months,
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TABLE I

PLASMA LIPIDS OF CONTROL RABBITS AND OF RABBITS ON A HIGH CHOLESTEROL

DIET

The high cholesterol diet consisted of 3% cholesterol (w/w)

dusted onto rabbit pellets similar to those fed to the control

rabbits. The values are expressed as mean * S.E.M. The experimental

rabbits were fed a high cholesterol diet for an average of two
months. The number of observations of the control includes; )
the samples from the control rabbits at the beginning of the
experimental period; (2) those from the experimental rabbits

before the high cholesterol diet was initiated; and (3) the

samples from the control rabbits at the end of the experimental
period, i.e., after they have been kept on the diet without added
cholesterol for the same period of time as the experimental rabbits.

There was no difference among values for these three sets.

-a

Control Experimental
No. mgh No. mg%h P
Cholesterol: Total 30 59.4 * 5.1 10 533.9 * 61.5 <0.001
Ester 30 34.4 * 3.4 10 162.4 *19.9 <0.001
Phospholipid: 30 109.5 + 6.3 10 365.4 * 43.6 <0.001
Triglyceride: 30 91.0 + 8.9 10 168.8 * 35.7 0.001< p<0.,01
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Fig. 3 ~THE TIME COURSE OF CHANGES IN PLASMA LIPIDS DURING

CHOLESTEROL FEEDING

The high cholesterol diet consisted of 3% cholesterol (w/w),
dissolved in ethyl ether, then mixed with the rabbit pellets or
dusted directly onto the pellets. The means of 30 observations of
the control and 5 observations of the experimentallrabbits are
shown. Abbreviations are: CHOL. (cholesterol), P.L. (phospholipid),

T.G. (triglyceride), WKS (weeks) and mg/100 ml of pldsﬁa. i

o
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PLASMA LIPIDS
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P L. B—Uu
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Fig. 3. The Time Course of Changes in Plasma Lipids during Cholesterol

Feeding.
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Fig. 4. FREE FATTY ACID LEVEL IN THE LIVER AND PLASMA OF OVER=-

NIGHT FASTED RABBITS

The FFA were extracted from 1 ml of liver homogenate or
plasma with 5 ml of isopropanol-heptane-HZSOA- The FFA in heptane
phase were titrated with 0.1 N sodium ethoxide. A 0.02 % (w/v):
solution of phenolphthalein in absolute ethanol served as ;he
indicator., The content of FFA is expresseq as qu‘per gram wet
weight of liver, and as uEq per ml of plasma (oidingtq). The
results are shown by the white (controi) and black (ﬁypé?ehoiesterol-
emic rabbits) columns. They are expressed as mean X S.E.M. The
animals were on a high cholesterol or control diet for aﬁ average

of 44 days before samples were taken.
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Fig. 5 FATTY ACID ESTERIFICATION INTO TRIGLYCERIDE IN LIVER

HOMOGENATES

Ten grams of liver were homogenized in 30 ml of KCL Tris
puffer (9 parts of 0,154 M KCL and 1 part of Tris buffer, 0.5 M
pH 7.5) and centrifuged at low speed. Two ml of supernatant were
incubated in 1 ml of medium containing 0.1 microcuries (0.04 pM)
of potassium-1-014-palmitate and 10 uM ATP, 20 uM potassi;ﬁ ,
phosphate buffer (pH 7.5) and 10 pM MgClp at 370¢ for 90 min. The
results are expressed as mean + S.E.M. pEq of FA incorporated per
kg of body weight over an incubation period of 90 min (ordinate)
on the assumption that the specific activity of the palmitate
would remain constant and would represent that of FA. The liver

of experimental rabbits was excised after a high cholesterol

regimen .of an average of 2 months duration.




73

| p>07

100 -

80 -

HEq FA per 60 -
Kg of BW

40 -

20

_—

control hypercho —~
lesterolemic

Fig. 5. Fatty Acid Esterification into Triglyceride in Liver

Homogenates.
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TABLE II

INCORPORATION OF ACETATE-I,Z-C14 INTO THE LIPIDS OF THE LIVER

0.5 g of liver slices were incubated in 5 ml of intra-
cellular cation type medium in the presence of 5 microcuries (2mM)

sodium acetate—l,Z—C14 at 37°C for 2 hours. The medium composition

3 2
and it was gassed with 95% 0, and 5% CO, for a minimum of 20 min

was 120 mM K¥; 20 md Mgt 2.5 md ca*¥; 100 mi G175 20 nM HCO

i . ] Lo
before tissues were added. The values were calculated as mumoles of

A

s?dium acetate incorporated into the lipids per gram of liver

'

(ﬁean + S.,E.M,). The liver of experimental rabbits was excised

1
after an average of two month high cholesterol regimen.

|
Diet No. Lipids

FFA TG Cholesterol

free ester

Normal 11 2.0+ 0,2 1.1 +0.2 5.2 + 0.9 0.1
3% choles~
" terol 10 2.4 + 0.6 0.8 + 0.2 7.6 + 1.2 0.1

p >0.5 > 0.2 > 0.1
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Fig. 6 LIPOPROTEIN LIPASE ACTIVITIES OF RABEIT HEART HOMOGENATES,

<

PLASMA AND ADTPOSE TISSUE

100 mg of the tissue in 0.5 ml of Krebs-Ringer-phosphate
buffer (pH 8.5) was added to the incubation medium which consisted
of albumin (Fraction V), serum, 5% Ediol, and heparin. For the

post-heparin plasma, heparin.was omitted and Tris buffer (éH 8.5)

was used. The fatty acids released were determined at zero time and afte:,.'

1 hour of incubation at 37°C, Enzyme activities are expressed as
pEq per 1 ml of plasma or 1 g of heart or adipose tissue (ordinate)
in the control (white columns) or hypercholesterolemic rabbits
(black columns) (mean * S.E.M.). The animals were on a control

or high-cholesterol diet for an average of 44 days before samples

were taken.

N
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Fig. 6. LP-lipase Activities of Rabbit Heart Homogenates,

Plasma and the Adipose Tissue.
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Fig. 7 LIPOPROTEIN LIPASE ACTIVITIES OF RABBIT HEART HOMOGENATES

- WITH VERY LOW DENSITY LIPOPROTEIN (VLDL) AS THE SUBSTRATE

0.6 ml of VIDL (d < 1.006) from the control (white columns)
or hypercholesterolemic rabbits (bléck columns) was used as the
substrate. The results obtained by using control heart enzyme
(left side bars) are shown in contrast to those obtained from °
hypercholesterolemic heart enzyme.(right side barsi. For further

details see legend to Fig. 6.
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Fig. 7. LP-lipase Activities of Rabbit Heart Homogenates

with Very Low Density Lipoprotein as the Substrate.
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TABLE III

Ly

THE CONCENTRATION OF LIPIDS IN VLDL (d < 1.006)

The serum was centrifuged for 15 hr at 115,000 x g at 1000.,
the iipoprotein (LP) contained in the top 1 cm of the tube was
aspirated (d < 1.006) for the determination of the protein,
cholesterol, cholesterol esters, phospholipid and triglyceride
content, The values are expressed as the mean % S.E.M. _Samples
were taken from the rabbits after an averége of 30 days of control

or high cholesterol diet.

Diet No. . Lipids (mg/ml)
Cholesterol phospholipid triglyceride
free esterified
control 7 0.24 + 0,05 0,51 *+ 0,06 1,53 *0.28 4.42 + 0.66

3% choles~
terol 5 2,51 + 0.71 4,71 +1.26 5,46 *+1.45 1,99 + 0.33

P <0.01 <0.01 <0.01 0.02>p>0.01

bia
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TABLE 1V

LIPID GOMPOSITIONS OF THE LIPOPROTEINS

The serum was centrifuged for 15 hr at 115,000 x G at 10°c.
The lipoprotein (LP) contained in the top 1 c¢m of the tube was
aspiréted (d < 1.006)., The remaining lower portion was brought to
d=1,019 by mixing with salt solution and centrifuging as before
The LP in the top 1 cm of the tube was harvested as LP of d=1.006-
1.019. The remaining part was the LP of d > 1.619;1ifhe protein,
cholesterol, cholesterol esters, phospholipid and triglyée;ide
content of these LP were measured. The valués are expressed as

the mean of three samples which were taken from the rabbits after

an average of 30 days of control or high cholesterol diet.

Density Diet Lipids (%)

Cholesterol phospholipid triglyceride

free ester

<1.006 ' control 6.1 4.9 23.0 66.1
" 3% choles-

. terol 37.6 17.2 36.6 8.6

1.006-1.0190 comtrol 8.4 4.9  25.1 61.7
3% choles-

terol 23.0 29.1 42.9 5.1

>1,019 - control 42 .4 35.8 9.8 12.1

3% choles~
terol 19.1 38.6 39.1 3.3
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Fig. 8 LP-LIPASE ACTIVITIES OF THE HEART HOMOGENATES IN THE

PRESENCE OF CHOLESTEROL

Ediol in the presence and in the absence of cholesterol or
chglesteryl'acetate was used as the substrate in these experimenté.
5.4 mg of cholesterol or cholesteryl acetate was suspended in 0.6
ml of Ediol(5%, pH 8.5)., 100 mg of control heart homogenate was
incubated in the medium which consisted of 5% albumln (fractlon V),
2.7 ml; serum,2.7 ml and heparin, 0.5 ml (210 pg) :éEA was
determined at 0 and after 1 hr of incubation at 37°C. Enzyme

activities are expressed as pEq FA released per g of heart during

1 hr of incubation (ordinate) (mean * S.E.M.).
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Fig. 8. LP-lipase Activities of the Heart Homogenates

: . _ in the Presence of Cholesterol.
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Fig. 9 LP-LIPASE ACTIVITIES IN THE PRESENCE OF CHOLESTERYIL

STEARATE OR LECITHIN

5.4 mg of cholesteryl stearate or lecithin was suspended
in 0.6 ml of Ediol (5% pH 8.5) and incubated together with the

control heart homogenate., For further details see previous Fig. 8.
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Fig. 9. LP-lipase Acitivities in the Presence of

Cholesteryl Stearate or Lecithin.
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Fig. 10 LP~LTIPASE ACTIVITIES OF THE CONTROL RABBIT HEART

HOMOGENATES MEASURED WITH EDIOL AS THE SUBSTRATE

IN THE PRESENCE OF DIFFERENT AMOUNTS OF FREE CHOLESTEROL

1.8, 3.6 or 5.4 mg of free cholesterol was suspended in
0.6 ml of Ediol (5%, pH 8.5). The method of incubation and the

further details see the legend to Fig. 8.

R ok kIR S SN




86

FA RELEASED
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Fig. 10, LP-lipase Activities of the Control Rabbit Heart
Homogenates Measured with Ediol as the Substrate in the Presence

of Different Amounts of Free Cholesterol.




03 3 AR TR A Y T Y O RIS L

!
%
i
i

87

Fig. 11 LP-LIPASE ACTIVITIES OF CONTROL RABBIT HEART HOMOGENATES

WITH VARIOUS VLDL MIXTURES AS SUBSTRATES

100 mg of the homogenate from control heart was incubateé
with 0.6 ml of substrate which consisted of 0.6, 0.4, 0.2 or 0 ml
of the control VLDL and 0, 0.2, 0.4 or 0.6 ml of the hypercholesterolemic
VIDL, respectively. The triglyceride (TG) and cholesterol (CHOL)
content of these substrates are shown under individual columns.
For the method of incubation and other details ;ee.ﬁﬂé‘}eg?na to

ot

F%g. 6.
)
|

i




88

FA RELEASED
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Fig. 11. LP-lipase Activities of Control Rabbit Heart Homogenates

with Various Very Low Density Lipoprotein Mixtures as Substrate.
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TABLE V

THE COMPARISON BETWEEN RABBIT POST-HEPARIN PLASMA LP-LIPASE ACTIVITIES

—
e ———

H

AND THE ACTIVITIES OF THE SAME ENZYME AFTER PURIFICATION

The enzyme was purified by flotation of the enzyme-substrate
complex and its solubilization with deoxycholate, 1 ml of post-
heparin plasma or purified enzyme was incubated with 2 ml of 5%
bovine albumin (fraction V), 1 ml of 0.1 M Tris (pﬁ 8.5), 1 ml of

5% Ediol (in Krebs-Ringer phosphate buffer, pH 5,5);1;1

cr

Volume Total Total Specific Yield Purification
(ml) unit* protein activity (%)

(mg) (unit/mg

protein)
Crude plasma 60 604 2932 0.21
Calcium 1 36 0.21 171.43 6.0 x 816

phosphate eluate

*

1 unit cﬁtalyzes the release of 1 PEq FA/h from the lipoprotein in
assay medium at 37°C.
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Fig. 12 KINETICS OF THE INHIBITION OF LP-LIPASE BY THE FREE

| CHOLESTEROL | *

Post~heparin plasma LP-lipase was purified by flotation

of the enzyme-substrate complex and its solubilization with
deoxycholate. The purified enzyme was incubated with different
concentrations of Ediol (contained 15, 30, 40, 45, 50 or 60 mg of
triglyceride) in the medium which consisted of 5% albumin (fraction
V), 0.1 M Tris (pH 8.5) and heparin. The final volume was adjusted
to 5 ml with Krebs-Ringer phosphate bﬁffer. FFA was determined
at 0 and 1 hr of incubation at 37°C. 5.4 mg of free cholesterol
or 4 mg of protamine sulfate was added to each of the incubation
flasks for inhibition studies., The reciprocal of V (uEq FA
released by the enzyme with 1 mg of protein in 1 hr) (ordinate)
was plotted against 1/S (S =mg triglyceride in the incubation

medium) (abscissa). Each point represents the average of 3

experimentél results.
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Fig. 12, Kinetics of the Inhibition of LP-Lipase by the
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Fig. 13 THE CHANGES IN THE PLASMA LIPID LEVEL OF THE CONTROL AND

HYPERCHOLESTEROLEMIC RABBITS IN RESPONSE TO HEPARIN-

ADMINTSTRATION

Injection of heparin (1 mg/kg BW) causes release of LP-
lipase. Lipids were analyzed before (crossed bars) and after
(black bars) the injection of heparin. The upper panel shows

the results from control rabbits, the lower panel, hyéercholesterolemic
. R .o
rabbits. The ordinate indicates mg% of total cholesterol (Cholest),

r

phospholipid (PL) and triglyceride (TG), or uEq FFA/100 ml. Mean

+ S.E.M. and p values are also shown.
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Fig. 13. The Changes in the Plasma Lipid Level of the

Control and Hypercholesterolemic Rabbits in Response to

Heparin-administration.
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Fig. 14 THE TIME COURSE RELATIONSHIPS BETWEEN THE CHANGES IN

PLASMA CHOLESTEROL LEVEL, PLASMA TRIGLYCERIDE LEVEL AND
[Pp——
TRIGLYCERIDE TURNOVER RATE DURING CHOLESTEROL FEEDING

500 uc glycerol~2-H3 was intravenously injected into a
normal rabbit and the VLDL was prepared from the plasma. The
known amount of radioactivity (about_19 x 10° dpm) of this VLDL
was injected intravenously into rabbits on 0, 1.5, 7, 14, 21 or 49
days of high~cholesterol regimen., The fractional turnover and
turnover rate were calculated from the rate of disappearance of
radioactivity. The abscissa indicates the day§ on cholesterol diet.
Plasma total cholesterol @——Q , free cholesterol ®B—& ,
phospholipid A—4A , and triglyceride o—©0 are
shown in A and B. The values are expressed in mean + S.E.M. The
number of experiments was 30 at 0 days ar}d the average of 5 in the '
rabbits after different periods of ch_o_lesterol diet. €, fractional

turnover rate, n=2. D, turnover rate of triglyceride in mg/hr,

n=2.
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Fig. 14, The Time Course Relationships between the Changes
in Plasma Cholesterol Level, Plasma Triglyceride Level and

Triglyceride Turnover Rate during Cholesterol Feeding.
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Fig. 15 THE TIME COURSE OF CHANGES IN TURNOVER RATE OF PLASMA

TRiGLYCERIDE MEASURED BY USING GLYCEROL-2-H3

80 pc of glycerol-Z-H3 was injected intravenously into
rabbits on 0, 1.5, 7, 14, 42 or 70 days of high-cholesterol diet
and turnover rate determined according to the method by Farquhar
et al., (1965). E, fractional turnover rate, and F, turnover rate

of plasma triglyceride in mg/hr. n =4.

'

|
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Fig. 15. The Time Course of Changes in Turnover Rate of Plasma

Triglyceride Measured by Using Glycerol-2~H3.
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Fig. 16 DISAPPEARANCE OF TG-H3 FROM THE PLASMA AFTER INTRAVENOUS

INJECTION OF VLDL~H3 IN CONTROL AND HYPERCHOLESTEROLEMIC

RABBITS
The ordinate shows labelled triglyceride concentration in
plasma.(dpm/ml) on a log scale, and abscissa shows hours after
injection. Solid lines are the second component of the disappearance
curves which indicate largely the transfer. of TG:-H3 from plasma to
éxtrahepatic tissues. The dotted lines are thé-exét%ﬁolqtidn to
O\time, ty can then bg read on the graph, and the turn00é£ éime be

2
calculated (tt= L.44 x tq).

| 2
|
|
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Fig. 16. Disappearance of 7G-H3 from the Plasma after Intravenous

Injection of VLDL-H3 in Control and Hypercholesterolemic Rabbits.
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Fig. 17 ELECTRON MICROGRAPH OF MITOCHONDRIA OF A CONTROL RABBIT

| pEART

The mitochondria pellet was fixed with 1% OsO4 in phosphate
buffer (pH 7.4),embedded in Vestopal and sectioned on Reichert
Ultramicrotome with a glass knife. Magnification - 78,000 x,
Electron microscope - Phillips 100B, 60 KV.

