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A series of experiments were carried out to investigate the role of dietary 
proteins in atherosclerosis with particular emphasis on the involvement of 
dietary protein in the immunological induction of atheroma and in cholesterol 
metabolism.

Experiments 1 and 3 failed to produce complicated arterial lesions in 
rabbits by the combined effects of cholesterol feeding and serum antibody 
production to dietary protein. Clearly, the magnitude of the immune 
response to dietary protein was insufficient to mimic the effect of 
cholesterol feeding coupled with the immunological injury induced by serum 
sickness or graft rejection.

The most significant observation to emerge from this part of the study 
was the development of immune tolerance to a given dietary protein in 
weanling rabbits induced by exposing their dams to the particular protein 
during the pre-weaning period. It was not possible to identify the nature 
of the tolerizing factor nor the critical stage of exposure i.e. in utero 
or during lactation.

Several experiments were designed to investigate the hypocholesterolaemic 
effect of vegetable proteins. The possible role of plant saponins as the 
effective agents in soya bean induced hypocholesterolaemia was investigated. 
The increased excretion of faecal sterols due to saponin was not associated 
with a reduction in serum cholesterol. Furthermore, in studies with rats 
and hamsters fed hypercholesterolaemic diets (1% cholesterol + 0.25% cholic 
acid) there was no evidence that the dietary fibre (cellulose) reduced the 
serum cholesterol and no evidence to suggest that the addition of saponin to 
the diets altered the result. It was therefore concluded that whereas 
saponin may reduce the absorption of cholesterol, it does not alter the 
effect of dietary protein or fibre on serum cholesterol. It was also found 
that at nitrogen intakes of near maintenance, the hypocholesterolaemic 
effect of soya was still evident, although somewhat reduced.

The nutritive value of methionine supplemented soya bean and cow’s milk 
protein were compared in young rabbits. There was no evidence that nitrogen 
digestibility, nitrogen balance or the utilization of absorbed nitrogen 
differed between the two protein sources.

From the above studies it may be concluded that dietary protein may exert 
a significant effect on the development of atherosclerosis partly through 
its effect on cholesterol metabolism and partly through its possible 
immunological injury.
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ABBREVIATIONS

g gram
mg milligram
yg microgram
mmol millimole
1 litre
ml millilitre
yl microlitre
i . u. international unit
kg kilogram
d - day
O.D. optical density
min. minute
h. hour
sec. seconds

degrees Centigrade
ELISA unit Enzyme linked immunosorbant
% percentage
NB nitrogen balance
ADN intake Apparent digestible nitrogen
Np faecal nitrogen
Nu urinary nitrogen
Nl Nitrogen intake
MJ - megajoule
m metre
mm millimetre
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CHAPTER 1

1. INTRODUCTION
Atherosclerosis is a pathological condition affecting the 

intima and inner part of the media of both large elastic 
arteries and certain muscular arteries. The disease is both 
proliferative and degenerative^^\ It takes the form of focal 

intimal thickenings or plaques containing lipids, complex 
carbohydrates and fibrous material which often encroach on the 
lumen of the vessel and, particularly when complicated by 
thrombosis and calcification may lead to impairment of the
arterial circulation and ischaemia in the tissues supplied
(2, 3, 4)

The most basic lesion of atherosclerosis is thought to be
a small, exclusively intimal focal accumulation known as the
fatty streak, consisting primarily of lipid laden macrophages

(5)known as foam cells, surrounded by lipids . These lesions 
have been recorded in the arteries of fetuses onwards and 
controversy still clouds any relationship that may exist 
between fatty streak and raised fibro-lipid plaque, In recent 
years attention has been directed to the possible role of small 
drop like elevation of the arterial intima called the gelatinous 
lesion^^\ This is translucent and either colourless or pink. 

Histologically, they consist of oedematous separation of some
what thickened collagen. The role of these lesions in athero
sclerosis is uncertain. The fibrolipid plaque is regarded as
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the archetypal lesion in atherosclerosis and its frequency in 
different population groups constitute a good predictor for 
the incidence of occlusive arterial lesions^ ' ^• The plaque

is considerably elevated above the surface of the intima and 
consists essentially of yellow lipid laden smooth muscle cells 
surrounded by lipid and collagen, covered by a connective tissue 
cap of variable thickness. In some lesions the cap is the pre- 
dominant element which imparts a pearly white appearence to the 
lesion. In this fibro-lipid lesion the degenerative and pro- 
liferative changes extend into the media. The lesion known as 
the complicated lesion appears to be a fibrous plaque that has 
become altered as a result of haemorrhage, calcification, cell 
necrosis and mural thrombosis^.

Many hypotheses have been put forward concerning the
pathogenesis of atherosclerosis.

Filtration theory
._(9)The hypothesis originally termed imbibition hypothesis 

has undergone extensive modification right up to the present 
time^^^' Filtration theory as it is called now is based

on the concept that the metabolic needs of most of the arterial 
wall are served by continuous diffusion of fluid through it 
from the lumen towards the lymphatic channels of the adventitia, 
where it is carried away. Under normal circumstances most of 
the lipid molecules entering via the percolating fluid is 
carried away into the draining lymphatics. When, however, the 
blood is loaded with large lipid molecules, some of these
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molecules may not filter through to the adventitia, but may 
accumulate in the wall and provoke a reaction in the tissues 
around them. The arterial accumulation of lipid may result 
from an increased rate of uptake of plasma lipid^^^\ from 

lack of an efficient system for lipid removal or from both.

Endothelium
The presence in the atherosclerotic plaque of large 

quantities of plasma-derived products suggest that the process 
of atherogenesis must be accompanied by either focal increase 
in the permeability of the endothelial barrier or a decline in 
efficiency of the mechanisms that clear plasma derived molecules 
from the artery wall,

A variety of animal species have been shown to have focal 
areas in the aortic intima that demonstrate increased perme- 
ability to various protein bound dyes " and labelled lipids 
(13)^ If the endothelial permeability and intimal lipid depo

sition go hand in hand, the logical correlate of this propo
sition is to consider the range of structural alterations in 
the endothelium that may lead to the increased insudation of 
plasma derived substances and the factors that may bring about 
such alterations.

Endothelial injury. A number of injurious stimuli have been 
identified as capable of mimicing experimentally vascular cell 
responses similar to those presumed to occur during initial 
stages of atherosclerosis. They include, mechanical injury;
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e.g. focal mechanical abrasion of the intima^^^' exten-
sive baloon catheter denudation^^^* desiccation^^^^,

(20 9})chemically induced injury; e.g,, homocystinaemia/ ' " or
13) , dietary induced hyperlipidaemia alone

(24).
endotoxinaemia^
or in combination with mechanical injury^^^^; experimentally

altered haemodynamics^ ' immune mediated mechanisms^
28)

In general most of these "injury models" share in common, 
varying amounts of endothelial desquamation, which is associated 
with basically similar histological pattern of intimal cell 
reaction, that is, smooth muscle cell proliferation, intra- 
and extra-cellular deposition of lipid and accelerated synthesis 
of connective tissue components, glycosaminoglycans, collagen 
and elastin. The disruption of the intimal lining with some of 
these methods is probably more abrupt and extensive than could 

occur naturally.
Recent experiments have shown that intimal thickening due 

to new tissue formation occur beneath areas of repair rather than 
in areas denuded of overlying endothelium^\ Lipid accumul

ation in medial cells is also most marked beneath areas of re- 
endothelialization^^^^. Thus the functional status of the

endothelium appears to be more important than its physical
^ (31)presence or absence

Thrombogenic theory
The encrustration theory proposes that atherosclerotic

(32)plaques are transformed mural thrombi . This theory has
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been modified extensively and is now called the thrombogenic 
theory. The thrombogenic theory stresses the importance of 
thrombus formation. It states that thrombi would become 
incorporated into the wall by an overgrowth of endothelial
cells creeping up from the sides and growing over the thrombus
(33) The invasion of vascular cells from underneath would

(21)scavenge away the thrombic mass and replace it by scar tissue
In recent years this hypothesis has been further modified 

with the suggestion that endothelial injury with associated 
platelet deposition plays a critical role in initiating intimal 
proliferation, a prelude to atherosclerosis.

During the formation of the thrombus, platelets adhere to 
the basement membrane which is exposed with de-endothelialization 
The collagen component of the basement membrane induces platelet 
aggregation which is now known to be regulated by the synthesis 
of a prostaglandin, thromboxane (TXA^) from membrane arachi- 
donic acid^^^^. The production of TXA^ induces further platelet 

adhesion and further TXA^ production. If sufficient TXA^ is 
formed thrombin production is stimulated. This in turn induces 
the formation of fibrin which encapsulates the growing thrombus 
and prevents further platelets adhesion. Such fresh thrombi 
being rich in erythrocytes are red in colour. The thrombus may 
be dislodged or may be covered by endothelial cells. The 
breakdown of erythrocytes eventually give rise to a white mural 
thrombus, the basis of an atherosclerotic plaque.

It should be noted that the intact endothelium produces a 
prostaglandin called prostacyclin (PGI^) which inhibits platelet
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(35, 36)aggregation^
The method by which fat is deposited in lesions formed 

in this mechanism is unclear.

Response to injury hypothesis
This hypothesis encompasses the two previous theories.

(24)Factors such as hyperlipidaemia^ , hormone dysfunction 
immune reactions^^^^, increased shear stress in hyper- 

tension^^^' ^, may injure the endothelium and alter the 

nature of the endothelial barrier to the passage of blood 
contents to the arterial wall. This action alters the endo
thelial cell to cell, cell to connective tissue reactions and 
possibly detach endothelial cells from the arterial wall. Focal 
desquamations of endothelium caused in this way expose under
lying sub-endothelial connective tissue to platelet and other 
elements in circulation, The platelets adhere to the sub- 
endothelial collagen, aggregate and release contents
of their granules^^^\ The massive infiltration of platelet 

factors^^^' plasma lipoproteins and possibly other plasma

constituents such as hormones at these sites of injury leads 
to focal proliferation of arterial smooth muscle cells, to 
formation of large amounts of connective tissue matrix by these 
cells and to deposition of lipids both within the cells and in 

surrounding connective tissue matrix. According to this 
hypothesis^^^^ restoration of the endothelial barrier ultimately 

occurs and the lesions regress if both injury and tissue response 
to it are limited. However, further proliferation of smooth
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muscle cells and accumulation of connective tissue and lipid 
occui* if injui’y to the endothelium is continuous and repeated 

The effect can tip a critical balance between re-endo- 
thelialization, cell proliferation and cell destruction and 
removal that determine whether a lesion enlarges, remains 
relatively constant in size or regresses. Risk factors poss
ibly affect this balance by causing chronic injury or by inter
fering with the normal tissue response to injury.