There is no marked contamination with other égbcellular

R L e
elements. The mitochondria are intact. )

.
-t

2

* The author is deeply obliged for pr. J. Metuzals and Mr. V. Redmond
who prepared this picture.
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Fig. 17. Electron Micrograph of Mitochondria of a Control

Rabbit Heart.
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Fig. 17, Electron Micrograph of Mitochondria of a Control

Rabbit Heart.
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TABLE VI

RESPIRATORY FUNCTION OF RABBIT MITOCHONDRTIA

The mitochondria were isolated by the method described
in Figs. 18 and 20. The mitochondrial respiration was measured
polarographically in a medium containing 15 mM KC1, 5 mM MgCl,,
10 nM EDTA, 20 mM glucose, 30 mM phosphate buffer and 25 mM Tris
(pH 7.4). Either 3 mM pyruvate plus 3 mM L-glut;mate,,S M
éxoglutarate or 8 mM succinate was added as a substr%ﬁe.. 0.1
41 (10 mg protein/ml) of the suspension of the subcellula
élements was pipetted into the polarographic chamber containing

ﬁhe above mixture. As the phosphate acceptor, 0.2 mM ADP was

used. The final volume was 2 ml and the temperature 25°¢,

Rabbit Heart

Substrate Normal Hypercholesterolemic
Respiratory glutamate 3.4+ 0.1 3.8+ 0.4
control ratio oxoglutarate 2.8 + 0.3 3.0+ 0.3

pyruvate + malate 3.3+ 0.5 3.4+ 0.3

Q05 (m microatom Oy glutamate 90,7 + 12.2 124.8 *+ 13.7
/mg protein/min)
oxoglutarate 98.5 + 10.9 125.4 * 14.0

pyruvate + malate 124.0 % 11.4 144.4 * 15.5

P : O ratio glutamate 2.9+ 0.2 2.7+ 0.2
oxoglutarate 2.6 & 0.2 2.8+ 0.1
pyruvate + malate 2.8+ 0.2 2.8+ 0.2
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Rabbit Liver

Substrate Normal ) Hypercholesterolemic
. Respiratory _ succinate 4,2 + 0,2 5.8 * 0.5
control ratio
Qo, (m microatom O, succinate 66.0 + 5.7 86.3 + 4.9
/mg protein/min)
P : O ratio succinate 1.9 £ 0.6 2.1 f 0.1

(A v

’

n=6 (normal) and 10 (hypercholesterolemic). The values are

expressed as mean * S.E.M. p values of differences between two

groups are all larger than'0.0S, except that of the hepatic QO2

which is 0.025 > p > 0.01,
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Fig. 18 CHANGES IN THE TOTAL CHOLESTERQL OF THE HEART SUBCELLULAR

FRACTIONS IN RABBITS ON A HIGH~-CHOLESTEROL DIET

The ventricles were cut into small pieces, passed through
a stainless tissue press and homogenized in 10 volumes of 0,25 M
sucrose with 0.002 M EDTA (pH 7.4). The nuclei, cell debris and
myofibfils vere separated from the mitochondria and microsomes
by centrifuging at 500 x g for 5 min. The'lower-2/3 of the
prec1p1tate was used as a source of myofibrils. The-p?ecipi;ate
Gas rehomogenized and washed 3 times with KCl- borate-EDTA
;plution. Mitochondria were isolated by centrifuging the supernatant
aF 12,800 x g for 10 min and washed with the same medium. The
m&crosomal and supernatant fractions were sepérated by centrifuging
the post-mitochondrial supernatant for 120 min at 78,000 x g.
'All the fractions were suspended in the medium to give a concentration
of approximately 10 mg protein/ml. Lipids were extracted with

chloroform-methanol. The total cholesterol of control (white bars)

and hypercholesterolemic (dark bars) hearts is expressed as pg/mg

protein (ordinate) (mean * S.E.M.).




105

E] CONTROL

AG/MG PROTEIN HEART ﬁigii MY PERCHOL .
80—
.EI
l!:! ue
Ff-!;
60—t j;l
-T “l
i
i ifél,i
: s
40— Ii’!’? i
it i
:I!il ~’?§
ity 1i
il i
{ 7::7‘ _I”‘,\ .
i g
20-{  rH 4
i S =
o g i)
ol o H
ol ; i
) H |
o o ) 110
NO. 8 II 7 1 8 1l 7 11
P <0.00l >0.0| >0,01 £ 0.001
MITOCH. M ICROS. MYOFIBR, SUPERN.
FR. FR. FR. FR.

Fig. 18. Changes in the Total Cholesterol of the Heart Subcellular

Fractions in Rabbits on a High-Cholesterol diet.
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Fig. 19 CHANGES IN THE CHOLESTERYL ESTER OF THE HEART SUBCELLULAR

FRACTIONS IN RABBITS ON A HIGH-CHOLESTEROL DIET

Free cholesterol was separated from the ester by digitonin
precipitation and the cholesteryl ester content was calculated
by subtraction (ug/mg protein, ordinate). For further details

see legend for Fig. 18.
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Fig. 19. Changes in the Cholesteryl Ester of the Heart Subcellular

Fractions in Rabbits on a High-Cholesterocl Diet.
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Fig. 20 CHANGES IN THE TOTAL CHOLESTEROL CONTENT OF THE SUBCELLULAR

FRACTIONS OF LIVER IN RABBITS ON A HIGH-CHOLESTEROL DIET

Liver was homogenized in 10 vol of the medium containing
0.25 M sucrose and 0,002 M EDTA (pH 7.4). A centrifugal force
of 800 x g for 5 min was used to spin down the nuclei and cell
debris, 8,200 x g for 10 min to precipitate the mitochondria,
and 78,000 x g for 120 min to separate the microsomal fraction
and the supernatant. The mitochondria were washed o;ég w;tﬁ'the
homogenizing medium, then suspended in the same medium (iO mg protein/
ml). Total cholesterol was determined according to Searcy and
Bergquist (1960). The values are expressed as mean * S.E.M.
pg/mg protein (ordinate) for the control (white bars) and

and hypercholesterolemic (dark bars) rabbits.
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Fig. 20. Changes in the Total Cholesterol Content of the Subcellular

Fractions of Liver in Rabbits on a High-Cholesterol Diet.
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Fig. 21  CHANGES IN THE CHOLESTERYL ESTER CONITENT OF THE SUBCELLULAR

FRACTIONS OF LIVER IN RABBITS ON A HIGH-CHOLESTEROL DIET

For explanation see Fig. 20.
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Fig. 22 COMPARISON OF PHOSPHOLIPID~-P CONTENTS OF THE HEART BETWEEN

SUBCELLULAR FRACTIONS IN CONTROL AND HYPERCHOLESTEROLEMIC

RABBITS
The phospholipid was measured as orthophosphate in the lipid
extract and expressed as phospholipid-? in pg/mg protein (ordinate)

(mean ¥ S.E.M.). For further detail see Fig. 18..
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Fig. 22. Comparison of Phospholipid~P Contents of the Heart between

Subcellular Fractions in Control and Hypercholesterolemic Rabbits.
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Fig. 23  TRIGLYCERIDE CONTENTS OF CARDTAC SUBCELLULAR FRACTIONS

IN CONTROL AND HYPERCHOLESTEROLEMIC RABBITS

Triglyceride was separated from phospholipid by the
absorption with Florisil then determined colorimetrically. The
values were expressed as pEq/mg protein (mean * S.E.M.)., For

further explanation see Fig. 18
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Fig. 24. COMPARISGN OF THE PHOSPHOLIPID-P CONTENTS BETWEEN SUBCELLULAR

FRACTIONS OF THE LIVER OF CONTROL AND HYPERCHOLESTEROLEMIC

RABBITS

The phopholipid was measured as orthophosphate in the lipid
extract and expressed as phospholipid-P in pg/mg protein (ordinate)

(mean *+ S.E.M.). For further detail see Fig. 20.
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Fig. 25 TRIGLYCERIDE CONTENTS OF HEPATIC SUBCELLULAR FRACTIONS

IN CONTROL AND HYPERCHOLESTEROLEMIC RABBITS

Triglyceride was separated from phospholipid by the
absorption with Florisil then determined colorimetrically. The
values were expressed as pEq/mg protein (mean *+ S.E.M.). For

further explanation see Fig. 20.




119

AEq/ MG PROTEIN

I l.CONTROL

LIVER
b "
M wveercroL.
0.10—] '
Otos—
0,06 T
0,04 —
e
d_"_lx L
0.02— i {E!
i T
N g
L i
0o o R
NO. 7 10 7 11 7 11
P >0.0! 0.0 >0.01
MITOCH. MICROS. SUPERN.
FR. FR. FR.

Fig. 25.

Triglyceride Contents of Hepatic Subcellular Fractions

in Control and Hypercholesterolemic Rabbits.,




120-

CHAPTER IV

DISCUSSION .
) This study was an attempt to elucidate the mechanism of
changes in triglyceride metabolism which is accompanied by
hypercholesterolemia of rabbits fed a high cholesterol diet.
The results will be discussed under five major subsections: the
change'in plasma lipid levels, the change of lipid sygthesis in . t
liver, LP-lipase activities, plasma triglyceride turnover and
the lipid composition of subcellular fractions.

A. THE CHANGE IN PLASMA LIPID LEVEL \i'

The plasma level of cholesterol, phospholipid and triglyceride

in the normal rabbits used in this study are within the ranges

reported previously (Boyd, 1942; VanHandel et al., 1957). Plasma
FFA measured by a modified Dole's procedure showed large variations
(from 196 pM/1 to 1369 uM/1) (Trout et al., 1960). This is in
part due to the difficulty in reaching a reliable end point during
titration. The method of Goss and Lein (1967) was used in my
experiments to measure the plasma and tissue level of FFA and
therefore reliable end points were obtained. The plasma FFA of
the fasting control rabbits showed a small standard error (1331 +
130 @/1).

Cholesterol fed rabbits showed, in two months, a significant

increase.in plasma cholesterol and its esters, phospholipid and
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triglyceride (Table I).
1. EXCESS DIETARY CHOLESTEROL AS THE PRIMARY CAUSE OF OTHER
METABOLIC CHANGES

A high cholesterol diet was the only difference between
our experimental and control rabbits. No vegetable oil or other
form of fat was added to the rabbit pellets. The experimental
rabbits consumed no more food than the control group, therefore
the plasma lipid changes are a direct consequence‘of;éhe_exﬁ%a
amount of cholésterol in the diet. '

'As mentioned in the "Historical Review', many varieties
of diet have been used by previous investigators to induce.
hypercholesterolemia in rabbits. When cholesterol was included
in the diet, the content of cholesterol was also vériable; for

example, Scebat et al, (1961) reported that, when rabbits were

fed only 0.25 g of cholesterol per day, the magnitude of athero-

sclerotic changeé was almost as severe as when 1 g of cholesterol
per day was fed, even though the level of serum cholesterol was
only half as high. Nothing but cholesterol was given in my
experiments in order to avoid complicating the results by
feeding oil, Three per cent (w/w) cholesterol was added to the
rabbit pellets, in order to obtain an acute effect on both plasma
and tissues.

The plasma level of neutral fat has been reported to be

higher than 600 mg% after one month of cholesterol feeding in
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rabbits (Weinhouse and Hirsch, 1940; Wang et al., 1954). Fatty
acids of neutral fat in plasma and the amount.of S¢ 100-400 LP
were also reported to increase in these rabbits (Horlick and
Lyman, 1954; Kritchevsky, et al., 1954). In this study the
elevatiyn of plasma triglyceride level was statistically significant
(Table I), although it was not as high as levels reported by
Weinhouse and Hirsch (1940) and Wang et al. (1954).
2..THE MECHANISMS OF CHOLESTEROL INDUCED HYPERTRIGLYGERIDEMTIA

An increased plasma level of triglyceride is eiéﬁg; due to
an increase‘in the rate of entry of triglyceride into the plasma
or to a decrease in the rate of exit of triglyceride from the
plasma. The triglyceride enters the blood circulation from three
sources; jntestinal absorption, hydrolysis of adipose triglyceride
.énd their subsequent esterification in the liver, and synthesis by
the liver. An increase in a;y one of these sources may cause
hypertriglyceridemia. A decrease in the rate of exit of triglyceride
can be due to a physicochemical effect between the lipids in the )
plasma or due to a decrease in triglyceride uptake by the tissues.
The high cholesterol diet and the subsequent elevation of plasma

cholesterol can induce hypertriglyceridemia through one or more

of these mechanisms.
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B. THE RATE OF ENTRY OF TRIGLYCERIDE INTO THE PLASMA
1. TRIGLYCERIDE SYNTHESIS, ESTERIFICATION AND SECRETION BY THE LIVER
The liver is the major source of endogenous plasma
triglyceride., The latter is released into the blood stream in the

form of LP (Borgstrom and Olivecrona, 1961; Havel et al., 1962).

Therefore, increased plasma triglyceride in hypercholesterolemic
rabbits could be due to an increased secretion of LP, increased
synthesis of LP, increased fatty acid esterification‘or ;ncreased
fatty acid uptéke or synthesis in this organ. o

There was no significant difference in esterification of
palmitat:e-l-C14 by control or hypercholesterolemic rabbit liver
in my experiﬁents. Also there was no difference in triglyceride
synthesis from acetate-l,Z-ClA. These results suggest that over-
.production of triglyceride by the liver of the rabbits with
hypercholesterolemia is unlikely.

The incorporation of palmitate-l-C14 into the triglyceride

of the liver (21.4-37.7%) was comparable to that reported by Tietz

and Shapiro (1956)., Om the other hand, these experiments were

performed by the use of liver homogenates or slices and not by the
use of liver perfusion. Therefore, the imbalance between the
triglyceride synthesis and the secretion by the liver cannot.

be detected. Indeed, there are conditions where the liver may
synthesize the normal amount of triglyceride but may not secrete

enough of this into the blood (fatty liver formation). However,
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there has been, to my knowledge, no evidence showing that the
unchanged liver synthesis of triglyceride is gccompanied by a
disprqportionately high secretion into the blood. Unless the
capacity of hepatic synthesis measured by con&entioﬁal methoés

is far in excess of the normal rate of hepatic triglyceride

output, there would be no room for regulation of triglyceride
synthesis by triglyceride output by the liver. This is supported
by the fact that the turnover rate of triglyceride in the 1iver
differs among species: that of man is much faster wh11e that of
dog and rabbit is much slower than the corresponding plasma
triglyceride turnover (Farquhar et al., 1965). In my expériments,
triglyceride synthesis in the liver of hypercholesterolemic rabbits
‘was within the normal range. The triglyceride content of the liver
and Plasma FFA levels also showed mo change. Therefore it is un-
1ikely that the.increase in plasma triglyceride is due to an

increase in secretion by the liver.

The results of triglyceride turnover study showed an
jncrease in turnover rate in the later period of the experiment
(Fig. 14). This increase signifies an increase in both triglyceride
removal out of and triglyceride entry into the plasma. Since the
major source of triglyceride in the fasting state is the 11Qer,
the above result suggests that an increase in triglyceride
synthesis by the liver is a possibility.

The discrepancy between these two results, the hepatic
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triglyceride synthesis and plasma triglyceride turnover, may be due
to the difference between the in vitro and in ;ivo expériment. The
homogenates or slices of the liver were used for the determination
of the capacity of hepatic triglyceride synthesis. As discussed
above, in vitro experiments indicate maximal capacity of a tissue;
i.e. in this instance, the highest synthesis activity, whereas the
turnover study indicates an actual rate of synthesis. This would
be much smaller than ﬁhe former. The supply of FFA to the liver aud the
hepatic triglyceride content, although they individually did not
show great change, might have influenced the results collectively.
2. ;NTESTINAL ABSORPTION OF TRIGLYCERIDE IN RABBITS ON A HIGH
CHOLESTEROL DIET
The second source of plasma triglyceride is by intestinal

absorption. The absorbed lipids react with a small amount of

protein to form chylomicron in the intestinal mucosal cell then

go via the thoracic lymphatic system to the blood stream. The
triglyceride in the chylomicron is rapidly taken up by the liver

and most of the extrahepatic tissues with a half time of 5 to 15

min (Dole and Hamlin, 1962; Hartroft et al., 1963; Bragdon and
Goxdon, 1958). Therefore, in the post-prandial state, the plasma
triglyceride level.can be influencéd by the fat content of the
diet and‘the rate of uptake of triglyceride by the tissues (Havel
and Goxrdon, 1960), 1If the elevated triglyceride in the plasma of

the cholesterol fed rabbits comes ‘from the intestine, either the

fat content of the diet must have been high or the uptake of the
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chylomicron triglyceride by the tissues must have been low. The
experimental rabbits did not receive extra dietary fat (triglyceride
content 1%, ﬁ/w) and there was no evidence that cholesterol feeding
might promote triglyceride absorption. Therefore, the former factor
can be ruled out, However, the latter possibility, the decrease in
the uptake of chylomicron trlglyceride by the tissues, has been
examined in this study by the determination of LP-lipase activities
of the extrahepatic tissues. This was done because LP- 11pase was
fouqd to be important for the uptake of chylomicron triglyceride

by extrahepatic tissues (Havel and Gordon, 1960), The experimental
results shoved that free cholesterol may inhibit LP-lipase activity
and thus the degrease in uptake of chylomicron triglyceride by
extrahepatic tissues could be one of the mechanisms of cholesterol
induced hypertriglyceridemia. The same mechanism has been described
in Typel hyperlipoproteinemla by Fredrickson et al. (1967) in the .
human being. The uptake of chylomicron_triglyceride by the liver
will be discussed in the section on the hepatic uptake of plasma
triglyceride.

A high-carbohydrate diet could have increased the plasma
triglyceride level, since the response of practically all subjects to
high-carbohydrate feeding is to convert muqh of the carbohydrate to
triglyceride in the liver and eventually release it into the plasma as
pre~p LP to increase the plasma.triglyceride level (Fredrickson et al.,
1967). This is the mechanism responsible for carbohydrate~induced

(Type IV) hyperlipoproteinemia. However, this could not have occurred
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in the experimental rabbits because they consumed no more food
than did the control animals.
3, THE HYDROLYSIS OF ADIPOSE TISSUE TRIGLYCERIDE IN THE
HYPERCHOLESTEROLEMICACONDITION

_There is a possibility that the increased plasma
triglyceride is secondary to an increased hydrolysis of adipose
tfssue triglyceride. According to Reshef et al. (1958), there
15 little evidence for the direct release of triglycéfﬁde ?rsm
i%olated adipose tissue in vitro. The transformation and,release
o% adipose tissue triglyceride to plasma triglyceride occurs
b; way of the liver (Duncan, 1964). Fat mobilized from the
sﬂorage tissues circulates as FFA and is taken up by liver and
muscle (Bragdon and Gordon, 1958; Laurell, 1959). The amount
of FFA extracted by the liver is proportional to the concentration

of FFA in the portal blood (McElroy et al., 1960). An increased

FFA uptake leads to increased triglyceride synthesis in the liver,

(Gidez et al., 1962; Nestel et al., 1963A). Therefore, if the
increase in plasma triglyceride in hypercholesterolemic rabbits

was due to an increase in hydrolysis of adipose tissue.triglyceride,
there would be an increase in plasma and hepatic'FFA. However,

in my experiments there was no increase in FFA in the plasma or
1iver of the hypercholesterolemic rabbits (Fig. 4). This argues
against the possibility that the increased plasma triglyceride in

these rabbits originated from the adipose tissue.
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C. THE RATE OF REMOVAL OF TRIGLYCERIDE FROM "PLASMA

The plasma triglyceride is removed by the liver and the
extrahepatic tissues. Since triglyceride input into the plasma
compartment appears unchanged in the hypercholesterolemic rabbit,
the increase in plasma triglyceride must be due to a decrease in
the rate of removal of triglyceride from the plasma by these
tissues. : ) -
1., THE UPTAKE OF PLASMA TRIGLYCERIDE BY EXTRAHEPATIC TISSUES IN

HYPERCHOLESTEROLEMIC RAﬁBITS

Bezman (1962A), Bragdon (1954), Garfinkel (1967) and their
associates provided evidence that the LP-lipase is essential for
the hydrolysis and uptake of plasma triglyceride by the extrahepatic
tissues. For this reason; LP-lipase activities of the heart,
adipose tissue and plasma were determined. Heart homogenates were
used as sources of LP-lipase in most of my experiments, because the
LP-lipase activity in the heart is high (Korn, 1955A; Cherkes et
al., 1960) and hence its depression was easy to assess.

"a. The possible factors which may change the LP- 11pase

activities ~ The LP-lipase was assayed by using ‘mixed substrates,
i.e., 2 commercial triglyceride emulsion containing monoglyceride,
or VLDL, Thus, the activity expressed in the results is the
activity of LP-lipase composed of tri-, di- and monoglyceridases
(Greten et al., 1969), The activity of other lipases reported to

exist in heart tissue should not be of great influence because of the
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unfavourable assay condition for them (pH=8.,5) (Borensztajn et al.,
1970).

The principle of the enzyme assay is to measure the FFA
released from triglyceride by the hydrolytic action of this
enzyme, The change of activity can be due to the change of quantity
or quaiity of the énzyme or due to the change of_the chara;teristics
of the substrate. For example, simple triglyceride emulsions are
hydrolyzed at an extremely slow rate by LP-lipase prep;red from
tissues but become readily available as substrate in tﬁe;pfesence
of plasma LP (Korn, 1955B). This was shown by incubatiné a-LP
together with triglyceride emulsions. The resultant compléx was
rapidly hydrolyzed by the enzyme (Korn and Quigley, 1957). Thié
specificity was apparently due to the formation of an enzyme-
éubstrate complex, LP-lipase forming a firm complex with both
chylomicrons and activated triglyceride emulsions but not with -

simple triglyceride emulsions.

The change of LP-lipase activity may also be due to the
presencé of.an enzyme-inhibitor. An inhibitor has been reported
to be present in normal plasma and has been partially purified
(Hollett and Meng, 1957). An increase in platelets, leukocytes or

heparin may also inhibit LP-lipase activity (Scanu, 1965).

b. Unéhanged LP-iipase.activity wiﬁh Ediol or norma1'VLDL

as the SUEstréte - Heart LP-lipase was determined by the method

of Alousi and Mallov (1964)., The heart was homogenized in KRP
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buffer (pH 8.5). Mallov and Cerra (1967) showed that in control

rats the cardiac LP-lipase activity prepared in Krebs~Ringer
-bicarbonate buffer was 354 + 49 uEq FFA/g of dry tissue per 1 hr
of incubation, while in Krebé-Ringer phosphate buffer it was
349 + 35 uEq FFA/g. Thus, phosphate appeared not to inhibit LP-
lipase activity contrary to the view of Korn (1955A). 1Inhibition
studies by Mallov and Cerra (1967) indicated that this assay
method determines the activity of lipase in heart that is 1arge1§,
if not entirely, LP-lipase. It should be noted that, as mentioned
above, LP-lipase is defined here to include mono-, di- and triglyceride
lipase.

When Ediol or normal VLDL was used as the substrate, the
heart LP-lipase activity of the hypercholesterolemic rabbits was
significantly higher than that of the control. These results suggest

that the increase in plasma triglyceride in the hypercholesterolemic

rabbits is not due to the decrease in triglyceride disposal by

inactive or a 10& level of LP~lipase.

c. Decrease iﬁ LP-lipase activity measured with hypercholester-

olemié VLDL as the substrate - LP-lipase either of normal er of the

hypercholesterolemic heart showed significantly depressed
activity when hypercholesgerolehic VLDL was used as the substrate.
It appears that the hypercholesterolemic VLDL has an inhibitory
effect on the hydrolytic action of the enzyme or has a different

structure which resists the hydrolytic action of enzyme.
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The naturally occurring LP-lipase inhibitors such as platelets
and leukocytes were nﬁt determined in control and hypercholesterolemic
VLDL, since these particles would not be likely to appear in the same
zone as VLDL after high speed centrifugation,

In my experiment, optimal amounts of heparin were added
to each incubation medium (Korn, 1955A) in order to release the
LP-lipase from the tissue into the incubation medium and to stabilize
the enzyme (Korn, 1955A; Cherkes and Gordonm, 1959). A high concentra-
tion of heparin has been reported to inhibit LP-lipase activity (Gartner
and Vahouny, 1966). However, the optimal amount of heparin used
does not cause the inhibition of LP-lipase activity (Gartner and
Vahouny, 1966).

Although numerous other inhibitors of LP-lipase have been
described, such as a high concentration of NaCl or divalent cations,'

protamine sulfate, diisopropyl fluorophosphate or tetraethyl pyro-

phosphate, they are not naturally occurring substances and could.

not have caused inhibition in my experiments.

d. The differences between VLDL of hypercholesterolemic‘aﬁd

normocholesterélemic'rabbits - The lipid composition of these

two lipoproteins is quite different. The LP from the rabbits on
a high cholesterol diet contained significantly greater amounts of
free and esterified cholesterol and phospholipid than did the control,

Thus, the depressed activity of LP-lipase could be due to the
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presence of the high concentration of these lipids in the incubation

medium,

e. Mechanism of the inhibitory effect of lipids - Free

cholesterol, cholesterol acetate, cholesterol stearate or lecithin

were added individually to the substrate of LP-lipase to test
vhich of these lipids caused the decrease in enzyme activity.
Ediol was used as the substrate in the presence of relatively
large amount of one of these lipids. It was found thqt'freq_
cholesterol was the only lipid to cause significant depféséibn

in LP-lipase activity (Fig. 8 and 9). There was sufficieﬁt
triglyceride in Ediol for hydrolysis during the incubation lasting
one hour. Thus, it seems reasonable to conclude that the observed
decrease in LP-lipase activity was due to the high concentration
‘éf free cholesterol in the plasma of the rabbit fed a high
cholesterol diet. This would have been followed by boﬁh a

decrease in hydrolysis of triglyceride and a decreased uptake by

the tissues, resulting in an accumulation of triglyceride in the
plasma.

Acetone was used to dissolve the lipid in aqueous Ediol.
Although the properties of Ediol and LP-lipase would not be changed
by the acetone according to the data of Quarfordt et al. (1966)
and Korn (1959), an attempt was made to evaporate the acetone
prior to the addition of enzyme. Therefore, the decrease in LP-

lipase activity observed in the presence of free cholesterol was
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not due to the effect of acetonme. Furthermore, the cholesterol
acetate and stearate prepared in the same way, did not have an
inhibitory effect.

. f. Relationship between the extent of inhibition and the

amount of cholesterol - In my experiments, various amounts of free

cholesterol were suspended in the same amount of Ediol. In.addition,
hypercholesterolemlc and control LP were mixed in various proportions
and used as the substrate. It was found that the 1nh1b1tory effect
was proportional to the amount of free cholesterol preseét. The
hlgher the free cholesterol content of the mixture, the lower

wére apparent activities of LP-lipase. When the amount of enzyme

w?s high (e.g. in the heart of hypercholesterolemic rabbits), the
activity was relatively high in the presence of a given amount of
cholesterol, as compared to situaﬁions when the amount of enzyme

was low (e.g. in the heart of normocholesterolemic rabbits). In

other words, there appears to be interdependence between the enzyme

(LP-lipase), substrate (triglyceride) and inhibitor (cholesterol).

g. The kinetics of cholesterol inhibition of LP-lipase -

The mode of inhibition of LP-lipase by free cholesterol was studied

by measuring the rate of the enzyme catalysed reaction in the
presence of inhibitors. There are three types of enzyme inhibitors,
competitive, noncompetitive and mlxed These can be differentiated

by studying the kinetics of the reaction.

The Lineweaver-Burk plot shown in Fig. 26 has been widely
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Effect of Inhibitors of Various Types on the Lineweaver-Burk
Plot Relating Substrate Concentration and Reaction Velocity.
(From Dixon, M. and E.C. Webb: Enzymes. London, W. 1, Longmans,

Green and Co., 2nd edition, 1964, p. 326).




135

used for distinguishing the type of inhibition. With fully
competitive inhibitors, the lines intersect on the vertical axis,
whereas with fully non-competitive inhibitors they intersect on
the base line; with mixed types the point of intersection is
between the two axes.

To test this point, the plasma LP-lipase was purified by the
extracting the enzyme from the posf-heparin plasma with substrate,
then solubilizing the enzyme-substrate complex with sodium deoxycholate.
There was difficulty with this second procedure. Only a small
amount of LP-lipase was solubilized from the enzyme-substrate complex.
The enzyme activity was completely inhibited when we increased the
concentration of deoxycholate to improve the solubilization. Therefore
the original concentratioﬁ of deoxycholate was used although this
meant that the yield of the enzyme was much lower than that reported
by Fielding (1969). The enzyme activity was improved by increasing
the heparin concentration in the NHQOH-NH401 buffer-sucrose medium
from 5 pg/ml to 30 pg/ml. Using this Qurified enzyme, the rate of
hydrolysis and substrate concentration in the presence and in the
absence of cholesterol were examined. The results demonstrated
that both cholesterol and protamine inhibited lines intersected
with the line of the non-inhibited enzyme on the vertical axis
(see Fig; 12). This indicates that both free cholesterol and protamine

are competitive inhibitors of the LP~lipase. The points of the
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cholesterol inhibited enzyme reaction were scattered, It is possible
that purified plasma LP~lipase was still contaminated by other enzymes
and that a lag period during the first 15 min of incubation (Fig. 1)
resulted in a certain error. Therefore it remains possible that

free cholesterol can be the inhibitor of the mixed type.

h. A comparison with the experiments of other investigators =~

French, Robinson and Harris (1955) reported that when chyle was
added to the plasma of an animal previously injected with heparin -
there was a progressive fall in the turbidity of the mixture due
to the disappearance of chylomicra. This clearing was due to a
lipolytic process in which the triglyceride fraction of the chylo-
micron was broken down by hydrolysis. When cholesterol was added
to this mixture, the turbidity of the cholesterol suspension was
also cleared.
In another experiment (Robinson et al., 1956) they found

that when the added cholesterol was more than 0.6 mg per ml of

incubation mixture, there was a residual turbidity which increased
with the amount of cholesterol present. They also found that the
plasma from the cholesterol-fed rabbits had a marked inhibitory effect
on the rate of clearing chyle by heparinized plasma of the rabbit.
These results are in agreement with mine in that the plasma

from the.cholesterol-fed rabbits has a marked inhibitory effect on

LP-lipase. But the similarity ends at this point. They found that

the hydrolysis of triglyceride by LP~lipase was uninfluenced by an
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added cholesterol suspension. Accordingly, they explained that
cholesterol-containing LP rather than cholesterol itself had the
inhibitory effect on the LP-lipase activities., In contrast, my
experiments showed that cholesterol, both in suspension and LP

form, had a significant inhibitory effect on LP-lipase actiQities.
Neither.cholesterol esters nor lecithin has any inhibitory gffect

on this enzyme. These findings favor the proposition that cholesterol
jtself, rather than LP or other lipids in the LP, has.an inhjibitory
effect on the LP-lipase activities. ‘ ;'

The cause of the disparity between these experimeﬁts is the
difference in the amount of cholesterol added or present in the
incubation medium. Cholesterol suspension 16.2 mg or lipoprotein-
choleéterol 1.8-4.5 mg was added for the inhibition of 30 unité of
LP-lipase in my experiments, while in the experiments of Robinson
et al. (1956), only 0.5 mg or 1ess of cholesterol was added to 1 ml
of post-heparin plasma (containing approximately 30 units of LP-
lipase) for incubation and this did not cause inhibition. Since
0.5 mg of free cholesterol per ml of plasma is still within the
normal limit of rabbit plasma cholesterol levels, normal LP-lipase
activities are expected. Therefore, if this quantity of cholesterol is
added to the incubation mixture it cannot conclusively prove its
inhibitory effect on the LP-lipase activities. They neglected ome
of their own results, which was ﬁhat there was a residual turbidity

which increased when more than 0.6 mg cholesterol was added to the

% 1 unit catalyses the release of 1 pEq FA/h from the triglyceride.
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incubation mixture. This indicates that cholesterol itself has an
inhibitory effect on the rate of clearing of chyle by heparinized
plasma of rabbits. . .

The purpose of my experiments was to study the mechanism
of the increase in plasma triglyceride level in the hypercholesterolemic
condition. 1If cholesterol is indeed involved in the development
of this hypertriglyceridemia, the amount present should be higher

than the normal value. Therefore a large amount of cholesterol

was added in my in vitro experiments to make a condition equivalent

t; that existing in thelexperimental hypercholesterolemic rabbits.

i Robinson and French (1960) proposed another possibility
tLat the cholesterol present might be redistributed in association
with the FFA released during hydrolysis by clearlng factor lipase.
When cholesterol was added to a mixture of post-heparin plasma
and chyle, the turbidity of the cholesterol suspension disappeared.