The classic picture of endothelium as a passive anatomical 
barrier has undergone considerable revision. The working con- 
cept of endothelial 'injury' has been similarly broadened to 
include endothelial dysfunction. Chemically mutagenized or 
virally transformed endothelial cells have been shown to be 
highly reactive with platelets in vitro. Similarly, 'altered' 
endothelial cells in vivo, conceivably could result in a
localized release of platelet products into the vessel wall

. (29, 43)in the absence of frank desquamation

Immunological theory
There is considerable evidence to indicate that immuno- 

logical injury may be important in the development of athero- 
sclerosis^^^^. Synergy of immunological arterial injury and 
simultaneous dietary hypercholesterolaemia produced aortic 
lesions in rabbits not seen in controls fed lipid supplemented 
diets alone^^^' :Most lesions of the rabbits on hyper-
lipidaemic diets given horse serum albumin injections were of 
the fatty proliferative type, strongly resembling human lesions.

- 7 -



in contrast to purely fatty lesions of the cholesterol fed 
animal without injections and the proliferative lesions of
the animals given injections alone

(48)
(47) Similar observations

(49)have been made in swine^""'^ and in baboons^ fed hyper- 
cholesterolaemic diets. In these experiments, injections of 
foreign protein produced serum sickness, because it persisted 
in the circulation until antibody response occurred. It was 
assumed that antigen then combined with antibody forming patho
genic immune complexes. After repeated injection of antigen 
antibody response is immediate. Serum sickness can accelerate
development of arterial desease in animals (49) Immune complex
desease induced by vasectomy led to atheroscelrosis in Macaca

(50)fascicularis fed lipid rich diets Vasectomy was also
associated with increased atherosclerosis in normocholesterolae- 
mic non human primates fed lipid poor monkey chow over a long 
period

Mechanism of immunological injury
It has been shown that permeability of blood vessels to 

macromolecules is increased by vasoactive amines and hista- 
mine^^'^^ released from mast cells and platelets by the action 
of immune complexes^^^^. In the rabbit, immune complexes formed 

in antibody excess cause complement dependent accumulation of 
activated platelets, neutrophils and mast cells in lung capill
aries and induce anaphylaxis^^^^. This leads to lysis of cells 

(55) The discharge of vaso-active amines causes an increase 

in vascular permeability and contraction of smooth muscle cells.
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Non-Immune neutrophil mediated inflammatory reactions may
also involve complement^^^^, and thus the involvement of com

plement in the pathogenesis of atherosclerosis has been out 
forward^^^^, Complement is composed of a system of nine 

easily activated proteins which circulate in blood. The system 
can be activated partly specifically by immune complexes or 
unspecifically by enzymes^^^^, aggregates of macromolecules 
lipopolysaccharides, lipoproteins^ ' \ viscosity and tur-

bulence^^^^. Experimentally induced infections have been shown 

to produce arterial damage similar to atherosclerosis ' and
evidence has been produced that activated complement can cause

(64)arterial damage
Immunological injury can occur without the participation

of the complementIn rabbits after an Injection of a
protein to induce serum sickness, the binding of igE antibodies
to the surface of basophils is known to occur. These sensitized
basophils on re-exoosure to the antigen stimulate secretion of
platelet activating factor^'’^^ that induces platelet clumping

(67)and release of their vasoactive amines .
The enhanced permeability of blood vessels cause macro-

molecules such as immune complexes larger than 19S in the ultra-
centrifuge^^^^ to deposit in the artery wall ultimately leading
to inflammatory injury. Polymorphonuclear (PMN) leucocytes have
been shown to be the final agents that causes the fragmentation

. (68, 69, 70)of the internal elastic lamina and necrosis . It
seems that the internal elastic lamina acts as a barrier to the 
outward spread of infection and that this is an important
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substrate for PMN action.
The damage produced by immune complexes in the absence 

of lipid feeding results in necrotising arteritis with endo
thelial proliferation, sub-endothelial fibrinoid deposition, 
medial necrosis and polymorphonuclear leucocyte infiltration 
(68, 71) the rabbit complement and leucocytes are required

for the full arterial damage to occur.
Sensitization of structural antigens of the vessel wall, 

produced in the cause of degenerative changes on the sites of 
atherosclerotic lesions, probably enhances the pathologic pro- 
cess^^^^. Thus, an auto-immune mechanism has been put forward 

for the pathogenesis of atherosclerosis" ‘ . Arterial lesions
have been produced in rabbits by immunisation with extracts of 
rat aorta^^^^ or heterologous arterial elastin and glyco- 
protein^^^^. Formation of aortic auto-antibodies were observed 
in animals similarly treated^ \ Auto-antibodies against 

heart, kidney and spleen were found in rabbits fed cholesterol, 
although antibody litres were not related to the severity of 
the lesions^^^^. In human arterial disease auto-antibodies 
against both normal and atheromatous aortas have been reported^ 

These occurred only in patients with advanced disease and it is 
possible that advanced stages of the disease might be acceler
ated by auto-antibodies formed as a secondary phenomenon. There
is evidence that new antigens appear as a consequence of athero-

(79)sclerotic change which are immunogenic
Immunization of animals with foreign proteins, 3-liDoprotein, 

Y-globulin, tetanus toxoid etc. have been observed to lead to

- 10 -



hypercholesterolaemia^' 74)^ Attempts to inhibit 

atherosclerosis by injection of heterologous 6-lipoprotein 
has been successful in some experiments^ Hyperlipidaemia
of immune origin has been reported in multiple myeloma 
patients^^^^. Lipoprotein auto-antibodies have been found in 
cases of hyperlipidaemia and atherosclerosis'^^'

Cholesterol may function in vivo as a hapten which when coupled 
to the protein produces a specific immune response^

Conditions like syphilis, rheumatoid heart disease, systemic 
lupus erythematosus and organ transplantation may be associated 
with vascular injury, arteritis or unusually severe atherosclero
sis^^^’ There is evidence to indicate that arterial

injury in these conditions are immunologically mediated.

Risk factors in atherosclerosis
Various factors have been epidemiologically identified

to indicate an increased risk of clinical aspects of arterial

disease.
These can be broadly classified into two categories: 

dietary and others. Virtually all nutrients have been accorded 
some attention as to a possible relationship with heart disease. 
These include dietary fat, cholesterol, fibre, protein, carbo
hydrate, minerals and vitamins. The other factors include 
hypercholesterolaemia, hypertension, diabetes mellitus, obesity, 
smoking, heredity, maleness, certain bacterial and viral in
fections in certain individuals as well as certain personality 
characteristics, and lack of exercise.
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PLASMA LIPIDS. Many of the above risk factors operate at
least in part through a tendency to be associated with high
serum cholesterol levels. Epidemiological studies have found
that coronary heart disease (CHD) patients have high serum

(91 92')cholesterol concentrations than control patients^' ’
Persons living in countries where coronary heart disease is 
frequent have higher serum cholesterol concentrations than 
individuals living in countries where CHD was rare^^^^. The 

strongest and most consistent 'risk factor’ identified in the 
Framingham study was elevated serum cholesterol level. However, 
serum total cholesterol has a predictive value for the future 
development of CHD only in younger persons.

The distribution of cholesterol in the various lipo
protein fractions has been given considerable attention. Plasma 
high density lipoprotein (HDL) concentration has been found to 
be lower in patients with CHD than in age matched controls in 
epidemiological studies^ > ' > . Thus high levels of HDL

appear to provide protection against CHD at all levels of total 
serum cholesterol. However, this association of low HDL level 
with increased coronary risk seems to be established only within 
defined population groups. Also, the mechanism by which HDL

(97)
could protect against CHD is not clear

Low density lipoprotein (LDL) was recognised as the lipo
protein species whose elevation in plasma was most strongly 
correlated with atherosclerosis'^^' The mechanism by which

high LDL levels in plasma could lead to atherosclerosis has been 

explained by means of the LDL pathway
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LDL PATHWAY
The evidence Indicates that human cells including aortic 

smooth muscle cells possess an elaborate biochemical pathway, 
the LDL pathway, that regulates the uptake, storage and 
synthesis of cholesterol and thus protects the cells from an 
overaccumulation of this sterol. When this regulatory mechan
ism is disrupted, as it is in patients with certain genetic 
disorders, a most severe form of human atherosclerosis develops.

Binding of LDL is the first step in the pathway, the cells 
take up LDL by endocytosis, utilize its cholesterol and suppress 
their own endogenous synthesis. By regulating the number of 
cell surface LDL receptors, and through their high affinity for 
LDL, cells are able to control the rate of entry of cholesterol, 
thereby assuring an adequate supply to the cells, and also 
allowing the body to maintain plasma LDL levels below the 
threshold range for atherosclerosis. When LDL levels are 
elevated in plasma due to genetic deficiency of LDL receptors 
as in familial hypercholesterolaemia or whether due to other 
genetic and/or environmental factors, cholesteryl esters deposit 
in the artery wall and atherosclerosis develops. It has been 
suggested that under these circumstances smooth muscle cells 
take up lipoprotein by a receptor-independent process that is 
not subject to feed-back regulation. Thus massive amounts of 
cholesteryl ester accumulate until cellular toxicity results.
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DIETARY FACTORS
FAT. The amounts and the type of fat in the diet is thought
to be a major risk factor in CHD through its effects on serum
cholesterol concentrations^ .̂ Substitution of vegetable

fat for animal fat in the human diet lowered serum cholesterol
concentratior/’ 103)^ Semi-purified diets containing sat-

(104, 105, 106, 107)urated fat were atherogenic in rabbits
This effect was repeatedly demonstrated and was traced to the 
high proportion of polyunsaturated fatty acids in most vege
table oils^^^^’ 109, 110)^ Some of the variable effects 

attributed to the degree of saturation of a fat or oil may be 
explained by the chain length of the fatty acid . Unsat—
urated fatty acids cause a shift of cholesterol from plasma 
to the tissue pools^The metabolic pathways of saturated 

and unsaturated fatty acids are different and this is thought 
to have different effects on serum cholesterol levels^^^^\

The plant sterol component of plant fats, which are structurally 
similar to cholesterol, decreased cholesterol absorption and 
may account for some of the effects of polyunsaturated fats. 
Increased bile and acid excretion due to high dietary polyun
saturated fats has also been reported,

DIETARY CHOLESTEROL
rabbits on diets containing cholesterol produces 

arterial lesions^^^^^. This observation together with the high 
cholesterol content of both human and rabbit lesions has focussed 
attention on dietary cholesterol as a possible causative agent
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in atherosclerosis.
Despite the consistency with which dietary cholesterol 

produces hypercholesterolaemia and atherosclerosis in certain 
experimental animals, studies in humans often failed to show 
such a close relationship when subjects ingested large amounts 
of cholesterol. In a series of carefully controlled experiments 
a linear relationship between dietary cholesterol and serum 
cholesterol was shown to exist up to an intake of about 400 mg 
cholesterol per Above this level the relation
ship was much more variable. However, the association between 
dietary cholesterol and CHD is weak^^^®l Susceptibility to 

cholesterol induced hypercholesterolaemia varies in both animals 
and man. Animals with extremely low or high responses to 
dietary cholesterol have been characterised as 'hypo' or 'hyper' 
responders^Genetically determined metabolic defects in 
humans which lead to severe hypercholesterolaemia result in 
atherosclerosis and CHD even in the absence of dietary cholesterol

CARBOHYDRATE Ingestion of refined carbohydrates in the form 
of sucrose has been Implicated in CHD^^^^^b although the re

lationship has not been confirmed. It may be related to the 
low fibre content of diets rich In high refined carbohydrates. 
Dextrose in the diet has been found to be more atherogenic than
sucrose or fructose in the rabbit^ ' fructose caused

(123)the most severe aortic sudanophilia in baboons and vervet
monkeys^^^^^, fed on semi-purified diets in which carbohydrat 
were fructose, sucrose, glucose or starch.

es

- 15



FIBRE. Dietary fibre has been shown to have a protective role 
when included in potentially atherogenic diets^^^^' 126)^

Fibre may exert its effect by reducing caloric intake for a 
given volume of food, decreasing intestinal transit time,
altering the intestinal microflora and changing bile acid

^ ^ (127, 128, 129)metabolism
Gel forming or mucilaginous polysaccharide fibres (pectin,

guar—gum) fed to animals and human subjects increases bile acid
(130 131excretion and lowers D1asma cholesterol concentration

132, 133, 134, 135)^ However, non gel forming mixed dietary

fibre including cereal fibre has an inconsistent effect on
_ , (136, 137)serum cholesterol of humans

PROTEIN. Dietary protein has been generally considered to be 
of little significance in the etiology of atherosclerosis in 
humans, but evidence is accumulating that it may have a signifi- 

cant influence,

(i) by direct effect on cholesterol metabolism
(ii) by inducing the formation of antibodies to dietary 

proteins which might initiate atherosclerotic process.

(j) THE EFFECT OF DIETARY PROTEIN ON CHOLESTEROL METABOLISM 
AND atherosclerosis

Many early feeding trials which investigated the use of 
protein to produce atherosclerosis, used proteins such as meat, 
milk, and powdered beef^^^^^ all of which contained

cholesterol which had been shown to produce an arterial disease
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in rabbits^^^^^. Subsequent research produced an arterial 

disease in rabbits with protein which did not contain 
cholesterol142, 143)^ has been consistently shown

that protein derived from plant sources are hypocholesterolaemic 
compared to roost animal proteins when fed to rabbits in low fat, 
cholesterol free semi-purifled diets , al
though the effect of particular protein source varied within 
each of the two categories^^. The atherosclerosis associated 

with feeding semi-purified diets based on casein has been pre
vented by replacement of casein with soy protein isolate 
149, 150) hypocholesterolaemic effect of soya protein

isola^was apparent even when fed in diets containing cholesterol
. (151, 152)to chicken or swine

High levels of protein were also shown to be more athero
genic and/or hypercholesterolaemic than low levels when fed to

M 53 154 155pigeons, squirrel monkey, baboon and the rabbit '
(157)156) hypocholesterolaemic when fed to chicken

The effect of dietary protein source on rat serum cholesterol 
is uncertain. Some reports indicate hypocholesterolaemia in rats 
due to soya bean protein fed in low fat diets^^^^^ as well as in 

hypercholesterolaemic diets^’^®’ There are also reports

where protein had no effect on serum or liver lipid levels of
rats^^^^^ given low fat diets.

Reported effects of protein source on serum cholesterol of

rats is summarised in Table 1.1
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Table 1.1

Reference Protein Cholesterol Bile. Fat Protein Serum Liver
Source (%) Salts

(%)
(%) (%) Cholesterol

(mmol/l)
Cholesterol
(nmol/1)

(15^0
Nagata et al Soya — — 1 20 2.04 3.28

(1980) Casein - — 1 20 2.48 4.07

(159) _ _
Katan et al Soya 1.2 7 20 3.5

(1980) Casein 1.2 ? 20 10.4

(160) „ ...
Yadev et al Soya Flour 2 0.5 15 15 4.44

(1977) Soya Iso
late

2 0.5 15 15 5.36

Navy bean 
flour

2 0.5 15 15 2.59

Casein 2 0.5 15 15 9.38

(161)
Saiitier et Soya 7.5 25 2.39 7.09

al (1979) Casein - - 7.5 25 2.37 7.27

It has been shown that in humans incidence of ischaemic 
heart disease is equally correlated with the intake of animal 
protein and of Experimental data also indicate
that vegetable protein may be less cholesterolaemic than animal 

(164, 165, 166, 167, 168, 169)^ although the sub-
protein in man
stltution of animal protein by vegetable protein had no signifi
cant effect on serum cholesterol levels in healthy adult males
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(170 171 172)in some short term experiments ' ' , In contrast to
healthy individuals in a series of experiments on type II A and
type II B hyperlipidaemic patients serum cholesterol was lowered
in the range of 10-20% by soya diets^^^^' 168)

effect was independent of lipid composition of the diet.
Vegetable protein has been shown to have a definite hypo-

(174)cholesterolaemic effect in young infants and it has b^^n
shown that the feeding of animal protein (milk) to infants leads
to an increase in the plasma cholesterol levels within four

, (175)weeks
A number of experiments have attempted to elucidate the 

mechanism by which the protein component of semi—purified diets 
affect the serum cholesterol concentrations in rabbits and other 
animals. Rabbits given soya protein have been shown to excrete 
more neutral sterols^^^^^ or more of both neutral sterols and 

bile acids in the faeces than casein fed rabbits. Accelerated 
oxidation and turnover of labelled cholesterol has also been 
shown in the soya fed rabbit when compared to the casein fed 
rabbitThis mechanism cannot entirely explain the hypo- 

cholesterolaeraic effect of vegetable protein. Thus two contra
dictory hypothesis have been put forward to explain this effect.

(a) Amino acid theory.
This theory proposes that the hypocholesterolaemic property 

of plant proteins, soya protein in particular, is a consequence
/177 178^of its amino acid composition^ ’ '-It proposes that there 

are cholesterol lowering and cholesterol raising amino acids.
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Several experiments have been performed using soya protein 
isolate and casein as representative proteins. Both casein and 
glycinin (principal protein in soya been) support growth. The 
chief differences in composition of soya bean and casein are,

(1) Arginine content - 15.5% in soya protein
3.8 % in casein

(2) Glycine content - 1% soya protein
0.5% casein

(3) Valine content - 0.7% soya protein
7.9% casein

Feeding trials have been carried out with protein hydro
lysates or with mixtures of amino acids in an a11empt to de
termine whether the hypocholesterolaemic response is related

(179, 180, 160, 146)to the amino acid composition
Enzymatic digests of casein and soya behaved in a manner 

similar to their respective intact proteins in the rabbits given 
low fat, cholesterol free semi-purified diets^^®°t However, 

with amino acid mixtures equivalent to that of casein or soya 
protein isolate the difference is markedly reduced. The attempts 
to reverse the observed effect of casein or soya protein by the 
addition of amino acids to on© protein so as to mimic the com— 
position of the other have produced variable results^^^®’

It appears that the intact protein has an over-riding effect in 
each case. In a study with rats on hypercholesterolaemic diets, 
it has been found that an amino acid mixture simulating soya 
protein, significantly reduces serum cholesterol levels compared 
to a casein like amino acid mixture^
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Individual amino acids have also been given considerable 
attention. High dietary lysine has been reported to be hyper- 
cholesterolaemic in rabbits^^^^^ and hypocholesterolaemic in 
rats^^^^^ and hyper1ipidaemic subjects^\ However, the 

lysine content of soya protein and casein are similar.
Glycine supplementation reduced casein induced hyper- 

cholesterolaemia and atherosclerosis in both rabbit and rat^^^'^^ 
There is a speculation that the arginine to lysine ratio of 
protein may affect its action on serum cholesterol and athero- 
genesis^^^^' 178)^ Arg/lys ratio of casein is 0.49 and that

of soya protein is 1.13. The addition of lysine to soya protein 
in a quantity sufficient to lower its ratio to the level of 
casein resulted in a sharp increase in its atherogenicity when 
fed to rabbits. However, addition of arginine to casein diets 
had no consistent effect. Similar experiments in rats did not 
show any effect due to amino acid supplementation . Using
mixtures of soya protein and casein in rabbit diets it was 
possible to bring the plasma cholesterol level to an intermed
iate value to that obtained with either protein alone. The 
Arg/lys ratio of this mixture was 0,64. How such a small 
difference in Arg/lys ratio might affect serum cholesterol con- 
centration is not knownResults of a series of experiments 
done in rabbits using proteins from various sources as well as 
amino acid mixtures in different combinations have shown that an 
interaction between essential and non essential amino acids might 
be imoortant in determining plasma cholesterol levels^^®°t
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A number of human studies have demonstrated that dietary 
amino acid composition can influence the level of plasma 
cholesterol^’ 186, 187, 188) this instance, the source

of non essential nitrogen and ratio of essential to non-essential 
amino acids were shown to be important with respect to plasma 

cholesterol levels.

(b) Saponin theory
The saponin theory suggests that the hypocholesterolaemic 

action of soya and other plant proteins is due to their saponin

content.
Saponins are sterol or triterpene glycosides mainly of 

plant origin. They occur in a wide variety of plants, a few of 
which are used as human food e.g.: soya bean, chick pea, peanut 
and spinach. The amphiphilic nature of saponins dominate their 
physical properties in solution. They are strongly surface 
active, forming stable foams and acting as emulsifying agents<^^^®> 

They generally have a strong haemolytic activity and appear to 
form micelles in much the same way as detergents. The structure 
of a typical saponin from soya bean is shown in Fig. 1.1.

Although saponins are practically non-toxic to man when 
taken orally^they are known to have a number of physio
logical effects on animals of which most Interesting is that 
they can lower plasma cholesterol concentrations. The cholesterol 
lowering action of saponin has been reported in cholesterol fed

, , (191, 192, 193) monkey^^®^^ rat*^^®^^ and in the pig^^®®^
cnicken '
on normocholesterolaemic diets. However, with diets where
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exogenous cholesterol was not provided saponin did not show 
this effect^^^^^ in the rat.

The mechanism by which saponin produced such effects are 
not completely established saponins have been shown to adsorb 
bile acids to dietary fibre in vitro" . This mechanism 
might operate in vivo as well as in vitro since increased 
excretion of bile acids accompanied by decreased serum chol
esterol levels were observed in rats^^^^^ and pigs^^^^^ given 

saDonin supplemented diets. Saponins may also act by reducing
cholesterol absorption as shown in rats given hypercholestero-
T ^ (198)laemic diets

It has been suggested that this effect may also occur in
humans and that foods rich in saponins may reduce the risk of
, ^ (199, 200, 194)heart disease

(ii) ANTIGENICITY OF FOOD PROTEINS AND THEIR RELATIONSHIP TO 
HEART DISEASE
It is clear that some proteins in the diet survive di- 

gestive process and cross the gastro-intestinal epithelium in 
immunologically reactive form' ' ’■ Absorption of whole
protein from the intestinal lumen of the neonatal animal^ " 

as well as in the adult animal uding
man'^^^^, has been shown.