They explained that the clearing of cholesterol suspensions was

dependent on the release of fatty acid during the clearing of the

.chyle, and that the reaction between the cholesterol and the fatty

acid was analogous to the effect of soap solutions on'the solubitity
of cholesterol. Thus it could be possible that the decrease in
titratable fatty acid observed in the presence of hypercholesterolemié
VLDL ox Ediol containing cholesterol is not due to the decreased
hydrolysis but rather to the association of cholesterol with the

released fatty acid, resulting an underestimation of fatty acid by
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titration. This possibility was excluded by one of my expefiments,
in which, palmitic acid, 6 uEq, was added into the cholesterol-
Ediol mixture and incubated with a control heart homogenate, 92.1%
of this acid was recovered by titration after one hour's incubation,
i.e. the titration detected most of the fatty acid present in the
cholest;rol enriched incubation mixture. This check unfortunately
does not indicate the possibility of the existence of a.weak
reaction between cholesterol and FFA, since it is 1ikely that the
heptane—isopropanol-ﬁzso4 mixture would destroy such a finﬂing.
Nevertheless, it appears that the decrease in titratable acid in

the medium containing a large amount of cholesterol is due to the

decrease of hydrolysis of triglyceride i.e. due to the inhibition
of LP;lipase activities. |

Klein, Lever and Fekete (1959) found a relatively high
level of antilipolytic activity in hyperlipemic serum. It was

associated with the supernatant fatty layer obtained after high-

speed centrifugation. The cholesterol concentration of these
hyperlipemic sera was around 520 mghk. Accordingly, it can be
jnferred that jnhibition of LP-lipase by cholesterol is again the

mechanism of this antilipolytic activity.

i. Possible mechanisms for the increase in LP-lipase

.activities in the hypercholesterolemic heart - Heart LP-lipase

activities were found to be significantly higher in the hypercholesterol-
emic condition than in the control, Heart tissue is not the only

tissue to possess LP-lipase activity, but heart and adipose tissue
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contain the largest amount. of this enzyme. The enzyme is also
present in kidney, spleen and aorta (Korn, 1955A) and the isolated
hind limb, skin, lung and intestine (Jeffries, 1954). However, since
the heart and adipose tissue contain the largest amounts of LP-

lipase, these organs were chosen as models which might represent
the effect of free cholesterol on the tissue LP-lipase activity.
This study shows that the tissues could respond to the inhibitory
effect of free cholesterol by an increase in enzyme gqgivitigs.

| Bezman, Felts and Havel (1962A) and Garfinkel et .al.(1967)

showed that LP-lipase is necessary for triglyceride uptaké by

extrahepatic tissues. Therefore inhibition of LP-lipase activity

|
1

bv free cholesterol should be followed by a decrease in triglyceride
uitaké by the extrahepatic tissues. Most et al., (1969) demonstrated
a positive uptake of triglyceride by the human heart. This was

shown by utilizing labelled triglyceride in order'to avoid difficulties

inherent in chemical methods, by which a number of ambiguous results

had previously been obtained. (Bing, et al., 1954), This new
finding supports an earlier thesis (Ballard, et al., 1960) that

‘the triglyceride is utilized by the fasting human heart. It is

possible, therefore, that the decrease in triglyceride uptake by
the extrahepatic tissue, through inhibition of LP-lipase, changes

the substrate availability of the tissue. This may in turn, cause

an increased synthesis of LP-lipase.

Alousi and Mallov (1964) found a significant increase in
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heartlLP-lipase activity in rats after prolonged fasting, while a ‘
significant fall in cardiac LP-lipase activity was observed in rats
on the high-carbohydrate or high fat diets. In contrast, the
adiﬁose tissue LP-lipase activities increased in rats after the
feeding of pure glucose or fat loads (Pokrajac and Lossow, 1967).
This indicates that tissue level of LP-lipase can be affected

by the nutritional state of the animals. In-vivo experiménts, in
which triglycerides labelled in both the giycerol and fatty acid
moieties were administered to rats, indicate that rapid cleavage

of the triglyceride molecule occurs in tissues (Reiser et al.,
1960)., The specificity of LP-lipase for LP-triglyceride substrates
suggests that it may regulate this lipolytic reaction and may thus
determine the rate of triglyceride assimilation by the various

tissues that contain this enzyme. This suggestion draws support

from the fact that in vitro incofporation of triglyceride into
adipose tissue of fed,.fasted and refed rabbits is linearly related
to the LP-lipase activity of the tissues (Bezman et al., 1962A
and B). The alterations in rat heart and adipose tissue LP-lipase

activity, produced by fasting, are in keeping with a regulatory

role of this nature. These changes are such that the activity of
the enzyme in adipose tissue is greatest under conditions favoring
fat deposition such as in the fed animals, while in a fasting state,
when the periéheral tissues require fat as an energy Source, the

LP-lipase activity falls in adipose tissue and rises in heart muscle.
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It is inferred from these findings that‘the increase in
heart LP-lipése is a compensation to maintain an adequate supply
of energy in the form of triglyceride. This may represent an
adapgétion of the peripheral tissues to the inhibition of LP-lipase
activity by cholesterol, in order to counteract a resultant decrease
in triglyceride uptake by these tissues. Unfortunately, this
hypothesis is éescriptive and gives no explanation of the ﬁediating
mechanisms. The level of plasma triglyceride itself may induce
the enzyme. Whether or not mew biosynthesis of the enzyme is
jnvolved is also unanswered.

Such a compensatory'increase may not occur in adipose
tissue LP-lipase. AS discussed above, LP-1i§£Se in this tissue
generally behaves differently to that of other tissues. In additionm,
since the rabbité in my experiments were fasted overnight, the .
adipose tissue LP-lipase activity was decreased (Bezman et al.,
19624). This was so in both control and hypercholesteroleﬁic
rabbits (Fig. 6), although the mean value in the iatter group
showed a tendency to decrease.

j. In vivo experiment - Inhibition of LP-lipase was

also found in the in vivo exper;menté, namely, there was less

{ntravascular hydrolysis of plasma triglyceride in the hypercholesterolemic
rabbits than in the normal controls by the post-heparin LP-lipase;

There was no significant decrease in the plasma 1ipids other than

triglyceride following the injection of heparin in my in vivo
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experiments. It has been Vell documented that a dec;ease in triglyceride
after the injection of heparin to normal rabbit was due to the
hydrolytic action of LP-lipase which was released into the plasma

by this drug (Shore et al., 1953). The plasma triglyceride

level remained unchanged after the injection of heparin in hyper-
cholesterolemic rabbits, suggesting that the action of LP~lipase

was inhibited. A change in heparin-activation of LP-lipase (Robinson,
1956) or a change in quantity or rate of release could ‘also be a

factor responsible for the above observation. 1In additioﬁ).ﬁany

factors present in the plasma, including platelets, white blood

cells and.bile salts may inhibit LP-lipase activity (Fekete et al.,

1958; Korn, 1957). It is not known whether these factors are

jnvolved in the hypercholesterolemic rabbit. From my experiments,
utilizing various technics, it appears reasonable to interpret

all my results by a unified hypothesis of cholesterol~inhibition

of LP-lipase. Since the time course of changes in post-heparin lipolysis
during cholesterol feeding was mot studied, an effect of the com-

pensatory change in enzyme activity, which was discussed above, upon

intravascular hydrolysis observed cannot be evaluated at this point.
The fFA increased significantly after the injection of heparin

in both control and hypercholesterolemic rabbits. However, there

are a number of factors which may inflﬁence the plasma FFA level,

In addition to the direct effect of heparin, there are the rate of

transfer of triglyceride from the liver, rate of hydrolysis of
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triglyceride, rate of utilization of FFA and the responsiveness of
adipose tissue to exogenous fat (Fredrickson and Gordon, 1958).

These factors may cause the fluctuation of the plasma FFA level

after the injection of heparin in both control and hypercholesterolemic
rabbits. The same fluctuation occurred in the lipemic animals of
Ballard, et al. (1960); i.e. following injections of heparin into

7 lipemic animals, the arterial levels of FFA rose in 3, fell in

3 and remained constant in 1 animal. P -

k. LP-lipase and lipoproteins other than VLDL (i.e. S¢ < 10) -

Shore (1955) found that the LP-lipase could not hydrolyze the
triglyceride moiety of plasma LP with a demsity of 1.019-1.063.
Aécording to the results of lipid compositions of the different
fractions of LP in Table IV, the free cholesterol content of d >
1,019 LP of the control rabbits was as high as that of the VLDL
(d < 1.006) of hypercholesterolemic rabbits. The latter was used
as the substrate for the assay for LP-lipase of heart homogenates,
and this resulted in an apparent inhibition of LP-lipase.- The
results support the hypothesis that the absence of hydrolysis

of the triglyceride moiety of plasma LP with Sg < 10 could be due

to the fact that this portion qf LP contains a large quantity of

free cholesterol which is inhibitory to the activity of LP-lipase.

2., THE UPTAKE OF PLASMA TRIGLYCERIDE BY LIVER
An alternative mechanism for the increase in plasma
ide in hypercholesterolemic rabbits may be a decrease in

triglycer

triglyceride uptake by the liver. My experiments with liver




144

triglyqeride, rate of util;zation of FFA and the responsiveness of
adipose tissue to exogenous fat (Fredrickson and Gordon, 1958).

These factors may cause the fluctuation of the plasma FFA level

after the injegtion of heparin in both control and hypercholesterolemic
rabbits. The same fluctuation occurred in thg lipemic animals of
Ballard, et al. §1960); j.e. following injections of heparin into

7 lipemic animals, the arterial levels of FFA rose in 3, fell in

: P s -
3 .and remained constant in 1 animal. "

k. LP-lipase and lipoproteins other than VLDL (i;é. Sg < 10) -
Sgore (1955) found that the LP-lipase could not hydrolyze the
téiglyceride moiety of plasma LP with a density of 1.019-1,063.
According to the results of lipid compositions of the different
fractions of LP in Table IV, the free cholesterol content of 4 >
1.019 LP of the control rgbbits was as high as that of the VLDL

(4 < 1.006) of hypercholesterolemic rabbits., The latter was used

as the substrate for the assay for ﬁP-lipase of heart homogenates,
and this resulted in an apparent inhibition of LP-lipase.: The
results support the hypothesis that the absence of hydrolysis
of the triglyceride moiety of plasma LP with S¢ < 10 could be due

to the fact that this portion of LP contains a large quantity of

free cholesterol which is inhibitory to the activity of LP-lipase.
2. THE UPTAKE OF PLASMA TRIGLYCERIDE BY LIVER

An alternative mechanism for the increase in plasma
triglyceride in hypercholesterolemic rabbits may be a decrease in

triglyceride uptake by the liver. My experiments with liver
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slices and homogenates indicate only a net triglyceride output.
But my triglyceride turnover study indicates that the uptéke of plasma
triglyce?ide by the extrahepatic tissues and liver decreased when®
plasma triglyceride was increasing during cholesterol feeding. This
result could mean that the increase in plasma triglyceride in hyper-
choleste;olemic rabbits was due to a decrease in triglyceride uptake
by the liver. However, Havel et al. (1962).injecéed triglyceride
fatty acid labelled VLDL to rabbits and found this LPvpredomlnantly
in the liver in the fasting state, while most was.found in the adipose
ti;sue in the fed state., Therefore only in the fasting state can
the liver take up a significant amount of triglyceride from the plasma.
Fr%edberg and Estes (1964) in contrast, pointed out that in fasting
state the role of the liver in removing endogenous glycerides seems
unimportant, because in the fasting animal much of the triglyceride
in the VLDL of the plasma is mgrely recycling between the liver and
blood (Olivecrona, 1962; Robinson, 1964). These findings indicate
that a decrease in triglyceride uptake by the 1ivef is not.the main
factor in the cause of hypertriglyceridemia in hypercholesterolemic
r;bbits.
3. PHYSICOCHEMICAL SEQUESTRATION

Friedman et al. (1965) proposed that the effect of ph&sico-
chemical_sequestration was the cause of triglyceride ;nduced hyper-

cholesterolemia. A reversal of this effect, i.e. physicochemical

sequeétration of triglyceride by a raised plasma cholesterol level
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might be.a possibility. With réspect to such an interaction between
triglyceride‘and cholesterol, Parker and Bhaskar (1968) studied

the self-association of cholesterol and its interaction with
triglyceride. The self-association of cholesterol through

hydrogen bonds has been gtudied'by infrared measurements of its
OH-stretching band. At concentrations below 0.014 M in CC;A,
cholesterol exists only as a monomer., As the concentration is
increased, it forms a dimer and a higher aggregate, the latter
becoming predominant at a concentration of 0.2 M.

Thé proton-donating OH group of cholesterol suggests
hydrogen bonding as a possible mechanism of its interaction with
trigiyceride, which has proton-accepting carbonyl groups. Parker
and Bhaskar provided evidence of formation of a 1:1 hydrogen~
bonded complex in the mixed solutions of cholesterol and the
triglyceride. Although it is unknown whether or not similar
jnteractions could exist in non-lipid solvents, these types of
studies are of great help in elucidating the mechanism of
cholesterol-inhibition of LP-lipase activity and the physico-
chemical sequestration process.

p. THE TIME COURSE OF CHANGES IN PLASMA CHOLESTEROL,
PLASMA TRIGLYCERIDE AND TRIGLYCERIDE TURNOVER RATE

The inter-relationship between the increase in plasma

cholesterol; plasma triglyceride and LP-lipase activity was

studied by the simultaneous determination of plasma lipid levels
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and the triglyceride turnover rate, to supplement the information
obtained from other studies described above.

The triglyceride turnover study indica£es the rate of
renewal of plasma triglyceride i.e., the combined reéults of
triglyceride synthesis and transport into the plasma as well as
its breakdown and transport out of the plasma (Wolf, 1964). In
the study of metabolism and transport of body constituents, the
turnover is determined when the entry and exit of matbkia;s'within
a given pool are in a steady state; in other words, in ; éitﬁation.
in which.the rate of entry of triglyceride equals the rate of exit,
the plasma triglyceride concentration remains constant (Zil&ersmi;,
1957). Although the plasma triglyceride of the hypercholesterolemic
rabbits was increasing in terms of days and weeks in my experiments,
this increase was very slow when compared to the rate of triglyceride
turnover and hence the condition can be treated as a steady state
(Zilversmit, 1960).

. The plasma triglyceride turnover rate was determined by two
methods: the intravenous injectién of tritium labelled very low
dengity lipoprotein (VLDL-H3) and that of glycerol-Z-Ha. The
injected VLDL--H3 mixes with the unlabelled VLDL present in the
circulation, resulting in dilution of radioactivity, its Specific
activity, becomes jowered. With time, the specific activity of VLDL-H
is further lowered by nonradioactive VLDL entering the circulation

from the liver. At the same time, VLDL leaves the circulation by
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hydrolysis through the action of LP-lipase.' However, since there
is no discrimination between labelled and unlabelled VLDL in these
processes, the specific activity will not be affected by the exit
of VLDL, but by that entering the circulation, In steady staté,
the entry and exit of plasma VLDL of a particular rabbit during

the period of test remains equal and the turnover of plasma’ VLDL

is calculated from the rate of decrease in specific activity of the
injected VLDL-H3 (Wolf, 1964). 1In my experiments thef;peciffé
activity of plasma triglyceride was measured for the folléwing
reasons: plasma lipoprotein is composed of many subclasses having
various turnover rates (Havel et al., 1962); plasma lipid levels
are inflienced mainly by lipid fractioms of the highest turnover
ratey furthermore, the largest portion of plasma triglyceride is
localized in the VLDL fraction, the triglyceride of -which, as
stated above, turns over most rapidly; and finally radioactive
triglyceride is almost exclusively found in the VLDL fraction
(Férquhar et al., 1965). A disadvantage of this simplification

of using triglyceride is that the linearity of wash-out curves
gradually deviates due to the influence of slow componénts of
triglyceride turnover. However, this method avoided prolonged
centrifugation and cross contamination involved in separating VLDL.
Also, the latter technic requires a large sample of blood, which is
deleterious to prolonged experimentation.

3
In the experiments in which glycerol-2-H was injected, the
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glycer01-2-H3 acted as a precursor of hepatic glycerophosphate
which in turn served as the precursor of hepatic triglyceride.

In fasting animal, the hepatic trigly;eride is the immediate
precursor of plasma triglyceride (Havel et al., 1962). Glycerol-
2-H3 that is intravenously injected is transformed to hepatic
glycero.phosphate-ﬂ3 and then tritium labelled triglyceride (TG—H3).‘
Therefore, ?G-H3 in liver rises, as more radioactive TG-H3 becomes
mixed with nonradioactive triglyceride. The specific;apgivity of
1iver TG—H3 finally reaches its maximum. This is reflecteﬂ'by the
specific activity of plasma triglyceride, since newly forﬁed
triglyceride is being transported into the plasma. At the moment

at which the specific.activity of hepatic triglyceride equals that
of plasma triglyceride, the plasma triglyceride reaches its maximum
‘specific activity and it then declines, since obviously the specific
activity of the product cannot be higher than that of the precursor
(Wolf, 1964).

To determine the rate at which triglyceride is synthesized
and delivered to plasma, one must obtain the specific activity~time
relations of all the precursors in liver as well as several points
on the plasma triglyceride specific activity~time curve. This may be
accomplished by repeated liver biopsy (Farquhar et al., 1965). In
order to study bodily triglyceride turnover in detail 1iverAbiopsy is

necessay for defining the compartments and the behavior of precursors.