The Intestinal antigens stimulate the cells in the gut 
associated lymphoid tissue (GALT) to proliferate and differen
tiate into IgA bearing lymphoblasts. These cells on maturation 
act as IgA secreting plasma cells on the intestinal mucosa and

- 23 -



produce IgA in response to intestinally absorbed antigens, thus
r209 210 2111preventing further absorption of antigen^ ' ’ • The

studies also suggest that a selective transport of IgA pro
ducing plasma cells from the GI tract to the mammary gland 
occur after oral immunization of the mother. Since the newborn 
infant is deficient in secretory antibodies ingestion of 
colostrum may provide passive mucosal protection of the gastfo- 
intestinal tract against penetration of intestinal organisms 
and antigens. Results of other studies have shown that orally 
induced immune response could be nearly identical to those ob
tained by parenteral immunization with the same antigen, i.e. 
mainly IgM and IgG antibodies^" Accordingly proteins such
as horse serum albumin^^^^^, horse raddish peroxidase^^^^^, and 

bovine serum albumin^ ^ have been shown to produce a systemic 
response when given orally. Dietary soya bean protein is par
ticularly effective this way and significant systemic immune
responses have been reported in calves^ \ pigs^ ^ and 

(215)rabnits
Antibodies produced against some common foods have been

detected in healthy children^^^® ’ An allergic

reaction to food protein has been displayed in large number of
infants under the age of one^^^”’ and in small

children^^^^^. It has been observed that the severity of all-
(225 )ergy is maximal in children and decreases with age . All-

(226 227)ergy to soya protein is also detected in Infants ’ ,
children^^^^\ and adults^^^^\
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Most of the abnormal arteries in infants examined at
autopsy were found in cow's milk fed infants, whereas most

(230)breast fed infants had normal arteries , Alternately,
heart disease was found to be more prevalent in humans who

(231)had been fed cow's milk than those who were breast fed 
Significantly elevated levels of serum antibodies to milk and 
egg proteins have been reported in patients with IHD compared 
to controls^^^^^. However, subsequent studies failed to 

reproduce the elevated serum anti-milk antibody levels in IHD
patients using the techniques originally employed^ passive

^233^ (234)haemagglutination^ ^ and more sensitive radioimmunoassays"
(235)or the enzyme linked immunosorbant assay

Epidemiological data indicate that highest mortality rate 
from CHD IS found in countries where per capita intake of total
milk is highest^^. A correlation also has been found between

the introduction of holder pasteurization where milk is heated
(237 238)for a long period of time and incidence of CHD

The pathogenic form of the immune response was thought to 
bo the soluble immune complexes formed in antigen excess. 
Circulating immune complexes have been found to be more pre— 
valent in bottle fed than in breast fed infants and could be 
important in CHD in later life/^^^^. Many dietary, bacterial 

viral or even endogenous antigens could be involved in the 
formation of immune complexes,

Auto-immune complexes containing 3-lipoprotein as antigens 

and IgA, IgM, IgG as antibodies have been identified in the 
plasma of atherosclerotic patients^ ' ' , and in rabbits
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fed atherogenic diets^^^^^. The occurrence of immune complexes 

were greater in patients with vascular disease than in control 
patients^^^^^'

Hypersensitivity to extracts of tobacco had been described 
and this suggests that allergy to constitutents of tobacco may 
underlie the relationship between smoking and CHD and peripheral 
vascular disease^^^^' 243)^
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CHAPTER 2

MATERIALS AND METHODS 
2.1 Animals

New Zealand White rabbits both male and female from the 
University of Southampton colony were weaned from a commercial 
stock diet (Labsure animal foods, Christopher Hill Group Limited, 
P.O. Box 6, Castle Street, Poole) and were randomly allocated 
to different experimental groups. The rabbits were individually 
housed in stainless steel metabolism cages whenever faecal and 

urine collections were necessary.
Rats used in experiments were albino Wistars from the 

UniversiLy of Southampton colony. They were selected for ex
periment on a weight basis and were housed in groups of 5 or 6 

in each cage. PMD stock diets were fed for one week prior to 

weaning to the experimental diets,
Male Golden Syrian hamsters from the University of South- 

ampton colony were weaned on to experimental diet from the PMD 
stock diet. Animals were selected for experiment on the basis 
of similar weight and housed in groups of 6 per cage.

Weekly records of food intakes and body weights were kept 
on all animals. Humidity was maintained at about 50% by twice 
daily washing of the animal room floor. Temperature of the 
rooms was maintained at 21 and lighting followed a 12 hour light- 
dark cycle. All animals were fasted overnight prior to coll
ection of blood, but otherwise were allowed free access to food
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and water throughout the experiment.

2.2 Diets

The experimental diets were prepared by mixing the dry 
ingredients in a Hobart mixer and pelleting at 10% moisture. 
Pellets were 3 x 20 mm and were dried overnight at 60°C in a 
forced draught oven. The compositions of the diets used are 
given in Tables 2,1 to 2.10. The compositions of the mineral 
and vitamin mixtures are given in Tables 2,11 and 2,12,
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Table 2.1 Stock diet RAG-(M)*

Mai ze
Wheat feed 
Oat feed 
Apple pomace 
Soya 
Linseed 
Grass
English white fish 
RAG Premix etc.

Content g/kg diet
175
322
100
100
88
50

100
50
15

Metabolizable energy 
Crude protein

7.85 MJ/kg 
178.7 g/kg diet

^Labsure Animal Foods, Christopher Hill Group Ltd., P.O. Box 6, 
Castle Street, Poole, Dorset.

Table 2.2 Stock diet RAG*

Maize
Wheat feed 
Oatfeed 
Apple pomace 
Linseed 
Grass
English white fish 
RAG Premix etc,

Content g/kg diet
175
360
100
100
50

100
100
15

Metabolizable energy
Crude protein

7.85 MJ/kg 
178,7 g/kg

*Labsure Animal Foods, Christopher Hill Group Ltd., P.O. Box 6 
Castle Street, Poole, Dorset.
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Table 2.3 Composition of basal diets (g/kg)
Experiment 1.

Casein
Isolated soya bean 
protein (Promine D)

Bran
Coconut oil 
Maize starch 
Sucrose
DL - Methionine 
*Mineral mixture 2.10.1

2.10.2
**Vitamin mixture 2.11.1

2.11.2

Casein diet
303

197
177
140
98
1.4

74

Soya diet

300

197
177 
140 
98 
5.9

72
10

10

Metabolizable energy 
Energy from fat 
Energy from protein 
Energy from carbohydrate

= 17 MJ/kg
= 42%
= 30%
= 28%

Cholesterol supplementation 0 or 10 g/kg

Final dietary concentration, per MJ; Ca, 674 mg; P, 552 
Na, 670 mg; K, 671 mg; Mg, 266 mg; Cl, 623 mg; I, 250 
Fe, 13.5 mg; Mn, 9 mg; Zn, 6 mg; Cu, 1131 ug; Cr, 53 ; 
Mo, 84 jug; Se, 45 yg.

** Final dietary concentration, per MJ; Vitamin A, 600 pg; 
Vitamin D3, 120 yg; Vitamin E, 18 mg; Choline chloride, 
103.5 mg; Nicotinic acid, 3.106 mg; Calcium pantothenate 
1.55 mg; Pyridoxine HCl; 518 yg; Riboflavin, 518 yg;
Thiamin HCl. 210 yg; Biotin, 1515 yg;

O D y jr y X X 1- 11 “ Jlv,' X , ^ X LJ H & ; ito. WWX X cx\

Thiamin HCl, 210 yg; Biotin, 1515 yg; Foil 
Vitamin B12, 2.06 yg; Myo-inositol, 104 yg.

Riboflavin, ^±0 ,
Folic acid, 155 yg

Casein - Express Dairy Foods Ltd., South Ruislip, Middlesex. 
Promine D - Central Soya, Chicago Ill, USA.
Maize Starch - C.P.C. (UK) Ltd., Trafford Park, Manchester. 
Bran Wheat - Christopher Hill Group Ltd,, Poole, Dorset. 
Coconut Oil - Keira Trading Company, West Midlands. 
Cholesterol - BDH, Poole, Dorset,
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Table 2.4 Composition of diets (g/kg).
Experiments 2 and 3.

Promine D
Dried Skim Milk
Casein
Lactose
Bran
Methionine 
Maize Oil 
Minerals 2.10.4 

2.10.3 
Vitamins 2.11.1 

2,11,2

Soya Protein 
302

253
197

5
170
64

Milk Protein

486
126

196
1.4

164

19

Metabolizable energy 
Energy from protein 
Energy from fat 
Energy from carbohydrate

= 16.9 MJ/kg
= 31%
= 40%
= 29%

Final dietary concentrations of minerals and vitamins 
per MJ are similar to experiment 4,

Dried Skim Milk - Unigate Foods Ltd,, Poole, Dorset 
Lactose - BDH, Poole, Dorset.
Maize oil - refined, deodorised - BOCM Silcock Ltd., Stoneferry

Road, Hull.
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Table 2.5 Composition of basal diets (g/kg).
Experiment 4.

Promine D
Dried ,im Milk
Casein
Bran
Safflower oil 
Coconut oil 
Lactose 
Sucrose 
Starch 
Methiomine 
^Minerals 2.10.3 

2.10.4 
**Vitamins 2.11.1 

2.11.2

Cow's Milk 
Protein

416
114
120

3
5

39
277

1.3
17

Isolated Soya 
Protein

265

120
5
7

222
39

274
5

55
7.4

7.4

Metabolizable energy 
Energy from protein 
Energy from fat 
Energy from carbohydrate

14.6 MJ/kg 
30%
5%
65%

Saponin supplementation 0 or 10 g/kg

Final dietary concentration, per
Na, 415 mg; K, 590 mg; Mg, 117 ing;

-I r- ____ n H

MJ; Ca, 718 mg;

Fe, 15 mg; Mn, 7 mg ; 
Mo, 97 yg; 8e, 55 yg.

Zn;
Mg, 117 mg; Cl, 214 mg;

8 mg; Cu, 975 yg; Cr, 55 yg;
P, 642 
I, 270

Final dietary concentration, per MJ; Vitamin A, 600 yg; 
Vitamin D3, 120 yg; Vitamin E, 18 mg; Choline chloride, 
103.53 mg; Nicotinic acid, 3.11mg; Calcium pantothenate, 
1.55 mg; Pyridoxine HCl 518 yg; Menephthone, 210 yg; 
Riboflavin, 518 yg; Thiamin HCl, 210 yg; Biotin, 15.5 yg; 
Folic acid, 155 yg; Vitamin B12, 2.06 yg; Myo-inositol, 
104 yg.
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Table 2.6 Composition of diets (g/kg)
Experiment 5.

Dietary constituents 1 2 3 4
Promine D 284.0 281.0 268.0 271.0
Methionine 4.9 4.9 4.6 4.7
Maize Oil 8.4 8.4 8.0 8.1
Coconut Oil 84.0 84.0 80.0 80.0
Starch 954.0 450.0 428.0 432.0
Sucrose 105.5 104.0 100.0 101.0

^Vitamin 2.11.3 5.3 5.3 5.0 5.1
^Minerals 2.10.5 41.0 40.0 39.0 39.0
Saponin - 10.0 9.0 —
Cholic acid 2.5 2.5 2.4 2.4
Cholesterol 10.0 10.0 9.0 10.0
Solka floe - - 47.0 48.0

Metabolizable energy 
Energy from protein 
Energy from fat 
Energy from Carbohydrate

17 MJ/kg 
26%
54%
20%

■{■ To provide per MJ energy; Ca, 687 mg;
K, 322 mg; Mg, 32.3 mg; Cl, 32.3 mg; 
mg; Mn, 3.23 mg; Zn, 3.2 mg; Cu, 320 ^g; 
^g; Mo, 3 yg.

322 mg; Na, 323
^ yg; Fe, 3.1 

3 yg; Fe, :
P,
I, 12 

8e

To provide per MJ energy; Vitamin A, 650 yg; Vitamin D, 38.8 
yg; Vitamin E, 3.9 mg; Thiamin HCl, 260 yg; Riboflavin, 320 
yg; Vitamin Bg, 390 Nicotinic acid 650 yg; Calcium
oantothenate, 780 yg; Biotin, 17 yg; Folic acid, 50 yg; 
Vitamin 8%2, 0.32 yg; Choline chloride, 60 mg; Inositol, 160 
mg; Vitamin K, 100 yg.

Solka floe - Johnsen, Jorgensen & Wettre Ltd 
Cholic acid - BDH, Poole, Dorset.
Saponin - BDH, Poole, Dorest.

London
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Table 2.7 Composition of diets (gVk^)
Experiment 5.

Dietary constituents 1 2 3 4
Promine D 284.0 281.2 268.0 270.5
Methionine 4.9 4.9 4.6 4.7
Maize Oil 8.4 8.4 8.0 8.1
Coconut Oil 84.0 84.0 80.0 80.4

*Cod Liver Oil 3.0 3.0 2.6 2.7
Starch 454.0 450.0 428.0 432.0
Sucrose 106.0 104.0 80.0 101.0
Vitamin mixture 2.11.4 2.4 2.4 2.4 2.4

tMineral mixture 2.10.6 41.0 40.0 39.0 39.0
Saponin - 10.0 9.0 -
Cholic acid 2.5 2.5 2.4 2.4
Cholesterol 10.0 10.0 9.0 10.0
Solka floe - - 47.0 48.0

Metabolizable energy 17 MJ/kg

To provide per MJ energy; Tocopherol, 1100 pg; Menadione,
260 ^g; Thiamin HCl, 260 ^g; Riboflavin, 260 ag; Pyridoxine 
HCl, 260 ag; Calcium pantothenate, 1.76 mg; Nicotinic acid, 
880 ag; Choline chloride, 40 ag; Folic acid, 90 ag; Biotin,
4.4 g; Vitamin B12, 2.2 ag: Inositol, 40 ag; Para-amino 
benzoic acid, 10 mg.

Provide 600 I.U. Vitamine A and 850 I.U. of Vitamin D per g.

To provide per MJ energy; Ca, 380 mg; P, 320 mg; 
Mg, 41 mg; Na, 410 mg; Cl, 243 mg; Fe, 13.9 mg; 
Mn, 2.88 mg; Zn, 294 ag; Cu, 147 ag.

K
I

360 mg 
1.18 m
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Table 2.8 Composition of diets (g/kg)
Experiment 6.1

Constituent Promine D diet Promosoy diet
Promine D 332
Promosoy 100 - 426
Bran 150 150
Oil 190 190
Starch 164 61.5
Sucrose

i"

Minerals 2.10.4 
^Vitamins 2,11.1

100 100
54 54
10 10

Methionine 6.0 4.2
KCl 2.2
NaCl - 4.3

Metabolizable energy 
Energy from protein
Energy from carbohydrates 
Energy from fat

18.6 MJ/kg 
31%
27%
42%

Einal dietary concentrations of minerals and vitamins are
the same as those given for experiment 2.

dromosoy ]00 - Central Soya, Chicago Ill, USA.
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Table 2,9 Composition of diets (g/kg).
Experiment 6.

Promine D
Casein
Dried Skim Milk 
Methionine 
Sokla floe 
Safflower Oil 
Coconut Oil 
Sucrose 
Maize Starch 
Minerals 2,10.4 

2.10.3
Lactose
Vitamins 2.11,1

2.11.2

Soya Protein

83,0

1.4
188

7
10
77

510
51

66
7.4

Cow's Milk 
Protein

36
130

0.5
192

7
10
77

509

32

7.0

Metabolizable energy 
Energy from protein 
Energy from carbohydrate 
Energy from fat

12.84 Aljykg 
10%

= 5%

KFinal dietary concentrations of minerals and vitamins are the 
same as those given for Experiment 2,
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Table 2.10 Mineral mixtures (g/kg mix)

Salt S. 2 3 4 5 6

KlOg 0.1 0.11 0.4 0.12 0.009 -

CuSO^.bHgO 1.05 1.09 0.76 0,88 0.55 0.3
MnSO^.HgO 2.75 2.85 - - - -
Mn80^.4Hp0 - - 19.23 7.79 5.684 5.0
ZnSOU.7HgO 4.78 4.95 12.61 8.88 6.152 -
Na2Mo0^.2H20 0.05 0.06 0.2 0.05 0.003 —
FeS0^.7Hg0 12.7 9.29 33,49 12.69 0.561 -
Cr K(80^)2.12H20 0.12 0.12 0.46 0,13 - —
Na_8eO..10H^O 0.05 0.06 0.21 0.06 0.005 -
K,HPO, 65.47 — — - - 322.23
KHgPO^ 250.31 - 152.9 — -

KCl 245.89 15.67 — 104.76 -

CaCOg 143.22 313.12 231.98 242.26 96.56 299.75
MgCOHXg 109.02 104.67 60,73 27.54 33.55 -

CaHPO^ 365.3 58.95 639.93 254.94 433,14 -

NaCl 49.5 238.75 - - 11.64 167.36
NaHCOg — — 131,6 112.29 -

K^SO. — - - 55.2 299.84 -

'MV- T7‘ 0.025
CaHP0^.2H^0 - — - - 74.94
Ferric citrate _ 27.48.6H_0
KI - - - - - 0.8
7,r>P1 — - - - 0.25
MgSO^.THgO 101.91
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Table 2.11 Vitamin mixtures(mg/kg mix)

1 2 3 4

Biotin 26.9 10.4 56.9 40.0
Folic acid 268.6 254.2 171.7 830.0
Inositol 179.0 192.3 547190.3 414740.0
Nicotinic acid 5371.1 5096.9 2145.8 8290.0
Calcium panto

thenate 2685.5 994.9 2575.0 16590.0
Pyridoxine HCl 895.2 739.2 1287.5 2490.0
Vitamin A fRoviNOocA') 1017.2' SoOjOoo
Vitamin D ^ 203.55-00,000
Rovimix E 31514.7

1092.7
219.2

33857.9

2145.8
128.8

12875.1 10370.0
Menapthone K 358.1 384.6 321.9 2490.0
Vitamin 3.6 - 1.1 20.0
Ribof1avin 895.2 - 1072.9 2490.0
Thiamin HCl 358.1 188.0 858.3 2490.0
Maize Starch 777185.7 834988.6 214584.5 -
Ciiol i rie ch 1 or ide 179037.5 121981.1 214584.4 414740.0
p-amino benzoic 

acid - - — 124420.0
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2.3 Analytical Methods
2.3.1 Collection of Samples
2.3.1.1 Serum

Fasting blood samples were taken from the marginal ear 
vein of the rabbit and were allowed to clot in the centrifuge 
tube at room temperature. They were then spun at 1000 g for 
35 min in a bench centrifuge (MSE).

Rats and hamsters were killed by over-exposure to anaes- 
thetic ether. The thorax was immediately opened to expose the 
neart. Blood was collected in a syringe by cardiac puncture 
and was allowed to clot in a centrifuge tube. Serum was sep
arated as described for rabbit serum.

Serum samples were stored at -20°C or -70°C until required
o: analysis

2.3.i.2 Tissue studies
Rabbits were killed by injection of excess of nembutal.

The heart and aorta were removed en bloc and preserved in phos
phate buffered formalin (PBS - Section 2.3.8.1) or buffered 
glutaraldehyde. Samples of carotid, renal arteries and kidney 
removed and fixed in buffered fonmUdni^r histological examin- 
atiori. The livers of rabbits, rats and hamsters, were removed, 
blotted dry with tissue paper, weighed and were then wrapped in 
aluminium foil, frozen in liquid nitrogen and stored in a deep 
freeze at -20°C.
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Samples of kidney from the rabbits in Experiment I were 
also stored in the deep freeze for lipid analysis.

2.3.1.3 Faeces and Urine
The faeces of animals housed in metabolism cages were 

collected every 24 h and stored at 4°C. The samples for 7 days 
were pooled, dried in a force draught oven at 60°C for 24 h, 

powdered and stored until required.
Urine was collected in 30 ml of 2.5% (V/V) hydrochloric 

acid every 24 h, the samples and the cage washings being diluted 
to a convenient volume and stored at 4°C until ready for analysis 

A seven day pooled sample was used for analysis.