The rabbit, in contrast to man, apparently shows a high plasma
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triglyceride (Sf > 20) turnover rate which exceeds the hepatic
triglyceride turnover rate (Farquhar et al., 1965)., However, the
declining portion of specific activity-time curves of plasma and
liver triglyceride are virtually parallel, making hepatic biopsy
unnecessary (Reaven, et al., 1965; Gross et al., 1967). Thus the
turnover rate was estimated by measuring the rate of disappearance
of TG-H3 from the plasma. The primary advantage of this procedure
is that recycling of the glycerol-H3 is not great. There was 'j

another problem in defining the triglyceride '"pool'; generally,

bodily triglyceride pool includes some hepatic and plasma cbmpartments
where VLDL rapidly recycles. In my caiculation, the pool size
was assumed to be equal to the size of plasma volume which might
have resulted in some errors in my calculation of turnover rate.
The plasma triglyceride turnover rate in rabbit was
previously studied by Havel, Felts and Van Duyne (1962). They
found two-components in the specific activity~time curves of
triglyceride fatty acid of VLDL after the intravenous injection
of labelled VLDL into the fasting rabbits. They suggested that
these components resulted largely from a combination of transfer
.of triglyceride from plasma to liver and extrahepatic removal,

The half-time for the second component was about 50 min, which

correspoﬁds well to the 66-78 min of my experiments despite a
minute difference in techniques (glycerol—H3 vs. palmitate~Cl4,

plasma triglyceride vs. VLDL). "In other studies, the turmnover
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rate of plasma Sf > 20 triglyceride was reported to be 9.7 mg per
kg per hr in the human being (Farquhar et al., 1965) and 9.3 mg per
kg per hr in the dog (Gross et al,, 1967). Despite the difference
in species, these values are comparable to the turnover rate in

my study, namely the triglyceride rate in the control rabbits was
10.7-12.9 mg per kg per hr, measured by the injection of VLDL-H3
and 6.4-21.9 mg per kg per hr measured by the injection of glycerol-
2-H3. In view of the fact that lipoproteins are mlxtures of-
triglyceride with widely different turnover rates, the agreement

is surprisingly good. '

The results of the triglyceride turnover measurement give
additional support to the hypothesis that cholesterol induced
hypertriglyceridemia is due to the inhibition of LP-lipase. When
plasma cholesterol started to rise after 36 hr of high cholesterol
diet, the plasma triglyceride turnover rate rapidly decreased.

This decrease in triglyceride turnover rate is interpreted as an
inhibition of LP-lipase activity by the elevated plasma cholesterol
followed by a decrease in trigliceride uptake by the tissues. This
temporal imbalance between triglyceride removal from the plasma and
entry into the plasma caused an elevation of plasma triglyceride
level. Such inhibition of the enzyme activity was shown by ; direct
assay of LP-lipase activity in the presence of free cholesterol.
Alternatively, this decrease might, at least in part, be due to a

decreased hepatic triglyceride synthesis-secretion, since, as
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mentioned above with rabbits, the rate limiting point in tri-
glyceride of the plasma-liver pool is the hepatic turnover.

In this case the decreased rate signifies a decreased hepatic
synthesis, However, this hypothesis makes the‘explénation of a
simultgneous elevation of plasma triglyceride level difficult,

As discussed above, LP-lipase is also present in kidney,
spleen, aorta, skid, lungs and intestine, and the specificity of
LP-lipase for lipoprotéin-triglyceride substrate suggésts that
this enzyme may regulate the lipolytic reaction and may aétérmine
the rate of triglyceride assimilation‘by various tissues which
contain this enzyme. The LP-lipase acﬁivities of the heaft from
hypercholesterolemic rabbits were significantly higher than that
of the normal heart when it was assayed in the absence of
" cholesterol. The increase in heart LP-lipase indicates that there
is a compensatory increase in LP-lipase of the tissue which takes
up triglyceride fatty acid in response to the cholesterol inhibition
of the enzyme. This hypothesis is supported by the results which
showed a gradual rise in turnover rate of triglyceride in the later
period (l4th to 49th day) of the experiment. It is also possible
that the increasing availability of substrate for LP~lipase
(mass-action law) is partly responsible for this rise in
turnover. The compensatory increase in tissue LP-lipase activity

is an adaptive response to the decrease in triglyceride uptake.

Therefore, once the uptake becomes sufficient for the tissue requirement,

the adaptation process appears to cease. The fact that the plasma
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triglyceride is increased in the hypercholesterolemic rabbits suggests

that the compensatory increase in enzyme aétivity does not fully

ncompensate! the inhibitory effect of sustained hypercholesterolemia.
The turnover time calculated from the rate of disappearance

of the TG-H> from the plasma during cholesterol feeding was longer

than thé control turnover time, i.e. 112 min vs. 169 min (Fig. 16).

The triglyceride turnover times in the rabbits after 36 hr, one

week two weeks, three weeks and seven weeks of high cholesterol

diet were almost the same. ThlS is probably due to the compensatory

\

iﬁcrease in LP-lipase activity which increases the hydroly51s of

rapidly accumulating plasma triglyceride, in spite of the fact that
thr plasma triglyceride pool is expanding at the same time. Therefore,
the triglyceride turnover time was maintained at a little longer
but a fairly constant level, causing a rather slow elevation of
plasma triglyceride under the hypercholesterolemic condition.

The increase in triglyceride turnover rate in the later
period of the experiment indicates that there was an increase in
entry of triglyceride into the plasma. In the fasting state the
friglyceride enters plasma from the liver (Havel, et al., 1962).
Therefore there should be an increase in triglyceride secretion
and/or synthesis by the liver, but this increase was probably too
small to be detected by the in vitro experiment such as the incorpora-
tion of radioactive palmitate or acetate to the triglyceride of the

liver. - It could be argued that the TG secretion by the liver could
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increase independertly of the hepatic triglyceride synthesis

(i.e, esterification and FA synthesis). HoweQ;r, an increased
_secretion and unchanged triglyceride synthesis, as were found in these

experiments, should result in a depletion of hepatic triglyceride.

This was not the case. Alternatively, an elevation of plasma

FFA, one of the triglyceride precursors, may result in an iIncreased

triglyceride output from the liver. This possibilify was-also

ruled out, Finally, a change in liver weight could give rise -

to a discrepancy between the results of the turnover study and

the in vitro study. Data on the weight of the liver and those

on homogenate do not support this last possibility.

E. THE EFFECT OF CHOLESTEROL FEEDING ON THE
DISTRIBUTION Of TISSUE LIPIDS
1. HYPERCHOLESTEROLEMIA AND THE LIPID COMPOSITION OF THE SUBCELLULAR
ELEMENTS
Alfhough the published data on the lipid composition of

normal subcellular fractions are variable, my experimental results

of the lipid composition of normal cardiac and hepatic subcellular

fractions are in general within the range reported (Table VII).

The above variation may be due to differences in animal species

and experimental techniques. In order to avoid such difficulties,

pair - fed rabbits were used for the comparison of the 1ipid composition

of the suchilular fractions. Scattering due to species and

experimental techniques was thereby minimized.
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TABLE VII

LIPID COMPOSITION OF SUBCELLULAR ELEMENTS (pg/mg protein)

Heart Liver

Control Hyperchol - Control Hyperchol-

Mitochondrial fract.

Total cholesterol 20.3 + 2,3 42.8 + 3.6 16.6 * 2.4 90.8 £ 6.5
; 3.5% 88,5%k | sk,
Phospholipid=P 8.7 % 0.7 10,6 £ 0.6 6.1 % 0.9 9.2 % 0.8
| 11,3% 10,7+%% 5.6%
| Triglyceride 11.0 + 1.6 11.3 + 1.9 12,4+ 2,1 8.3 1.6

14,7% 14,8%% 2.1%

Mjcrosomal fract.

Total cholesterol 50.5 * 6.8 73,2 + 5.8 27.5 + 3,6 102,3 + 6.9
66.8%% |
Phospholipid-P 8,9 +0.9 9,6 + 0.9 . 9.3+ 1.0 12.4 *0.9
19,1%%
Triglyceride 24,5+ 7.0 24,5 * 4,0 16.7 £ 1.6 10.5 * 1.3
64 ,6%% |
Myofibrillar fract.
Total cholesterol 14.1 + 1.7 15.3 1.6
4, 3%%
Phoséholipid-P 3.6 £ 0.3 3.4 % 0;4
2,3%%
Triglyceride 10.2 * 1.9 9.7 £ 1.6
3.8%%
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Heart Liver

Contxol Hyperchol. Controi Hyperchol:

Supernatant Fract.

Total cholesterol 6.9 + 1,1 58,2 * 8.4 3.1 &% 0.4 52.7 = 3.7
Phospholipid-P 0.7 0,2 0.5*0.1 0.3 +0.1 0.8 £0.1
Triglyceride 8.,3+1.9 9.4+1,1 7.8+1.,6 5.9%1.3

i References: *Fleischer et al (1967), *¥ Wheeldon et al. (1965).

]
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In my experiments, both cardiac and hepatic mitochondria
accumulated a large quantity of cholesterél and its esters within
a few months after the initiation of a high-cholestérol diet, At
the same time the phospholipid and triglyceride contents of all
the subcellular elements (i.e. mitochondria, microsomes and super-
natant of the heart and liver cells, and myofibrils of the heart
cells) were not increased in spite of the high concentration of
these lipids in the plasma. : .;

Subcellular elements are vulnerable to isolating procedures.

An attempt was made to minimize cross-contamination between these

elements by gentle homogenization, careful setting of centrifugation

speeds and repeated washing. Initially, measurement of cytochrome

oxidase and esterase activities was attempted in order to estimate

cross-contamination. However, this was unsuccessful and mitochondrial

respiration (oxygen consumption-Q02 , P/0 ratio and respiratory

control ratio) was measured instead. This was because cardiac

mitochondria are easily broken during preparation and it is relatively

difficult to obtain them in a pure undamaged form. Such damage would

be reflected in respiratory control ratios. Contamination of microsomes

by other subcellular particles could not be measured, since the proper

marker of microsomes for this purpose was not available.

The liver contains only a very l1imited enzymatic activity

for the degradation of cholesterol and its esters. The capacity

of the hydrolytic enzymes for chyloﬁicron cholesterol ester may
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well be exceeded in the presence of diets containing high levels
of cholesterol, reéulting in the accumulation of cholesterol esters
in the liver (Deykin et al., 1962A).

The high cholesterol concentration may interfere with the
efflux of cholesterol from heart cells. Since most extra-hepatic
tissues can synthesize cholesterol but are not able to degrade
cholesterol appreciably, it seems likely that in normal conditions
there is a continuous slow net efflux of cholesterol from the
various extra-hepatic sites to the plasma (Masoro, 1968). The
high plasma concentration of cholesterol makes the efflux against
a greater concentration gradient thereby resulting in less efflux
from tissue to plasma.

All tissues, with the possible exception of the adult brain,
can synthesize cholesterol (Masoro, 1968). Does the elevated free
cholesterol in the plasma stimulate the mitochondria of heart and
liver to éynthesize more free cholesterol? This is unlikely,
because the evidence showed that in the dog (Gould et al., 1953),
the monkey (Clarkson, 1963) and the rat (Rao et al,, 1967), feeding
of cholesterol results in a marked depression of hepatic cholesterol
synthesis. This is due to a sensitive feedback inhibition operating
to control the enzyme B-hydroxy-B—methylglutaryl CoA reductase,
thus 1imiting the synthesis of mevalonate, a precursor of cholesterol.
The liver slices of rabbits showed the same response, althoughthe

rate of cholesterol synthesis was slower than that found in dogs
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so that the inhibition was also of a smaller magnitude (Gould,
1951). In humans, dietary cholesterol, whether fed in the form
of eggs or in a purified state, has little effect on the total
rate of endogenous cholesterol synthesis or of cholesterol
degradation to bile acid (Wilson, 1965).

It is also possible that the heart and liver cells, like

the smooth muscle cells of the aorta, can selectively take up

; i e
‘cholesterol and its ester from the plasma. In the atheromatous

'

ﬁabbit aorta, cholesterol influx can be measured by the accumulation
Jf radioactive cholesterol into the atheromatous lesions. 1In the

|

ﬂeriod up to 60 days after the commencement of cholesterol feeding,
tPis influx was greater than the net accumulation of cholesterol

in the thoracic aorta (Newman and Zilversmit, 1966). The entry

of radiactive cholesterol iﬁtp the atheromatous‘aorta was'féund

to be related to plasma cholesterol concentration and to arterial

cholesterol content. The esterified aortic cholesterol is also

derived by direct transfer from plasma (Newman and Zilversmit, 1966),

. thile the phosphatide in the atheromatous plaque is derived by

a greatly accelerated synthesis of phosphatide by the.artery
(Newman, -Day and Zilversmit, 1966). It is conceivable that net
influx of cholesterol into the cell and its organelles increases
in hypercholesterolemic rabbits and causes observed accumulation

of cholesterol and its ester in the cells.

Some portion of cholesterol and its esters in the subcellular
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fraction may have been adsorbed (Jensen, 1967) during the isolation
procedure, resulting in false high values. H;wever, the heart
microsome, which was in contact with the soluble fraction for a
period of time considerably longer during fractionation than was

the mitochondrial fraction, showed a lesser increase in these

lipids. In addition, the free cholesterol level of cardiac mito-

chondria did not increase in parallel with that of the supernatant
obtained from the same homogenate. Myofibrillar protein did not
accumulate any cholesterol from the surrounding soluble fraction
with a high cholesterol content, again suggesting that some
mechanism other tﬁan simple adsofption was operative.

The phospholipids and triglyceride were significantly
elevated in the plasma but were not elevated in the cardiac sub-
cellular fractions. This finding suggesté that tissue uptake of
1ipids does not depend on their plasma level. Apparently,
esterification of fatty acids and phospholipid synthesis were
not influenced by the presence of a large amount of cholesterol
and its esters in the myocardial cell. On the other hand, phospholipid
synthesis is increased in the liver of hypercholesterolemic rabbits
(McCandless and Zilversmit, 1956). Its increased synthesis
proviées a favouréble condition for increased lipoprotein-production
and este?ification of cholesterol, However, it is not possible to

find phospholipid accumulation in the hepatic subcellular fractioms.
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The normal triglyceride.content in all the subcellular
elements of both heart and liver agrees welllwith the results of
my other experiments. The increase in plasma triglyceride level.
js not due to the increase in synthesis and secretion by the liver.
‘It is due to the inhibition of LP-lipase activity by the high
plasma cholesterol levels and a consequent decreasé in tissue
qptake of triglyceride. As a result, peripheral tissues should
'Apt contain an excessive amount of triglyceride. Thé‘incrgéée
in heart LP-lipase indicates that heart can nevertheless'hydrolyze

|
tgiglyceride by this compensatory mechanism, as discussed already.
2L FUNCTION OF THE MITOCHONDRIA WITH LARGE AMOUNT OF CHOLESTEROL
AND ITS ESTER

*The Q0,, P/O ratio and respiratory control ratio of the
mitochondria of both control and hypercholesterolemic heart and
1iver in our experiments were in the same range reported by
Sobel et al. (1966), Chance et al. (1955B) Tarjan et al. (1967).

Cholesterol accumulation in the cell organelles might
_result in changes in structure, polarity, water-binding capacity,
etc., of the membranous components, However, the results of our
experiments do not indicate derangement of the ﬁitochondrial.PIO
ratio and respiratory control ratioﬂ The oxygen consumption in
the hypércholesterolemic group tended to be higher than that in
the control, particularly when succinate oxidation by the hepatic

mitochondria was compared €0.025 > p > 0.01). Similarly, Whereat
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(}967) jsolated mitochondria from rabbit aorta,which were capable
of carrying out oxidative phosphorylation. P/0 ratios were
obtained before and after cholesterol feeding. He observed that
mitochondria from cholesterol-fed rabbits had about twice the rate
of oxygen consumption.

The rate of oxygen consumption with succinatevas the
substrate was greater than that measured with other Krebs cycle
intermediates. This result agrees well with the finding of Chance
and Hollunger (1961). They found that the flayin-linked substrate,
succinate, has far greater control over the level of pyridine
aucleotide than do NAD -linked substrates such as malate, glutamate
or o~oxoglutarate. They explained that only part of the pyridine
nucleotide is active in 6xidative phosphorylation with a-oxoglutarate
or B-hydroxybutyrate as substrates. This was shown by the experiments
in which a much larger amount of pyridine nucleotide can be reduced
by the addition of succinate to heart mitochondria. They also
attributed the different effects of succinate and glutamate to a
structural compartmentation. The gluéamate-and malate-linked
material are bound in the cristae of mitochondrié, whereas the
succinaté-linked material is in the matrices and cannot be reduced
by the NAD-1linked dehydrogenase in aerobiosis.

Whereat (1966) found that mitochondria from atherosclerotic
(cholesterol-induced) rabbit aorta incorporated acetate into fatty

acids more than four times faster than did mitochondria from
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control aorta, It was shown that cholesterol feeding, but not -
simply the presence of cholesterol in the incubation ﬁediuml
altered the mitochondrial fatty acid synthetic rate. The
mechanism responsible for an increased fatty acid synthesis is
as yet‘unknown, butt Whereat et al. (1967) found tﬁat the rate
of fatty acid synthesis in rabbit heart mitochonﬁria is
controlled by the intramitochondrial NADH/NAD* ratio. -In a study
:éf the effects of all the Krebs cycle acids, it was %Aqnd'tﬁét
qnly succinate had a very large capacity to stimulaté thé fatty
Qcid synthetic system (Whereat, 1967). This is understandable
érom the findings of Chance and Hollenger (1961), in which they
demonstrated that succinate possesses unique characteristics to
reduce napt by reversed electron flow. However, a link connecting
cholesterol excess and enhanced succinate utilization is still obscure.
Nevertheless, my results, too, showed an increase in only succinate’
oxidation in hypercholesterolemic rabbits. Mitochondria oxidation
measured with other substrates was uﬁaltered. It is not ‘possible
_to state whether or not fatty acid synthesis was increased by these
mitoéhondria, but my results with tissue slices suggeét that the
increase is unlikely,in'contrast to the results by Whereat et al.
(1967) above.