2.3.2 Separation of Serum Lipoproteins
2.3.2.1 Separation of very low density (VLDL), low density (LDL) 

and high density lipoprotein (HDL) fractions of serum.
Each serum sample (3 ml) was placed in a series of 10 ml

ultracentrifuge tubes which were then filled with NaCl (9 g/1).
The caps were replaced and the tubes centrifuged (100,000 g) in
the MSE-Superspeed 65 preparative ultracentrifuge for 16 h at
2°C. The turbid upper layer containing chylomicrons and VLDL
was removed using a Pasteur pipette and made up to 5 ml in volu-
metric flasks. The infranate solutions were also diluted to 5 ml 
in volumetric flasks. Both fractions were extracted in isopro
panol for cholesterol and triglyceride analysis of chylomicron 

+ VLDL and HDL + LDL.
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2.3,2.2 Preparation of HDL fraction from serum or HDL + LDL
fraction of serum by method of Warnick and Albers (1978)

A working heparin manganese solution was prepared by adding 
0.6 ml sodium heparin solution (40,000 USP units/ml - 280 mg/ml) 
to 10 ml of 0.53 M MnCl^ solution. To 1.0 ml of serum or LDL + 
HDL fraction of serum was added 0.1 ml of heparin manganese 
solution with thorough mixing which produced a final heparin 
concentration of approximately 1.4 yg/ml and a Mn concentraion 
of 0.046 M. The samples were incubated at least 10 min at room 
temperature and centrifuged at 1500 g for 30 min. Clear super
natant solutions containing HDL were recovered for lipid analy
sis by pipetting. Supernatant solutions that remained turbid 
after centrifugation were again subjected to centrifugation at 
12,000 g for 10 min and the clear subnatant solution was recov
ered by pipetting with a fine tipped Pasteur pipette.

2.3.2.3 Preparation of liver homogenate
A known weight of liver (approximately 1 g) was homogenised 

in a glass homogenising tube containing 10 ml of distilled water. 
Aliquots of the homogenate (100 yl) were analysed for total 
cholesterol and triglyceride by an automated procedure.

2.3.3 Cholesterol and Triglyceride analysis
Serum total, VLDL, LDL + HDL, and HDL cholesterol and tissue 

cholesterol were determined either manually or by an automated 
procedure. Triglycerides in all samples were determined using
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the autoanalyser II. LDL cholesterol concentration was cal
culated as the difference between the concentration in LDL +
HDL fraction and the concentration in the HDL fraction.

2.3.3.1 Manual method for cholesterol determination
The method of Zlatkis, Zak and Boyle (1953) modified by 

Bowman and Wolf^^^^^ (1962) was employed for manual determination 

of serum cholesterol. The method estimates cholesterol colori- 
meterically and is claimed to be four to five times more sen
sitive than the original Liebermann-Burchard colour reaction.

Serum (100 yl) was delivered into the bottom of a glass 
stoppered centrifuge tube containing 1.9 ml absolute ethyl 
alcohol. The protein precipitate that forms must be as finely 
divided as possible. The tube was stoppered, shaken vigorously 
for 10 sec. and centrifuged in a bench centrifuge at 1000 g for 
10 min. The colour reagent was made as follows: 2.5 g FeCl^.
GH^O was dissolved in 100 ml pure 87% orthophosphoric acid and 
8 ml of this solution was diluted to 100 ml with cone. H^SO. 
just before using. 1,5 ml of the colour reagent was added in 
a slow stream so that the reagent forms a layer below that of 
alcohol. The contents were immediately swirled for 15 seconds 
in a vortex shaker. The test tubes and their contents were left 
at room temperature for 25-30 min. The contents of the tubes 
were read on a Pye-Unicam SP 500 spectrophotometer at 550 nm 
in plastic cuvettes of 1 cm light path. A standard curve was 
constructed over the range 100 yg - 500 yg per ml. All readings 
were made against a blank containing 1 ml absolute alcohol, 0.5 
ml water and 1 ml colour reagent.
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2.3.3.2 Automated procedure for cholesterol and triglyceride 
determination

Samples for the autoanalyser II (Technicon Instruments 
Corp. Ltd., Tarrytown, N.Y., 1972) were prepared by pipetting 
100 yl of serum or liver homogenates into 1.9 ml of 99% iso- 
propanol and 2 JO g zeolite (Sigma Chemicals, St. Louis, Miss.) 
in disposable 2.5 ml plastic tubes. The tubes were stoppered, 
shaken in a votex mixture and spun at 1000 g for 10 min. The 
sunernatant was decanted into stoppered polyethylene vials for 
cholesterol and triglyceride analysis by the automated procedure 
(Technicon Clinical Methods, No. 16A, September 1972, No. 24, 

March 1972).

2.3.4 Faecal sterol extraction
Weighed samples of ground faeces (dried at 60°C for 24 h) 

were extracted in a Soxhlet extractor with 75 ml ethanol: 
acetone (1:1 V/V) for 14-18 h. The contents of the flask were 
transferred to a 100 ml volumetric flask and the final volume 

was made up to 100 ml with ethanol:acetone solution.
Neutral and acid sterols were separated in accordance with

the method of Wells and Makita (1962)^^^^^.

The faecal extract (20 ml) was transferred to a glass 
universal bottle and the ethanol:acetone solvent evaporated in 
a hot water bath. Ten millilitres of 1.25 M NaOH solution was 
added to the residue and the contents of the bottle were well 
mixed and autoclaved at 15 p.s. i. for 3 h. When cool the contents 
of the bottle were transferred to a 100 ml separating funnel
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using three 5 ml washing with distilled water to complete the 
transfer. Two fractions were prepared.

2.3.4.1 Neutral sterol extract
The contents of the separating funnel were extracted three 

times with 50 ml portions of diethyl ether. The ether extracts 
were collected in a round bottom flask and the solvent evapor
ated under vacuum. The solid sterol fraction remaining after
evaporation was redissolved in 1 ml dry diethyl ether (dried 

owith 20 A molecular sieves) with two further washings performed 
with 0.5 ml diethyl ether. The neutral sterol fraction was 
stored at 4°C in a 2.5 ml stoppered vial.

2.3.4.2 Acid sterol extract
The aqueous mixture remaining after ether extraction was 

acidified with 1.2 M HCl until the solution was at pH 1.0 - 1.5. 
The precipitate of acid sterol was extracted with three, 10 ml 
portions of diethyl ether using a 100 ml separating funnel and 
the extracts were collected in a round bottom flask. Diethyl 
ether was evaporated under vacuum, the dry residue redissolved 
in 1 ml diethyl ether and 50 yl absolute ethanol and the sterol 
extract transferred into a 2.5 ml glass vial using two further 
0.5 ml ether washes. The vial was stoppered and stored at 4^C.

2.3.4.3 Gas-liquid chromatography (G.L.C.) of neutral sterols. 
G.L.C. analyses were performed on a Pye-Unicam 104 chroma

tograph using a glass column, 2.17 m long and 2 mm internal
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diameter. The column was packed with 3% OV-1 on a support of 
diatomite CQ, 100-200 mesh. Nitrogen was used as an inert 
carrier gas (flow rate 15 ml/min). A flame ionization detector 
was employed (air pressure 15 p. s. ihydrogen 25 p.s.i). The 
column oven temperature was 270^C, detector temperature 300^C 
and injection chamber temperature 220°C. The accuracy of the 

temperature settings was confirmed by thermocouple readings 
from the respective chamber.

Application of Samples
Standards and samples were dissolved in diethyl ether.

500 yl of each sample was pipetted into 2 ml glass vials foll
owed by 10 y1 internal standard (20 yg/yl of androsten-173-ol- 
3-one propionate). The contents of the vial were evaporated 
and redissolved in 250 y1 of diethyl ether. Sample injection 
was performed with 10 y1 glass Hamilton syringe using a double 
barrel needle and 2 y1 of each sample was injected. Variability 
of the injected volume was corrected by incorporation of the 
internal standard.

Visual recordings of the chromatographed peaks were made 
and each peak was simultaneously integrated by an Infotronics 
autoinjection digital integrator. Individual peaks were iden
tified using purified standards.

2.3.4.4 Gas-liquid chromatography of bile acids
The bile acids used for all analysis were methylated with 

a solution of diazomethane in diethyl ether.
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Preparation of diazomethane
To 100 ml of ether was added 30 ml of potassium hydroxide 

(400 g/1) and the mixture is cooled to 5°C. To this, with 

continued cooling and shaking was added 10 g finely powdered 
nitroso-methyl-urea in small portions over a period of 1-2 min. 
The deep yellow ether layer was decanted readily, dried by 
using pellets of potassium hydroxide. No respiratory contact 
was made with diazomethane.

Methylation

Diazomethane solution (500 yl) was added to each sample 
of faecal bile acids dissolved in 2 ml of diethyl ether. The 
mixture was left overnight in unstoppered vials avoiding strong 
light. The methylated solution was filtered through charcoal 
and the final volume of the solution was made up to 2 ml with 
diethyl ether.

Sample application
Methylated bile acid sample (500 yl) was placed in 2 ml 

vials. Cholesterol acetate (400 yg per 500 yl sample) was used 
as an internal standard. The samples (2 yl) were injected into 
the column with a Hamilton syringe as described in section 2.

Gas liquid chromatography
The samples were run with a column temperature of 270°C, 

detector temperature of 300°C and an ionization chamber temp
erature of 220°C. The same column as for the neutral sterol
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separation was used. Individual peaks were identified using 
purified standards.

2.3.5 Determination of Total Nitrogen
Aliquots of faeces (approx. 1 g) or urine (2 ml) were

digested in a 500 ml Kjeldahl flask for 2 hours with 20 ml of
concentrated H^SO^ and 2 catalyst tablets (one SegOg and the
other Na^SO^ and CuS0^.5H20) and a glass bead.

A 50 ml conical flask containing 5 ml Boric acid (20 g/1)
with 3 drops of mixed indicator (1 part of methyl red, 0.1% in
ethanol + 3 parts bromo cresol green, 0.1% in ethanol + 4 parts
of distilled water) was placed under the receiving end of the
condenser in a Kjeldahl distillation unit. An aliquot of sample

N(sufficient to give a 2 ml titration with 100 HCl) was pipetted
into the still followed by 8 ml of concentrated NaOH (400 g/1) 
and distilled for exactly 4 min. The distillate was titrated 
against 0.01 N HCl.

2.3.6 Tissue Lipid Analysis
Total tissue lipids were analysed by the method of Folch, 

Lees and Sloane-Stanley (1957)
A known weight of the tissue (approximately 1 g) was homo

genised in a glass homogenising tube containing 2:1 chloroform, 
methanol mixture (V/V). The homogenate was filtered and the 
final volume made up to 20 ml. 2 ml of water was added to it, 
mixed and the tube capped with aluminium foil and left until 
complete separation into two phases was obtained.
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The upper phase was removed with a suction arrangement 
and inside wall of the tube was rinsed with 1.5 ml of solvent 
mixture (pure solvent upper phase = 3:48:4 chloroform, methanol, 
water) and upper phase again removed. This rinsing of the tube 
wall and interphase with pure solvent upper phase was repeated 
twice.

Finally, the lower phase and remaining rinsing fluid were 
made into one phase by the addition of methanol and the resulting 
solution was diluted to any desired final volume by the addition 
of 2:1 chloroform:methanol mixture. A measured volume of this 
extract was evaporated to dryness in a stream of nitrogen in 
weighed Erlenmeyer flasks to a constant final weight. The 
amount of tissue lipid was expressed in mg per g of tissue.

2.3.7 Gross Energy Value
Gross energy value was determined on a dried pelleted 

sample (approximately 1 g) using a Gallenkamp adiabatic bomb 
calorimeter.

2.3.8 Antibody Assays
2.3.8.1 Passive haemagglutination assay

This assay utilises the principle that cross linking of
cells by antibody directed against surface antigens results in
agglutination. The cells used here are chicken cells coated
with food proteins after first modifying their surface with
tannic acid. A modification of an earlier haemagglutination 

f 248 ^assay was used^ \
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Preparation of formalinised chicken erythrocytes
Chicken blood was drawn into 40 g/1 sodium citrate (1:9 

V/V with 0.1 M phosphate buffered saline (PBS) pH 7.2 containing 
8.0 g/1 NaCl; 0.2 g/1 KCl; 1.15 g/1 Na^PO^; 0.2 g/1 KH^PO^). 
The citrated cells were then washed with PBS until the super
natant was clear and the cells were then suspended at a 7% 
suspension in PBS. equal volume of 7% formaldehyde solution
in PBS was prepared and one quarter of this was added to the 
cell suspension. The mixture was incubated with gentle shaking 
for one h at 37^C and the remaining formalin solution was added. 
The suspension was further incubated for 24 h at 37^C with 

occasional shaking. The cells were then washed ten times in 
PBS and resuspended as a 18% solution in PBS containing 1 g/1 
sodium azide as an anti-bacterial agent, and stored at 4°C.

Tanning and antigen sensitisation of erythrocytes
The formalinised cells were washed and resuspended in PBS 

as a 3.75% solution. Equal volumes of cells and 50 mg/1 tannic 
acid (Sigma Chemicals, St. Louis, Miss.) in PBS were mixed and 
incubated for 15 min. at 37°C. The cells were then washed three 

times in PBS and resuspended as a 3.75% solution. One volume of 
3.75% tanned cells was mixed with one volume of 0.5 mg/1 water 
soluble soya protein (see next paragraph) in PBS and incubated 
for 30 min. at 37°C with occasional mixing. The cells were then 

washed once in PBS and resuspended as a 2.5% solution in PBS 
containing 1% normal horse serum. The horse serum had been 
previously heat inactivated for 30 min. at 56 C and absorbed 
against tanned chicken erythrocytes.
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Preparation of water soluble soya proteins
A 5 g/1 soya protein (Promine D) solution in distilled 

water was stirred overnight at room temperature. The suspension 
was allowed to settle and the supernatant was then decanted and 
spun for I h at 20,000 g on a centrifuge (MSE 18). The super
natant was freeze-dried and stored at 4 C in vacuuo.

Assay
Serum samples were taken and stored at -20 C until used. 

Serum was thawed and heated in 0.05 ml aliquots at 56 C for 
30 min to destroy complement. It was then incubated with form- 
alinised chicken erythrocytes for 15 min at room temperature 
to absorb any non-specific agglutinating agents. The cells 
were then centrifuged for 10 min at 600 g and 0.05 ml super- 
natant diluted 1:2 in PBS was used for serial dilutions on V- 
shaped micro-haemagglutination plates (Flow Labs, Ayrshire).
To these cells was added 0.05 ml sensitized antigen coated 
erythrocytes. Control wells were also set up containing 0.05 ml 
supernatant and washed non-sensitized erythrocytes or washed 
sensitized cells and 0.05 ml PBS. The cells were left to 
agglutinate for 2-3 h at room temperature and then read. The 
antibody titre of the serum was given as the reciprocal of 
highest dilution producing the carpet pattern. The cells at 
the bottom of control wells were button-like in appearance

(Plate 2.1).
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2.3.8.2 Enzyme-linked immunosorbant assay (ELISA)
The method used was essentially that of Engvall and Perlmann 

(1972)^^^^\

Polystyrene tubes coated with antigen were incubated with 
appropriate dilutions of antiserum. After washing, the tubes 
were incubated with an anti-globulin enzyme conjugate. After 
further washing the tubes were assayed for enzyme activity 
(Fig. 2.1).

Preparation of conjugate
Peroxidase labelled antibody (Goat anti-rabbit IgG) was

prepared according to the method of Avrameas and Ternynck (1971) 
(250)

Horse radisb peroxidase (10 mg) was dissolved in 0.2 ml 
of 0.1 M phosphate buffer (pH 6.8) containing 1.25% glutaralde- 
hyde. This solution was allowed to stand for 18 h at room 
temperature and then filtered through a sephadex G.25 column 
(60 X 0.9 cm) equillibrated with 0.15 M NaCl. The brown coloured 
fraction containing the activated peroxidase was pooled and con
centrated if needed to 1 ml. To this solution, 1 ml of 0.15 M 
NaCl containing 5 mg of antibody was added followed by the 
addition of 0.1 ml IM carbonate buffer (pH 9.5). After 24 h 
at 4^C, 0.1 ml of 0.2 M solution of lysine was added and allowed 

to stand for an additional 2 h. The preparation was then dialysed 
at 4°C against several changes of buffered saline. The labelled 

antibody preparation was precipitated at 4°C with an equal volume 

of saturated neutral solution of ammonium sulphate. The pre
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cipitate was washed with half saturated ammonium sulphate 
solution, dissolved in a minimum volume of distilled water and 
exhaustively dialysed against buffered saline. The solution 
was centrifuged at 20,000 g for 20 min and stored at 4°C.

Assay - Method I
Stoppered disposable polystyrene tubes (LPg) were incubated 

with 1 ml of 0.2 g/1 soluble soya protein or 0.6 g/1 dried skim 
milk in 50 mM carbonate buffer (pH 9.6) containing 0.02% azide 
for 3 h at 37^C and were stored overnight at 4°C.

Coated tubes were washed five times with saline (9 g/1) 
containing (0.5 g/1) Tween 20 (Saline T) and filled with 1 ml of 
diluted serum in PBST (PBS, pH 7.3 containing 0.5 g/1 Tween 20 
and 0.2 g/1 azide) and incubated at room temperature for 5 h.
The tubes were then washed five times with saline T and 1 ml of 
1:500 dilution of conjugate in PBST was added and incubated at 
room temperature overnight. The tubes were washed a further 
five times with saline T and then assayed for enzyme activity 

for exactly 1 hour.
Hydrogen peroxide (1 ml containing 300 g/1) was diluted to 

100 ml with distilled water and this stock solution was stored 
at 4^C. To use, 1 ml of stock was diluted to 100 ml with
0.01 M phosphate buffer (pH 6.0) (prepared fresh). The dye used 
was 0-dianisidine-hydrochloride in water. The dye (0.05 ml) was 
added to 6.0 ml substrate and of 10 mg/ml 1 ml of this assay 
mixture was added to each tube. The tubes were incubated at 
room temperature for exactly 1 h. The tubes were then vortex
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mixed and the optical density at 460 nm of the contents was 
measured.

The results of the antibody titres were expressed in 
ELISA units where 1 ELISA unit was defined as the production 
of 1 ]ig of oxidized substrate per ml of serum per h. The O.D. 
range used was 0 to 0.8 and samples with absorbance above this 
value were diluted until the absorbance fell on to the log 
linear range.

Assay - Method 2
Polystyrene cuvettes (Gilford Inst. Lab.) were coated with 

the antigen by incubation with 200 yl of soluble soya protein 
(10 mg/1) or dried skim milk (30 mg/1) in 50 mM carbonate
buffer (pH 9.6) containing 200 mg/1 azide, in a humidity chamber 
overnight at 4^C.

Cuvettes thus coated were washed five times with PBST, with 
30 sec soaking intervals between washes. The serum (200 yl), ' 
appropriately diluted in PBST, was added to each cuvette and 
incubated for 2 h at room temperature in the humidity chamber. 
The cuvettes were then washed five times as before and 200 yl 
of a 1:2000 dilution of the conjugate (horse radish peroxidase 
X Goat anti-rabbit IgG (H + L), Nordic Immunology) was added and 
incubated at room temperature for 2 h in the humidity chamber. 
The cuvettes were washed a further five times with PBST and 
then assayed for enzymic activity for exactly 15 min.

The electron donor dye used in this assay was 0-phenelene 

diamine.
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The assay mixture was prepared by dissolving 40 mg of 
0-phenelene diamine in 100 ml of freshly prepared 0.05 M citric 
acid/NaHPO. buffer (pH 5.0) followed by the addition of 40 yl 
of stock HgOg solution.

Assay mixture (200 yl) was added to each cuvette and in
cubated at room temperature for exactly 15 min, at the end of 
which time the reaction was stopped by the addition of 200 yl 
of 0.3 M citrate/phosphate buffer (pH 2.85). The optical 
density (optical density range 0 - 1.5) of the contents were 
read at 405 nm in the EIA manual reader (Gilford Inst. Co.).
The results for antibody levels were expressed as percentage 
of the values obtained for rabbit injected with the same 
protein in an immunisation programme.

2.3.9 Immune Complex Detection
This assay utilizes the fact that immune complexes fix 

complement. It is called an anti-complementary assay 
Serum samples either fresh or after storage at -70°C were 

heated at 56°C for 30 min in 0.1 ml volumes. 2.5 CH^^ units 

of guinea pig complement was added to each sample and incubated 
for 30 min at 4°C (one CH^q unit of complement was the amount 

which caused 50% lysis of the sheep red blood cells). 3% red 
blood cells (Oxoid Limited, Basingstoke, Hants) sensitized with 
haemolytic serum (Wellcome Reagents Ltd., Beckenham, Kent) were 
added to the mixture and incubated for 15 min at 37^C. The 

samples were then diluted to 1 ml with complement fixation 
diluent (CFD - Oxoid Ltd., Basingstoke, Hants), and after
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centrifugation at 600 g for 5 min, the haemolysis in the 
supernatant was measured at 450 nm on a spectrophotometer 
(SP600). Using the standard curve constructed for known 
amounts of complement, the loss in haemolytic activity due to 
immune complexes was determined. The amount of complement 
consumed provides a measure of immune complexes present in the 
serum.

2.3.10 Atherosclerotic Scoring System
The heart and the whole aorta was removed from the rabbit 

and the internal surface was subdivided into five section as 
follows:
(1) The aortic valves and the aorta around the coronary 

arteries.
(2) The aortic arch with the orifices of the innominate and 

carotid arteries.
(3) The aorta around the ductus arteriosus scar.
(4) The thoracic aorta.
(5) The abdominal aorta.
Each region was then scored individually with grades 1-5 as
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Score Condition Macroscopic appearance 
of aorta

1 No Atheroma
2 Flecks - small raised

plaques
3 Fatty streaks
4 Larger patches of

calcified atheroma
5 Whole aorta calcified

and ulcerated with 
atheroma

2.3.11 Histological Methods
Samples of renal and carotid arteries and aortae from each 

animal were fixed in 10% buffered formalin or 6% cocodylate 
buffered glutaraldehyde for histological examination. The 
tissues were then processed into paraffin wax and haemaloxylin 
and eosin and elastic van-Gieson stained sections prepared.