-Kreslov and Mushkacheva (1966) fed rabbits with sunflower

0il and 0.2 g cholesterol per kg of body weight for 6-8 months.

They observed a decrease in oxygen uptake by the aorta, liver,
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" heart and kidney. They believed that the reduced ability to
oxidize certain substances was due to an enzyme insufficiency
which was part of the atherosclerotic process. The reason for

‘the discrepancy between this and above results is unknowm.

It was reported that the enzymes of tﬁe electron transport
system ;re located in the inner membraﬁe-matrix fraction of the
mitochondria (Schnaitmen et al., 1967). If the bulk of cholesterol
is accumulated outside the inner membrane of the mitéchopdria,

it is quite possible that the respiratory function of the mito-~

chondria is not greatly affected.
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CHAPTER V

CONCLUDING REMARKS AND CLINICAL
- IMPLICATIONS OF THE EXPERIMENTAL FINDINGS

The 1ipids in plasma and between the plasma and tissues
are closely related. The relationship can be physicochemical;
for example, (1) the relationship of lipids in the lipoprotein;
the phbspholipid forms a bridge between the protein and other
lipids, or (2) the sequestration of cholesterol in plasma by the
phospholipid or triglyceride. The relationship can also be bio-
chemical; one of the lipids may stimulate or inhibit certain
enzymes and influence the metabolism of other lipids, such as the
stimulation of hepatic synthesis of phospholipid by the cholesterol
and the inhibition of lipoprotein lipase by the cholesterol.

.Rabbits have a limited capacity for the homeostatic regulation
of cholesgerol metabolism. After a high cholesterol diet, fhey
rapidly develope hypercholesterolemia. Cholgsterol and its esters
become deposited in liver, heart and arteries. The elevated
cholesterol in plasmz induces hyperphosphatidemia and hypertri-
glyceridemia. Cholesterol causes the liver to synthesize more
phospholipid which solubilizes and transesterifies plasma choles-
terol. ﬁy work demonstrated that the mechanism for the increase in
plasma triglyceride in rabbits on a high cholesterol diet is by
the inhibition of lipoprotein 1ipasé activity by the large amount

of free cholesterol in the plasma. This decreases the hydrolysis
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of plasma triglyceride)and hence interferes with its uptake and utili-
zation by extrahepatic tissues, resulting in accumulation of triglyc-
eride in the plasma. Menfion was made that 1£;oprotein lipase is the
rate-limiting factor for the transportation of triglyceride from
plésma to the extrahepatic tissues (Bezman et al., 19624; Garfinkel et
al., 1967). The inheritable deficiency (Havel and Gordon, 1960) and
the inhibition (Bragdon and Havel, 1954) of lipoprotein lipase both can
increase the concentration of triglyceride in the plasma. The results
presented in this thesis support the above data, namely, the turnover
rate measured with tritium labelled very low density lipoprotein was
in order of 40 pEq fatty acids/kg.hr, while the measurement of fatty
acid esterification into triglyceride by the liver homogenates gave
the value of 8§ pEq fatty acids/kg.hr, suggesting that the triglycer-
ide disposal is the rate limiting factor.

The lipoprotein lipase activity in the heart homogenate was
higher in the rabbit fed on a high cholesterol diet than in the control
when the substrate was free of cholesterol. But a significant portion
of this enzyme activity in both the experimental and control rabbits
was depressed by the presence of free cholesterol in the incubation
medium. The increase in heart lipoprotein lipase activity may be an
5daptive mechanism in respoﬁse go the decrease in triglyceride uptake
by the heart when its activity is inhibited by the high concentration
of cholésterol.

None of the subcellular elements of heart and liver showed an

increase in triglyceride, even after the heart mitochondria and

supernatant, jiver mitochondria, microsomes and supernatant had all
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shown a large accumulation of cholesterol and its esters, This is more
evidgnce indicating that, under cholesterol-indyced hypertriglyceridemia,
there is a defective t;?glyceride transport bgtween the extra and intra-
cellular spaces and therefore this type of hypertriglyceridemia may not
aggra?ate the sgverity of atherosclerosis caused by hypercholesterolemia.
There is much controversy concerning the role of hypertriglyc~
eridemia in the deyelopment of atherosclerosis. It would be advisable to
consider the céu§es gf hypertriglyceridemia before reachiné a conclusion.,
Hypertriglyceridemias gf different origins have different relatioms with -
cholesterol and atherosclerosis. As was mentioned above, cholesterol
induced hypertriglyceridemia may not aggravate atherosclerosis. The
hypertr}glyceridemia due to over-consumption of saturated fat and sugar
is different to that due to over-eating of bread (Groen, 1968), In the
former condition, the fat being absorbed by the intestine enhances
cholesterol absoigtion (Fredrikson et al,, 1957), resulting in an
jncrease in cholesterol first in the plasma and then in the arteries
(Stormby et al., 1963). While in latter condition there is no ipcrease
in fat in the intestine and therefore no enhancement of cholesterol
absorption. The hypertriglyceridemia is endogenous.in origin and may
lead to sequestration of excess cholesterol in plasma (Friedman et al.,
1965)1965), thus diminishing tbe filtration of cholesterol into the artery.
According to my results the interrelationship between prolonged
postprandial 1ipemia,_hypercho}gsterolemia and atherosclerosis could be

that hypercholesterolemia causes both atherosclerosis and lipemia. The

elevéted plasma cholesterol inhibits lipoprotein lipase activity and
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induces the accumulation of triglyceride.

The cause of the elevation in plasma éholesterol in
patients with myxedema has been well studied. It is due to the
retardation of catabolism of cholesterol. The elevated plasma
cholesgerol inhibits lipoprotein lipase activity. It constitutes
at least one of the causes of hypertrigl&ceridemia present in
these patients., Porte et al. (1966) found a low level of post-
heparin lipo}ytic activity in four patients with myxedema associated
with rela;?ve elgvation of plasma triglyceride. The presence of
a plasma inhibitor of lipolytic activity was suspected and was
ruled out by the fact that inhibition was not found after the
incubation of postheparin plasma from the myxedematous patient
with that from a normal sﬁbject; Our results showed that the
elevated free cholesterol can be the inhibitor. After the mixing of
these two plasma the cholesterol concentration would be diluted and the
lipoprotein lipase activity was increased by the addition of normal
postheparin plasma. The inhibitory effect was therefore diminished.

Hypercholesterolemia has been moticed in some idiopathic
hyperlipémic patients. The inhibition of lipoprotein lipase by
the elevated cholesterol may not be the primary cause of this
disease, but once the free cholesterol is elevated, it may con-

tribute in some part to the defect in lipemia clearing response to

heparin in these idiopathic hyperlipemic patients.




e

169

REFERENCES

Ahrens, E.H., and H.G. Kunkel, 1949. The stabilization of serum lipid
emulsions by serum phospholipids. J. Exp. Med. 90:409. '

Albrink, M.J., J.W. Meigs, and E.B. Man. 1961, Serum lipids, hypertension
and coronary artery disease., Am. J. Med. 31:4.

Alousi, A.A., and S. Mallov. 1964, Effects of hyperthyroidism, epinephrine
and diet on heart lipoprotein lipase activity. Am, J. Physiol.

206:603.

Anderson, N.G., and B, Fawcett. 1950. An antichylomicronemic substance
produced by heparin injection. Proc. Soc. Exp. Biol. N.Y. 74:708.

Anfinsen, C.B., E. Boyle, and R.K. Brown. 1952, The role of heparin in
lipoprotein metabolism. Science 115:583.

Anitschkow, N., and S. Chalatow. 1913. Centralbl. Allgem. Pathol. u.
pathol. Anat. 24:1.

Annison, E.F. 1954. Studies on the volatile fatty acids of sheep blood
with special reference to formic acid. Biochem. J. 58:670.
Ansell. G.B., and J.N. Hawthorne. 1964, Phospholipids. New York.

Elsevier Publishing Co.

Armin, J., R.T. Grant, H. Pels, and E.B. Reeve. 1952, The plama, cell
and blood volumes of albino rabbits as estimated by the dye

Tygos4 and P32 marked cell methods. J. Physiol. 116:39.
Aschoff, L. 1906. Verhandl. d. deutsch. path. Gesellsch. Quoted from
Arch. Pathol, 51:224, 1951.

Ashworth, C.T., V.A. Stembridge, and E. Sanders. 1960. Lipid absorption,
transport and hepatic assimilation studies with electron
microscopy. Am. J. Physiol 198:1326.

W.H. Danforth, S. Naegle, and R.J. Bing. 1960. Myocardial

. Ballard, F.B.,
f fatty acids. J. Clin. Invest. 39:717.

metabolism o

Bancroft,.H. 1957, Introduction to Biostatistics. New York Hoeber~Haxrper.

Bates, M.W. 1958. Turnover rates of fatty acids of plasma tfiglyceride,
cholesterol ester and phospholipid in the postabsorptive dog.

Am. J. Physiol. 194: 446,

Bergsfrom, S. 1967. Prostaglandins: members of a niw hormonal system.

Science 157:382.




170

Bergstrom, S., R. Blomstrand, and B. Borgstrom. 1954, Route of

absorption and distribution of oleic acid and triolein in the
rat. Biochem. J. 58:600.

Bergstrdm, S.,B. Borgstrom, A. Carlsten, and M. Rottenberg. 1950,
On the mechanism of the intestinal fat absorption. Acta.
Chem. Scandinav. 4:1142. '

Bergstrém, S. and B. Samuelsson. 1961. In: Autoxidation and
Antioxidants. Edited by W.O. Lundberg, New York, Interscience
Publ. Inc. vol. 1, p. 233.

Bezman, A., J.M. Felts, and R.J. Havel. 1962A. Relation between

incorporation of triglyceride fatty acids and heparin-released

| lipoprotein lipase from adipose tissue slicet! J. Lipid Res.

i 3:427. S

| Bezman, A., J.M. Felts, and R.J. Havel. 1962B. The incorporation

! of triglyceride fatty acids into adipose tissue as a function
of lipotrotein lipase activity. Clin. Res. 10:84.

‘Bing, R.J., A. Siegel, I. Ungar and M, Gilbert. 1954. Metabolism

of the human heart. II tudies on fat, ketone and amino acid

metabolism. Am, J. Med. 16:504.

Blankenhorn, D.H. 1961. Tdentification of 24-dehydrocholesterol
in human blood vessels following MER~-29 therapy. FProc. Soc.
Exp. Biol. Med. 108:43.
14
Blomstrand, R, 1954. The intestinal absorption of linoleic-1- C
acid., Acta Physiol. Scandinav. 32:99.

ploom, B., I. L. Chaikoff, W.0. Reinhardt, C. Entenman, and W.G. Dauben.
1950, Quantitative significance of the lymphatic pathway in
transport of absorbed fatty acids. J. Biol. Chem. 184:1.

Borenoztajn, J.,S. Otway and D.S. Robinson. 1970. Effect of fasting
on the clearing factor lipase (lipoprotein lipase) activity of
fresh and defatted preparations of rat heart muscle.
J, Lipid. Res. 11:102.

Borgstrom, B., and T.0. Olivercrona. 1961, The metabolism of
.palmitic acid-l--C14 in functionally hepatectomized rats.
J. Lipid Res. 2:263,




171

Boyd, E.M. 1937. The stability of the serum lipid emulsion,
Tr. Roy. Soc. Canad. 31:11.

Boyd, E.M. 1942, Species variation in normal plasma lipids
estimated by oxidative micromethods. J. Biol. Chem. 143:131.

Boyd, G.S. 1962, Effect of linoleate and estrogen on cholesterol
metabolism, Fed. Proc., 21, suppl. 11:86.

Bragdoni J.H., and R.S. Gordon Jr., 1958. Tissue distribution of
cl4 sfter the intravenous injection of labeled chylomicrons
and unesterified fatty acids in the rat. J. Clin, Invest.

37:574.

Bragdon, J.H., and R.J. Havel. 1954, 1In vivo effect of anti-
heparin agents on serum 1ipids and lipoproteins. .Am. J.
Physiol, 177:128. !

Bragdon, J.H., R.J. Havel , and E. Boyle. 1956. Human serum
lipoproteins. J. Lab. Clin. Med. 48:36.

Bray, G.A, 1960. A simple efficient liquid scintillator for
counting aqueous solutions in a liquid scitillation counter.
Anal. Biochem, 1:279.

Bremer, J., P.H. Figard, and D.M. Creenberg. 1960. The biosynthesis
" of choline and its relation to phospholipid metabolism.
Biochem. Biophys. Acta. 43:477.

Brumley, G.W., V. Chernick, W.A. Hodson, C. Normand, A. Fenmer, and
M.E. Avery. 1967. Coirelations of mechanical stability,
morphology, pulmonary surfactant, and phospholipid content
in the developing lamb lung. J. Clin. Invest. 46:863.

Buck, R.C., and R.J. Rossiter. 1951. Lipids of normal and athe-
rosclerotic aortas. Arch. Pathol. 51:224.

Burns, C.H., and G.H. Rothblat. 1969. Cholesterol excretion by
tissue culture cells. Biochem. Biophys. Acta. 176:616.

Bush, E.T. 1963, General applicability of the channels ratio
’ method of measuring liquid scintillation counting efficiency.

_ Anal. Chem. 35:1024.

Byers, S.0., and M. Friedman. 1954. Observations concerning the
’production and excretion of cholesterol im marmals XIII. Role
of chylomicra in transport of cholesterol and lipid. Am.

J. Physiol. 179:79.



172

Byers, S.0., and M, Friedman. 1969, Probable sources of plasma

cholesterol during phosphatide induced hypercholesterolemia.
Lipids 4:123,

Carlson, L.A., and L.B. Wadstrom, 1959, Determination of glycerides
in blood serum., Clin, Chim. Acta 4:197.

Carroll, K.K. 1953. Erucic acid as the factor in rape oil affecting
adrenal cholesterol in the rat, J. Biol. Chem, 200:287.

Carroll, K.K. 1960A. Effect of cerebroside preparations on sterol
excretion in the rat., J. Lipid Res. 1:171.

4 1

Carroll, K.K. 1960B. Effects of diet on incorporation of acetate~1-C 4
jnto cholesterol by rat liver slices. Canad. J. Biochem, Physiol.
38:649. L

Carroll, K.K. 1961, Separation of lipid classes by chromatography on
florisil. J. Lipid Res. 2:135.

Carroll, K.K. 1962, Studies on the mechanisms by which erucic acid
affects cholesterol metabolism. Canad. J. Biochem. Physiol. 40:1115,

Carroll, K.K. 1967. Diet, cholesterol metabolism, and atherosclerosis.
J. Am. Oil Chem,Soc. 44:607.

Carroll, K.K. and R.L. Noble.. 1956, Erucic acid and cholesterol
_excretion in the rat. Cand, J. Biochem. Physiol. 34:981,

Chaikoff, I.L., B. Bloom, M.B. siperstein, J.Y., Kiyasu, W.0. Reinhardt,
W.G. Dauben, and J.F. Eastham. 1952, clé-cholesterol. I. Lymphatic
transport of absorbed cholesterol~4~Clé, J. Biol. Chem, 194:407.

Chance, B., and G. Hollunger. 1961. The interaction of enexgy and electron
transfer reactions in mitochondria. J. Biol. Chem. 236:1534,

Chance, B. , and G.R. Williams. 1955A, A simple and rapid assay of
oxidative phosphorylation. Nature 175:1120.

Chance, B. and G.R. Williams. 1955B. Respiratory enzymes in .
oxidative phosphorylation. J. Biol, Chem, 217:383.

Cherkes A. and R.S. Gordon. 1960. The liberation of lipoprotein
liﬁase by heparin from adipose tissue incubated in vitro.

J. Lipid Res. 1:97.




173

Chevreul, M,E. 1828, 1In: Glycerol and the glycols, edited by
J.W. Lawrie, New York, p. 17. o

Chiamori, N,, and R.J. Henry. 1959, Study of the ferric chloride
method for determination of total cholesterol and cholesterol
esters, Am, J, Clin., Path, 31:305.

Christophe, A., and R, Matthijs. 1967. New method tor the determination
of the fatty acid pattern of serum lipid classes.
Clin. Chim, Acta 16:39,

Clarkson, T.B. 1963, Atherosclerosis-spontaneous and induced.
Advances in Lipid Res., 1:211.

Comar, C.L. 1955, Radioisotopes in Biology and Agriculture.,
New York, McGraw~Hill Book Co. -

Debons, A.F., and I.L. Schwartz, 1961. Dependence of the.lipolytic action
of epinephrine in vitro upon the thyroid hormone. J.Lipid Res, 2:86.

Deul, H.J,,Jr. 1951. The Lipids. New York, Interscience Publishers,
vol. 1, p. 2.

Deykin, D., and DEW.S. Goodman. 1962A, The hydrolysis of long-chain fatty
acid esters of cholesterol with rat liver enzymes. - .
J. Biol, Chem. 237:3649,

Deykin, D., and DEW.S. Goodman. 1962B. Esterification of cholesterol
by rat liver particles., Biochim, Biophys. Res. Commun, 8:411.

Dixon, M. 1953. The effect of pH on the affinities of enzymes for
substrates and inhibitors. Biochem. J. 55:161L.,

Dixon, M., and E.C. Webb. 1964. Enzymes. London, Longmans Green and Co.

Dole, V.P. and J.T. Hamlin., 1962, Particulate fat in lymph and blood.
Physiol. Rev. 42:674.

Dole, V.P. and H. Meinertz. 1960. Microdetermination of long-chain
fatty acids in plasma and tissues. J. Biol. Chem. 235:2?95.

Doyle, J.T., A.S. Heslin, H.E. Hillebore and P.F. Formel. 1959, Early
diagnosis of ischemic heart disease. New Engl. Med. 261:1096,

Duncan, G.G. 1964, In: Diseases of Metabolism, Edited by G.G. Duncan,

Philadelphia, W.B. Saunders Co., 5th ed.,, p. 164.




174

Eagle, G.R., and D.S. Robinson, 1964, The ability of actinomycin D
to increase the clearing factor lipase activity of rat adipose
tissue. Biochem., J. 93:10C,

Engelberg, H, 1966, The effect of a heparin antagonist on fasting
serum triglycerides in man. J. Atheroscler. Res. 6:240,

Farquhar, J.W., R.C. Gross, R.M, Wagner, and G.M. Reaven. 1965,
Validation of an incompletely coupled two-compartment
nonrecycling catenary model for turnover of liver and plasma
triglyceride in man. J. Lipid Res. 6:119,

Fawcett, D.W. 1967. The Cell. Philadelphia, W.B. Saunders Co.

Fekete, L.L., W,F, Lever, and E, Klein, 1958, Inhibition of.lipemia

clearing activity by human white blood cell and platelet
components, J. Lab, Clin. Med. 52:680. '

Fielding, C.J. 1969. Purification of 14-~protein lipase from rat
post-heparin plasma. Biochim, Biophys. Acta 178:499.

Fleischer, S., G. Rouser, B. Fleischer, A, Casu, and G. Kritchevsky.
1967, Lipid composition of mitochondria from bovine heart,
1iver and kidney. J. Lipid Res. 8:170, : :

Folch, J., M. Lees, and G.H, Sloane Stanley. 1957. A simple method
for the isolation and purification of total lipides from animal
tissues. J. Biol. Chem, 226:497.

Fourcroy, A.F. 1789. Ann, Chim, 5:154, Quoted from Lipide Chemistry,
edited by D.J. Hanahan, New York, John Wiley and Sons, Inc.,

1960, p. 10.

Fredrickson, D.S., D.L. McCollester, R.J. Havel, and K, Ono, 1958A,
In: Chemistry of Lipids as Related to Atherosclerosis, edited
by I.H. Page, Springfield, Ill., Charles C. Thomas, p. 205.

Fredrickson, D.S., D.L. McCollester, and K. Ono. 1958B. The role of
unesterified fatty acid transport in chylomicron metabolism.
J. Clin. Invest. 37:1333.

Fredrickson, D.S., R.S. Gordon, Jr. 1958, Transport of fatty

acids. Physiol. Rev. 38:535.

Fredrickson; D.S., R.I. Levy, and R.S. Lees. 1967, Fat transport in
lipoproteins-An integrated approach to mechanisms and disorders.

New Engl. J. Med. 276:34.,




175

French,J.E., D.S. Robinson, and P.M, Harris. 1955, The role of
cholesterol in the interaction of chyle and plasma.
J. Exp. Physiol., 40:320.

Friedberg, S.J., and E.H. Estes, Jr. 1964, Tissue distribution -
and uptake of endogenous lipoprotein triglycerides in the
rat, J. Clin, Invest. 43:129, B

Friedman, M,, and S.0. Byers. 1954, Pathogenesis of dietary-induced
hypercholesterolemia in the rabbit, Am. J. Physiol. 179:201.

Friedman, M,, S.0. Byers, and R.H. Roseman. 1965, Lipogenic
hypercholesterolemia. Arch, Intern. Med. 116:807.

Gaftner, S.L., and G.V. Vahouny., 1966. Heparin actiyation of
1 soluble heart lipoprotein lipase. Am. Jo Physiol. 211:1063.

2

é Garfinkel, A.S., N. Baker, and M.C. Schotz., 1967. Relationship

g of lipoprotein lipase activity to triglyceride uptake in
, | P
adipose tissue, J. Lipid Res. 8:274,

: Gidez, L.I., P.S. Roheim, and H.A. Eder., 1962, Effect of plasma
k free fatty acid concentration of triglyceride synthesis by
the perfused liver. Fed. Proc. 21:289.

Glomset, J.,A. 1962, The mechanism of the plasma cholesterol
" esterification reaction: Plasma fatty acid transferase,
Biochim., Biophys. Acta 65:128.

Glomset, J.A., F, Parker, M. Tjadenm and R.H, Williams. 1962.
The esterification in vitro of free cholesterol in human
and rat plasma, Biochim. Biophys. Acta 58:398.

Goodman, DEW. S. 1962. The metabolism of chylomicron cholesterol
ester in the rat., J. Clin, Invest. 41:1886,

éoodman, DEW.S., D. Deykin, and T. Shiratori. 1964, The formation
of cholesterol esters with rat liver enzymes.
J. Biol, Chem. 239:1335.

Gordon, R.S., Jr. 1957, Unesterified fatty acid in human blood
plasma. II. The transport function of unesterified fatty
acid, J. Clin, Invest. 36:810.

Gordon, H., B. Lewis, L. Fales, and J.F. Brock. 1957. Dietary
fat and cholesterol metabolism., Lancet 2:1299,




176

Gould, R.G. 1951, Lipid metabolism and atherosclerosis,
Am, J. Med. 11:209.

Gould, R.G., G.B. Taylor, J.S. Hagerman, I. Warner, and
D.J. Camphell., 1953. Cholesterol on the synthesis of
cholesterol in dog tissue in vitro. J. Biol. Chem, 201:519.

Gould, R.G., R.W. Wissler, and R.J. Jones. 1963. 1In: Evolution
of the Atherosclerotic Plaque, edited by R.J. Jomes, Chicago,
The University of Chicago Press, p. 205.

Goss, J.E., and A. Lein. 1967. Microtitration of free fatty acid
in plasma. Clin, Chem. 13:36. :

Green, D.E., and A. Tzagology. 1966. Role of lipids in the
structure and function of biological membranes. J. Lipid Res.
7:587. '

Greten, H., R.I. Levy and D.S. Fredrickson. 1969, Evidence for
separate monoglyceride hydrolase and triglyceride lipase in
post-heparin human plasma. J. Lipid Res. 10:326.

Groen, J.J. 1968, In: Progress in Biochemical Pharmacology, Edited
by C.J. Miras, A.N. Howard and'R, Paoletti, Switzerland,
S. Karger A.G. Arnold-Bocklin-Strass 25 CH-4000, vol. 4, p.l.

Gross, R.C., E.H. Eigenbrodt and J.W. Farquhar. 1967. Endogenous
triglyceride turnover in liver and plasma of the dog.
J. Lipid Res. 8:114. :

Guyton, A.C. 1964, Textbook of Medical Physiology, Philadelphia,
W.B. Saunders Co., 2nd ed., P. 206,

Hahn, P.F. 1943. Abolishment of alimentary lipemia following
injection of heparin. Science 98:19.

Haines, D.S.M. and S Mookerjea. 1965, Impairment of triglyceride
transport from the 1iver in choline deficiency. ’
Cand. J. Biochem. 43:507.

Harary, 1., R. McCarl, and B. Farley. 1966. Studies in vitro on
single beating rat heart cell. IX. The restoration of beating
by serum 1ipids and fatty acids., Biochim. Biophys. Acta 115:15.




177

Harlan, W.R., and S.J. Wakil. 1963. Synthesis of fatty acid in
. animal tissues. I. Incorporation of Cl4-acetyl CoA into a
variety of long chain fatty acid by subcellular particles.
J. Biol. Chem. 238:3216.

Hartroft, W.S., and W.A. Thomas. 1963, In: Atherosclerosis and °
Its Origin, Edited by M. Sandler and G. Bourne, New York,
Academic Press, p.439.

Hashim, S.A., W.C. Felch, and T.B. Van Itallie. 1963. In: Handbook
of Physiology, edited by A.E. Renold and G.F. Cagukkm Jr.,
Baltimore, The Williams and Wilkins Co., sect. 2, vol. 2, p. 1167.

Havel, R.J. 1957. Early effects of fasting and of carbohy&rate .
ingestion of lipids and lipoproteins of serum in man. .
J. Clin, Invest. 36:8553. ‘

Havel, R.J. 1961 Conversion of plasma free fatty acids into
triglycerides of plasma lipoprotein fractions in man.
Metabolism 10:1031.

Havel, R.J. 1965. 1In: Handbook of Physiology, edited by A.E. Renold
and G.F. Cahill, Baltimore, The Williams and Wilkins Co.,

sect. 5, p. 499.

Havel, R.J., H.A. Eder, and J.H. Bragdon. 1955. Distribution and
chemical compostion of ultracentrifugally separatee
lipoproteins in human serum. J. Clin. Invest. 34:1345.

Havel, R.J., J.M. Felts, and C.M. Van Duyne. 1962. Formation and
fate of endogenous triglycerides in blood plasma of rabbits.
J. Lipid Res. 3:297.

R.J., and D.S. Fredrickson. 1956, The metabolism of chylomicra.
I. The removal of palmitic acid-1-Cl4 labelled chylomicra from

dog plasma. J. Clin. Invest. 35:1025

Havel,

Havel, R.J., and R.S. Gordon, Jr. 1960. Idiopathic hyperlipemia:
Metabolic studies in an affected family. J. Clinm. Invest. 39:1777.

Hegsted, D.M., A.Gotsis, F.J. Stare and J. Worcester. 1959. Interrela=-
tions between the kind and amount of dietary fat and dietary
cholesterol in experimental hypercholesterolemia. Am, J. Clin.

Nutr. 7:5.

Henly, A.A. 1957. The determination of serum cholesterol.
_Analyst. 82:286. )




178

Hilditch, T.P. 1947. The chemical constitution of natural fats.
New York, Wiley, 2nd ed.

Hofmann, A.F. 1963. 1Im: Biochemical Problems of Lipids, edited’
by A.C. Frazer, New York, Elsevier Publishing Co., p. 1.

Hofmann, A.F., and B. Borgstrom. 1962. Physicochemical state of
lipids in intestinal content during their digestion and
absorption. Fed. Proc. 21:43.

Hollenberg, C.H. 1959. Effect of nutrition on activity and release
of lipase from rat adipose tissue. Am. J. Physiol. 197:667.

H?llett, C., and H.C. Meng. 1957. Lipemia clearing’factor inhibitor

| in normal plasma. Fed. Proc. 16:60.

|
Horlick, L., and G. Lyman. 1954. Heparin in experimental cholesterol
l atherosclerosis in the rabbit. Arch. Pathol. 57:417.

Horner, A.A., and R.A. Morton. 1961. The liver 1lipid constituents
i of male and femal~ rats. 2. Effects of the fat-deficiency
syndrome aggravated by dietary cholesterol, Biochem. J. 79:631.

Huang, C.C., and K. Kako., 1968, Lipid composition of the subcellular
elements, and mitochondrial respiration of the heart and liver
in hypercholesterolemic rabbits. Canad. J. Physiol. Pharmacol.

46:823.,

Hurst, R.O. 1964. The determination of nucleotide phosphorus'with'
a stannous chloride~hydrazine sulphate reagent.
Canad. J. Biochem. 42:287.

Ignatowski, A. 1908. Ber. d. Mil, Med. Akad., St. Petersburg.
16:174.

Ignatowski, A. 1909, Virchows Arch. Pathol, Anat. u. Physiol.
198:248., :

T1iffe, J.I. and N.B. Myant. 1964, Fatty acid synthesis in cell-
free preparations of rat liver containing phosphorylating
mitochondria. Biochem. J. 913369,

Jagannaﬁhan, S.N. 1964, The determination of plasma triglycerides.
Canad. J. Biochem. 42:566.




%

E

3
i
§
%
2
L]
&
&
1
i
i
3
]
i
%
S
4
5

SSRGSy B i e S et 2 Nt B

179

Jeffries, G.H. 1954, The sites at which plasma clearing activity
is produced and destroyed in the rat. Quart. J. Exp. Physiol.
39:261., .

Jensen, J. 1967.- The kinetics of the in vitré cholesterol uptake at
the endothelial cell surface of the rabbit aorte. :
Biochim. Biophys. Acta 135:544.

Kates, M. 1964. Bacterial lipids. Advances Lipid Res. 2:17.

Kates, M., A.C. Allison and A.T. James. 1961, Phosphatides of human
blood cells and their role in spherocytosis.
Biochim, Biophys. Acta 48:571.

Keys, A. 1963. 1In: Atherosclerosis and Its Origin ,Edited by M. Sandlex
] and G.H, Bourne, New York, Academic Press, p. 23l.

Kéys, A, 1964. In:The Heart and Circulation, Edited by E.C. Andrus
| and C.H. Maxwell, Washington D.C., Fed. Amn. Soc. Exp. Biol.,
vol. 1, p. 347. :

’

Kels, A., J.T. Anderson and F. Crande. 1958, Effect on serum cholesterol
in man of mono-ene fatty acid (oleic acid) in the diet.
Proc. Soc. Exp. Biol. Med, 98:387.

Kleiﬂ, P.D. and R.A. Martin. 1959A. Some transitory changes in cholesterol
metabolism induced by dietary cholesterol, J. Biol. Chem., 234:3129.

Klein, E., W.F. Lever and L.L. Fekete. 1959. Defective lipimia
clearing response to heparin in idiopathic hyperlipemia.
J, Invest. Dexrmatol. 33:91.

Korn, E.D. 19554, Clearing factor, a heparin—activated lipoprotein
lipase. L. Isolation and characterization of the enzyme from
normal rat heart. J. Biol. Chem, 215:1.

Korn, E.D. 1955B. GClearing factor, 2 heparin~§ctiYated lipoprotein
lipase. II. substrate specificity and activation of coconut

oil. J. Biol. Chem. 215:15.

" Tn: Chemistry of Lipids as Related to Atherosclerosis
Charles G. Thomas

Korn, E.D. 1957. of L
5 Edited by I.H. Page, Springfield, I11.,

Puplisher, p. 169.




180

qun, E.D. 1959, 1In: Methods of Biochemical Analysis, edited by
D. Glick, New York, Interscience Publisher, vol. 7, p. 145,

Korn, E.D., and T.W. Quigley, Jr. 1957, Lipoprotein lipase of
chicken adipose tissue, J. Biol. Chem, 226:833.

Kornberg, A., and W.E. Pricer, Jr. 1953, Enzymatic synthesis of
the coenzyme A derivatives of long chain fatty acids.,
Jo Biolo Chem. 204: 329-

Krebs, H.A. 1952, Symposium sur le cycle tricarboxylique, 2nd
Intern. Congr. Biochem., 42-54 (Paris, France).

Kreslov, V.V.; and G.S. Mushkacheva, 1966. Vopr. Pitaniya 24:51,
Quoted from Nutr. Rev. 24:214, 1966, .

Kritchevsky, D. 1958, Cholesterol. New York, Jhon Wiley and Sons, Inc.

Kritchevsky, D. 1960, Speculations concerning the functions of
serum cholesterol, Am, J. Clin. Nutr, 8:7.

Kritchevsky, D, 1967, 1In: Atherosclerotic Vascular Disease, edited
by A.N. Brest and J.H. Moyer, New York, Meredith Publishing
Co., ps L.

Kritchevsky, D., A.W. Moyer, W.C. Tesar, J.B. Logan, and R.A. Brown.
1954. Effect of cholesterol vehicls in experimental
atherosclerosis., Am. J. Physiol. 178:30.

Kwaan, H.C., and T. Astrup. 1964. Aortic atherosclerosis in rabbits.
Arch. Pathol. 78:474.

Laurell, S. 1959. Distribution of ¢l%4 in rats after intravenous
injection of non-esterified palmitic acid~1-C*%,
Acta Physiol, Scandinav. 46:97.

Lehninger, A. 1964. The Mitochondrion. New York, W.A. Benjamin Inc,

Lineweaver, H., and D. Burk. 1934. The determination of enzyme
dessociation constants. J. Am, Chem. Soc. 56:658.

Longmore, W.J., A.B. Hastings, E. Harrison, and H.H. Liem. 1967.
Effect of COp and cations on fatty acid and cholesterol
synthesis by liver in vitro. Am. J. Physiol. 212:221.

Lowry, O.H., N.J. Rosebrough, A.L. Farr, and R.J. Randall. 1951.

Protein measurement with the Folin Phenol Reagent. J. Biol,
Chem. 193:265.




181

Lynen, F., and S. Ochoa. 1953. Enzymes of fatty acid metabolism,
Biochim. Biophys. Acta 12:299.

Macheboeuf, M.A. 1929, Recherches sur les phosphoamino~lipids et les
sterides dur serum et du plasma sanguins. Bull, Soc. Chim,. Biol.,
11:268,

Maier, N., and H. Haimovici. 1965. Oxidative capacity of athero-
sclerotic tissue. Circulation Res. 16:65.

Mallov, S., and F. Cerra. 1967, Effect of ethanol intoxication
and catecholamines on cardiac lipoprotein lipase activity
in rats. J. Pharmacol., Exp. Therapeutics 156: 426,

Man, E.B., and E.F. Gildea. 1932, The effect of the, jngestion of a
; large amount of fat and of a balanced meal on thé'blood lipids
of normal man. J. Biol, Chem. 99:61. -

‘Marcus, A.J. 1966. The role of lipids in blood coagulation.

Advances Lipid Res. 4:1.

Martonosi, A., J. Donley, and R.A. Halpin. 1968, Sarcoplasmic
reticulum. J. Biol. Chem. 243:61.

Masoro, E.J. 1968. Physiological Chemistry of Lipids in Mammals.
Philadelphis, W.B., Saunders Co.

Mathias, A.P. 1966. Separation of subcellular particles.
Br. Med. Bull, 22:146.

McCandless, E.L., and D.B. zilversmit, 1956, The effect of cholesterol
on the turnover of lecithin, cephalin and sphingomyelin in the
rabbit. Arch, Biochem. Biophys. 62:402,

McElYoy, W.T., W.L. Siefert, and J.J. Spitzer. 1960, Relationship of
hepatic uptake of free fatty acid to plasma concentration,
Proc. Soc. Exp. Biol. Med. 104:20.

Michaelis, L., and M.L. Menten. 1913. Biochem. Z. 49:333. Quoted
from Enzyme and Metabolic Inhibitors, edited by J.L. Webb,
New York, Academic Fress, 1963, vol. 1, p. l4.

Minari, O., and D.B. 7ilversmit. 1963, Behavior of dog lymph
chylomicron lipid constituents during incubation with serum.

J. Lipid Res. 4:424.

Moore, S.; and W.H. Stein. 1948. Photometric ninhydrin method for use
in the chromatography o

f amino acids. J. Biol., Chem, 176:367.




182

Most, A.?., N. Brachfeld, R. Gorlin, and J. Wahren. 1969, Free fatty
Zglglmetabolism of the human heart at rest. J. Clin. Invest.
: 770

Mueller, J.H. 1915, The assimilation of cholesterol and its esters.
J. Biol, Chem. 22:1.

Murthy, S.K., and J. Ganguly. 1962. Studies on cholesterol esterases
of the small intestine and pancreas of rats. Biochem, J. 83:460.

Murthy, S.K., S. Mahadevan, and J. Ganguly. 1961. High cholesterol
diet and esterification of cholesterol by the intestinal mucosa
of rats. Arch, Biochem. Biophys. 95:176.

Muir, J.R. 1967. A rapid method for the assay of plééma lipoprotein
lipase using Intralipid. Clin. Chim.. Acta 17:312, . °

Myers, D.K., and E.C. Slater. 1957. The enzymic hydrolysis of ATP
by liver mitochondria. Biochem. J. 67:558,

Nestel, P.J., and D. Steinberg. 1963A., TFree fatty acid concentration
as a determinant of triglyceride deposition and lipoprotein
secretion in the perfused rat liver. Circulation 28:667.

Nestel, P.J., R.J. Havel, and A. Bezman. 1963 B, Metabolism of constit-~
uvent lipids of dog chylomicrons. J. Clin. Invest. 42:1313.

Newman, H.A.I., A.J. Day, and D.B. Zilversmit. 1966. 1In vitro phospho~
1ipid synthesis in normal and atheromatous rabbit aorta.
Circulation Res. 19:132.

Newman, H.A.I., and D.B. Zilversmit. 1966. Uptake and release of
cholesterol by rabbit atheromatous lesions. Circulation Res. 18:293.

\
|

: Nichols, A.V., L. Rubin, and F.T. Lindgren. 1954. Interaction of
%\ heparin active factor and egg-yolk lipoprotein. Proc. Soc.

' Exp. Biol. Med, 85:352, '

Olivecrona, T. 1962, Metabolism of chylomicrons labeled with
014-g1ycerol-ﬂ3~palmitic acid in rhe rat. J. Lipid Res. 3:439.

: Olson, R.E., and J. W. Vester. 1960. Nutrition-endocrine inter=
i relationships in the control of fat transport in man.
} Physiol. Rev. 40:677.

Page, L.H. and W.G. Bernhard. 1935. Cholesterol-induced atherosclerosis
, Its prevention in rabbits by the feeding of an organic iodine
jodine compound. Arch. Pathol, 19:530.




183

Parker, F., J.W. Qrmsby, N.F. Peterson, G.F. Odland, and R.H. Williams.
1966, 1In vitro studies of phospholipid synthesis in experimental
atherosclerosis. Circulation Res. 19:700,

Parkerx, F.?., and K.R. Bhaskar. 1968, Self-association of cholesterol
and its interaction with triglycerides. An infrared study.
Biochemistry 7:1286.

Pokrajac, N., and W.J. Lossow. 1967. The effect of tube feeding of
glucose or corn oil on adipose tissue lipoprotein lipase activity
and uptake of clbé.1abeled palmitic acid of chyle triglycerides
in vitro. Biochim. Biophys. Acta 137:291.

Pomeranze, J., W.H. Beinfield, and M. Chessin., 1954, Serum lipid and
fat tolerance studies in normal obese and atherosclerotic subjects,
Circulation 10:742.

Porte, D., D.D. O'Hara, and R.H. Williams, 1966, The relation between
postheparin lipolytic activity and plasma triglyceride in myxedema.
Metabolism 15:107.

Quarfordt, S.H., and DEW. S. Goodman, 1966. Incorporation of labeled
cholesterol esters into chylomicrons in vitro. J. Lipid, Res. 7:708.

Rao, K.S., and R.E. Olson. 1967, The effect of exogenous cholesterol
on the synthesis in vivo of cholesterol, ubiquinone and squalene
in rat liver, Biochem. Biophys. Res. Comm. 26:668.

Reaven, G.M., D.B. Hill, R.C. Gross, and J.W. Farquhar. 1965, Kinetics
of triglyceride turnover of very low density 1ipoproteins of human
plasma, J. Clin. Invest. 44:1826,

Recknagel, R.O., and A.K. Ghoshal, 1966, Lipoperoxidation as a vector
in carbon tetrachloride hepatotoxicity. Lab. Invest. 15:132.

Reiser, R., M.C. Williamsm and M.F. Sorrels. 1960. The transport and
dynamic state of exogenous glycerol=- and palmitic acid-labeled
tripalmitin., J. Lipid Res. 1:241.

Reshef, L., E. Shafrir, and B, Shapiro, 1958. In vitor release of
unesterified fatty acids by adipose tissue. Metabolism 7:723.

Robinson, D.S. 1956, Further studies on the lipolytic system induced
in-plasma by heparin injection. Quart. J. Exp. Physiol. 41:195.

Robinson, D.S. 1964. 1In: Lipid Transport, Edited by H,C. Meng,

Springfield, Ill., Charles C. Thomas, p. 194.




184

Robinson, D.S.z and J.E. French, 1953. The role of albumin in the
interaction of chyle and plasma in the rat. Quart. J. Exp.
Physiol, 38.233.

Robinson, D.S.m and J.E. french. 1960, Heparin, the clearirg fattor
lipase and fat transport. Pharmacol. Rev. 12:241.

Robinson, D.S., P.M. Harris, and J.E. French, 1956, Changes in the
solubility of cholesterol during the interaction of chyle and
plasma, Quart. J. Exp. Physiol. 41:309.

Robinson, D.S., and P.M. Harris. 1959A., The production of lipolytic
activity in the circulation of the hind limb in response to
heparin. Quart. J. Exp. Physiol. 44:80.

. [ .
Robinson, D.S., P.M. Harris, and C.R. Ricketts., 1959B. The production

i of lipolytic activity in rat plasma after the intravenous injection
‘ of dextran sulphate, Biochem. J. 71:286, :
i

Robinson, G.A., R.W. Butcher, and E.W. Sutherland, 1967. Adenyl cyclase
i as an adrenergic receptor. Ann. N.Y. Acad, Sci. 139:703.

Roheim, P.S., D.E. Haft, L.I. Gidez, A. White, and J.A. Eder. 1963.
Plasma lipoprotein metabolism in perfused rat livers. 1T, Transfer
of free and esterified cholesterol into the plasma. J. Clin,

Invest. 42:1277.

Saltykow, S. 1908. Centralbl. Allg. Pathol. u. Pathol, Anat,
19:32.

Scanu, A.M. 1965, Factors affecting lipoprotein metabolism,
Advances Lipid Res. 3:63,

Scebat, L., J. Renais and J. Lenegre. 1961, Experimental athero-
sclerosis in the rabbit. Preliminary study.
Rev. Atheroscler. 3:14.

Schnaitman, C., V.G. Erwin and J.W. Greenawalt. 1967, The
submitochondrial localization of monoamine oxidase. An enzymatic
marker for the outer membrane of rat liver mitochondria..

J. Cell Biol, 32:719.

Schneider, W.C. 1948. Intracellular distribution of enzymes.,
J. Biol., Chem. 176:259.




185

Schneider, N.C. 1959, Mitochondrial metabolism. Advances in En-
zymology, 21:1.

Schoenheimer, R, 1926, 2Ztschr. F, Physiol. Chem, 160:61., Quoted
from Phospholipids, edited by G.B. Ansell and J.N, Hawthorne,
New York, Elsevier Publishing Co., 1964.

Seary, R.L., and L.M. Bergquist. 1960, A new color reaction for
ghegquantitation of serum cholesterol, Clin. Chim. Acta.
1192,

Shafrin, E., and D, Steinberg. 1960, The essential role of the
adrenal cortex in the response of plasma free fatty acids,
cholesterol and phospholipids to epinephrine injection.

J. Clin. Invest. 39:310. v -

Shapiro, B., and E. Wertheimer, 1948, The synthesis ofvfatty acids
in adipose tissue in vitro. J. Biol, Chem. 173:725.

Sheldon, H, 1965. Morphology of adipose tissue: a microscopic
anatomy of fat. In Handbook of Physiology, Baltimore, The
Williams and Wilkins Co. sect. 5, p. 125.

Shideman, F.E. 1958. Im: Pharmacology in Medicine, edited by
V.A. Drill, New York, McGraw Hill Book Co. Blakiston Diurson,

2nd, ed., p. 137.

Shore, B. 1955. Heparin-activated enzyme system of human plasma.
Proc. Soc., Exp. Biol. Med. 88:73.

Shore, B., A.V. Nicholes, and M.K. Freeman. 1953, Evidence for
lipolytic action by human plasma obtained aftex intravenous
administration of heparin. Proc. Soc. Exp. Biol, Med. 83:216.

Silver, M.D. and B.I. Weigensberg., 1965, Hyperlipemic sera in the
rabbits cornea. Arch. Pathol. 80:171.

Skipski, V.P., R.F, Peterson and Marion Barclay. 1964, Quantitative
analysis of phospholipids by thin-layer chromatography.
Biochem, J. 90:374. .

Sobel, B., E. Jequier, A. Sjoerdsma and W. Lovenberg. 1966. Effect
, of catecholamine and adrenergic blocking agents on oxidative
: phosphorylation in rat hesrt mitochondria. Circulation Res,

19:1050.




186

Sperry, W.M. 1935, Cholesterol esterase in blood. J. Biol, Chem.
111:467.

Stamler, J. 1963, In: Atherosclerosis and its drigin. Edited by
M. Sandler and G.H. Bourne, New York, Academic Fress, p.231.

Stormby, N.G. and G. Wigand. 1963. Pathological changes in
hypercholesterolemic rabbits given saturated fat without
supplementary cholesterol, J. Atheroscler. Res., 3:103.

Stukken, N.V. 1910, Dissertation, Saint Petersbmg; Centralbl
Allg. Pathol. u, Pathol. Anat, 23:910

Swell, L., T.A. Boiter, H. Field, Jr, and C.R, Treadwell. 19554,

Absorption of dietary cholesterol esters, Am.'J. théiol.
180:129. .

2

Swell, L., D.F, Flick, H. Field, Jr. and C.R. Treadwell, 1955B.
Role of fat and fatty acid in absorption of dietary
cholesterol. Am, J. Physiol. 180:124.

Swell, L., H, Field, Jr. and C.R. Treadwell. 1960. Absorption
of cholesterol-4-Cl4 oleate. Froc. Soc, Exp. Biol, Med.
103:623. .

* Tarjan, E.M. and R.W. VonKorff., 1967. TFactors affecting the

respiratory control ratio of rabbit heart mitochondria.
J. Biol. Chem, 242:318.

Tietz, A, and B..Shapiro. 1956, The synthesis of glycerides
in liver homogenates. Biochim. Biophys. Acta 19:374.

Trout, D.L., E.H. Estes, Jr. and S.J. Friedberg. 1960.
Titration of free fatty acids of plasma: a study of current
methods and a new modification. J. Lipid Res. 1:199,

Umbreit, W.W., R.H. Burris and J.F. Stanffer. 1964, Manometric
Techniques, 462 south, 6th St, Minneapolis 15 Minn.
Burgess Publishing Co., Pe 131.




187

‘Vandenheuvel, F.A. 1962, The origin, metabolism, and structure
of normal human serum lipoproteins., Canad. J. Biochem,
Physiol - 40: 1299 .

Van Handel, E, and D.B. Zilversmit, 1957, Micromethod for the
direct determination of serum triglycerides. J. Lab, Clin,
Med. 50:152.

Virchow, R. 1856. Wien, Med. Wchnschr., 6:806, Quoted from
Phospholipids, Edited by G.B. Ansell and J.N. Hawthorne,
New York, Elsevier Publishing Co., 1964,

Wacker, L. and W, Hueck, 1913, Minchen. Med. Wchnschr, 60:2097.

Walton, K.W., P, J. Scott, P.W. Dykes and J.W.L. Dayies., 1965,
Alterations of metabolism and turnover of I131 low density
lipoprotein in myxedema and thyrotoxicosis. Cling Sc.
29:217.

Wang, C.I., L.E. Schaefer , S.E. Drachman, and D, Adlersberg. 1954.
Plasma lipid partition of the normal and cholesterol~fed
rabbit. J. Mount. Sinai Hospital. 21:19,

Wang. C.H. and D.L. Willis. 1965. Radiotracer Methodology in
Biological Science. New Jerrsey, Englwood Cliffs, Prentice

" Webb, J,L. 1963. Enzyme and Metabolic Inhibitors. New York,

Academic Press, vol. 1.

weinhouse, S. and E.F. Hirsch. 1940, Atherosclerosis, II. The
1ipids of the serum and tissues in experimental atherosclerosis
of rabbits. Arch, Pathol. 30:856.

Wheeldon, L.W., Z. Schumert, and D.A, Turmer. 1965, Lipid
composition of heart muscle homogenate. J. Lipid Res. 6:481.

Whereat, A.F. 1966, Fatty acid synthesis in cell-free system
from rabbit aorta. J. Lipid Res. 7:671.

Whereat, A.F. 1967. Recent advances in exper{mental and molecular
pathology. Atherosclerosis and metabolic disorder in the
arterial wall. Exp. Mol. Pathol, 7:233.

Whereat, A.F., F.E. Hull and M.W, Orishimo, 1967. The role of
succinate in the regulation of fatty acid synthesis by heart
mitochondria. J Biol. Chem, 242:4013.




188

Wilkens, J.A. and L.H. Krut. 1963, Stabilization of supersaturated
cholesteral solutions by serum lipid extracts, A new serum

parameter associated with ischemic heart disease. J. Athero-
scler, Res, 3:15.

Wilson, J.D. 1965, Studies on the influence of dietary cholesterol
on cholesterol metabolism in the isotopic steady state in man.
J. Clin, Invest. 44:1805. ‘

Windaus, A. 1909. Uber die Enlgiftung der Saponine durch choles=
terine., Ber. Deut. Chem. Ger. 42:238., Quoted from DEW, S.
Goodman, Cholesterol ester metabolism. Physiol. Rev. 45:747,
1965.

Windaus, A. 1910A, Uber die quantitatine Bestimmung:des cholesterins
und der cholesterinestern in einigen normalen und pathologischen
Niernen. Z. Physiol, Chem, 65:110. Quoted from DEW. S, Goodman.
Cholesterol ester metabolism Physiol. Rev. 45:747, 1965,

Windaus, A, 19108, Uber den Gehalth normaler und atheromatoser
Aorten an Cholesterin und cholesterinestern. Z. Physiol. Chem,
67:174. Quoted from DEW. S. Goodman., Cholesterol ester
metabolism. Physiol. Rev. 45:747., 1965, :

Wintrobe, M.N. 1967, Clinical Hematology, Philadelphia, Lea and
Febiger, 6th ed. p. 318.

Woldow, A., J.E. Chapman, and J.M, Evans. 1954, TFat tolerance in
subjects with atherosclerosis: Heparin effects upon lipemia,
lipoproteins, and gamma globulin. Am. Heart J. 47:568.

Wolf, G. 1964. Isotopes in Biology. New York, Academic Press.

Wolken, J. 1966, Lipids and the molecular structure of photorecep-
tors. J. Am, 0il Chem. Soc. 43:271.

Zilversmit, D.B. 1957, In: Chemistry of lipids as related to Athe~
rosclerosis, edited by I.H. Page Springfield, I11,, Charles
C. Thomas Publisher. p. 156. .

Zilversmit, D.B. 1960, The design and analysis of isotope.experi-.
ments. Am, J. Med. 29:832.

zlatkis, A., B. Zak, and A.J. Boyle. 1953. A new method for the
direct determination of serum cholesterol. J. Lab. Clin. Med.

41:486,




ARC-30