2.3.12 Statistical Analysis (253)

The data were examined by two way analysis of variance 
and means compared by Tukey's test. Mean values for aorta 
scores were compared by a non-parametric (Mann Whitney U-test) 
method. Other statistical methods including regression analysis, 
calculation of correlation coefficients and analysis of co- 
variance were applied as necessary and noted in the appropriate 
experimental sections.
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Plate 2,1 Perspex agglutination plate showing results of
titration of three sera (in duplicate) carried out 
by the tanned cell technique employing formalin 
preserved chicken red blood cells. The end points 
are, respectively A and B - 1:320; C and D - 1:80; 
E and F - 1:20. The final well (12) in each row 
from A to F contain 1:10 dilution of the serum with 
uncoated cells.
Rows G and H were used to check that both kinds of 
cells are giving proper negative readings. G = row 
of coated cells in PBS alone. H = row of uncoated 
cells in PBS alone.



CHAPTER 3

EXPERIMENT 1

3.1 Introduction
Although the cholesterol fed rabbit is a widely used experi

mental model of atherosclerosis, the histological appearance of 
the arterial lesions bears little resemblance to the complicated 
atheromatous plaques responsible for human cardiovascular disease. 
However, the simultaneous induction of experimental serum sick
ness hastens the development of cholesterol atherosclerosis^^^^^ 

and alters both the microscopic appearance and distribution of 
lesions^^^^.

It has also been shown that an immune response of dietary 
origin is also effective in producing atheromatous lesions of 
the human type in rabbits, by feeding an antigenic soya protein 
to rabbits over a period of twelve monthsThis model had 
the disadvantage of requiring a relatively long period to produce 
significant disease. The objective of the present study was to 
determine whether dietary proteins could elicit sufficient anti
body response to modify the histological appearance of cholesterol 
atherosclerosis, developed over 90 days.

3.2 Materials and Methods
Ten male and ten female New Zealand White rabbits (mean 

live weight 2.1 + 0.2 kg) were weaned from a commerical stock 
diet (Table 2.1) and allocated in groups of five, to one of four
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isonitrogenous and isoenergetic diets where dietary variables 
were protein source and cholesterol supplementation (Table 2.3). 
Protein was supplied as sodium isolates of either casein 
(Casumen) or soya bean protein (Promine D) and cholesterol was 
added to two of the diets at 10 g/kg. Food intake and live 
weight changes were recorded weekly. Fasting blood samples were 
taken by venepuncture of the marginal ear vein at the beginning 
of the experimental period and at monthly intervals thereafter.

3.2.1 Serum Analysis
Serum lipoproteins were separated by a combination of 

ultracentrifugation to segregate VLDL (d <1.019) and heparin 
manganous chloride precipitation of LDL from the resultant super
natant (Chapter 2.3.2). Triglyceride and cholesterol concen
trations were measured by an automated procedure. A manual 
method was also used for cholesterol determination. Both methods 
are described in section 2.3.3. Antibodies to food proteins were 
determined by both passive haemagglutination assay and an enzyme- 
linked immunosorbant assay (ELISA) method 1 (section 2.3.8). 
Immune complex levels were determined using the complement fix
ation technique (section 2.3.9).

3.2.2 Tissue Studies
Animals were killed after ninety days feeding by intravenous 

injection of Nembutal. The heart and aorta were removed en bloc 
and weighed after blotting dry with tissue paper. The macro
scopic extent of atherosclerosis was quantified visually by three
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independent observers on a 1-5 scale (Section 2.3.10). Samples 
of renal and carotid arteries and aorta were processed as given 
in section 2.3.11 and examined histologically. The liver, left 
kidney, adrenal glands and the spleen were removed, blotted dry 
with tissue paper and weighed. Samples of liver and kidney were 
then removed for total lipid analysis (section 2.3.6).

3.3 Results
The effect of protein source and cholesterol supplementation 

on energy intake and live weight gain are given in Table 3.1. 
Casein fed rabbits showed significantly lower energy intake (p < 
0.05) and correspondingly low live weight gain (P < 0.05). 
Cholesterol supplementation did not affect these parameters 
significantly. The poor performance of rabbits fed casein based 
diets has been previously reported^’ 149)^

Predictably, cholesterol feeding produced substantial ele
vations of both total cholesterol and triglyceride in the serum. 
The values for total serum cholesterol measured at fortnightly 
intervals in the four groups of rabbits are shown in Fig. 3.1.
The increase in serum cholesterol was observed in all three 
lipoprotein fractions, although it was less significant in the 
HDL fraction. Protein source did not influence the serum 
cholesterol or the triglyceride levels of cholesterol fed groups. 
In contrast, in the groups that were not receiving dietary
cholesterol, soya fed rabbits had significantly lower serum

(t'tesfc)
cholesterol than animals given casein (P < 0.01)^, This differ
ence was associated with a significant reduction in LDL
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cholesterol (P < 0.01). The cholesterol fed groups had sig
nificantly higher liver (P < 0.01), and adrenal (P < 3.01) 
weights. The weights of spleen, kidney and heart were also 
increased though not significantly. The storage lipid in the 
liver and kidney was significantly increased by cholesterol 
feeding (P < 0.01) but was not influenced by dietary protein 
source (Table 3.2).

The results for immunological assays are summarised in 
Table 3.3. Small amounts of circulating antibodies to dietary 
protein source were detected in all animals. Cholesterol feeding 
significantly depressed serum levels of antibody to dietary 
protein. This change was demonstrated by both passive haemagglu- 
tination and ELISA techniques. A good correlation between the 
two methods was obtained. Immune complexes, estimated by a 
complement fixation assay, were significantly higher (P < 0.01) 
in soya fed rabbits. This technique was unsuitable for the 
turbid serum of cholesterol fed rabbits.

Macroscopic atheroma scores are summarised in table 3.4. 
Extensive disease was present in all cholesterol fed animals 
and was not influenced by dietary protein source. In the non 
cholesterol fed groups casein fed animals showed higher aorta 
scores than soya fed animals. However, these values were not 
significantly different.

The morphological features of the plaques in the non
cholesterol fed animals were essentially similar and were not 
affected by the protein source. The chief morphological features
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of the plaques were minimal fibrous intimal thickening and 
focal calcification of the superficial medial elastic fibres. 
Foam cells were seen occasionally (Plates 3.1 and 3.2 show 
typical examples of normal and lesioned arteries in non-chol- 

estrol fed rabbits).
Histologically, the lesions in the cholesterol fed rabbits 

were entirely typical of cholesterol atherosclerosis. Foam 
cells predominated in the markedly thickened intima (Plates 3.3 
Small amounts of fibrous tissue were seen, usually in sub- 
endothelial regions. In occasional animals small numbers of 
foam cells and focal areas of dystrophic calcification were 

noted in the media.

3.4 Discussion
The accumulation of lipid in the tissues as well as the 

increase in the weight of many organs of the body found in 
cholesterol fed animals are consistent with the classical
picture of a 'cholesterol storage disease' described by earlier

, (256)workers
The histological appearance of lesions in both soya and 

casein sub-groups given cholesterol were entirely typical of 
cholesterol atherosclerosis and were not influenced by the 
dietary protein source. The inhibitory effect of soya bean 
protein on cholesterol induced atherosclerosis when compared to 
casein, reported by earlier workers^was not observed in 

this experiment. In fact, animals fed soya diets supplemented 
with cholesterol developed more disease, although the aorta
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score was not significantly different from the casein fed 
group. One reason may be that the amount of cholesterol used 
in the present experiment was sufficiently large to mask any 
effect of the protein source. Small amounts of fibrous tissue 
could be identified in the intima of many rabbits, it must be 
accepted that some collagen is inevitable in such plaques^ ’ 
258)^ Furthermore, increases in the rate of collagen synthesis 

have been reported in cholesterol induced arterial disease in 
serveral specie^260, 361) Nevertheless, by the synergy 

of cholesterol feeding and the induction of serum sickness, 
Minick et al.^^^^ produced atheromatous deposits which clearly 

contained abundant fibrous tissue. Similarly, a marked fibrous 
intimal thickening and mixed inflammatory cell infiltration has 
been observed when a significant systemic immune response foll
owed prolonged feeding of an antigenic dietary soya protein^^^^^ 

The concept that immunological injury is associated with fibrous 
intimal thickening is supported by the recent observations of 
Rokosova and Bentley^^: rabbits fed a cholesterol free diet 

and given multiple intramuscular injections of bovine serum 
albumin, showed significant increases in both aortic collagen 
and glycosaminoglycan synthesis.

The few atheromatous plaques identified in non-cholesterol 
fed animals showed no striking histological features. Signifi
cant intimal thickening and inner medial calcification are not 
uncommon^in rabbits. Arterial lesions were signifi

cantly more common in casein fed rabbits, which has also been
^ , (141, 148, 149, 177)observed previously
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In non-cholesterol fed rabbits, dietary protein had a 
marked influence on serum cholesterol and casein fed rabbits 
had significantly elevated levels of serum total and LDL 
cholesterol. This difference has been found in a wide ranging 
comparison of animal and vegetable proteins^\ Several 

authors have attributed this difference to the amino acid 
composition of the protein sources^’ 179, 180)^ while others 

have suggested that soya bean saponins, which are present even 
in soya protein isolates, are responsible for lowering the 
circulating level of cholesterol in animals fed on soya bean 
protein^^^^^. From the data given in the later study^^^^\ the 

soya diets used in the present experiment would have contained 
only 0.75 g/kg saponin. Thus, if the saponin theory is correct 
then only extremely low levels are necessary to induce hypo- 
cholesterolaemia.

Circulating antibodies to dietary protein were detected in 
all animals in the present study but the levels of antibody were 
considerably lower than had been anticipated, particularly in 
soya fed rabbits and were clearly inadequate to modify the 
histological appearance of cholesterol induced atherosclerosis. 
Previous studies^had produced considerably higher serum 

antibodies to dietary soya bean protein. An investigation showed 
trace quantities of anti-soya bean antibodies in the breeding 
stock and it was subsequently established that the composition 
of the proprietory stock diet had been altered from one based 
on fish meal to one based on soya bean meal (Table 2.1). Peri
natal or trans-placental exposure to soya antigen is likely to
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have induced a state of hyporesponsiveness, since earlier the 
contact with the antigen, the smaller the quantity required 
to induce tolerance^\ Maternal anti soya antibodies (IgG) 

would probably have been carried across the placenta to the 
foetal rabbits^and further exclusion of antigen would 

have occurred at birth with the ingestion of colostral secre
tory It is of interest that peripheral blood anti
body levels to both soya bean protein and casein were signifi
cantly lower in cholesterol fed rabbits. Similar findings have
been reported with rabbits given high fat diets and injected

(267)intravenously with heterologous erythrocytes
Antibodies to heated milk protein have been implicated in 

the initiation of human atherosclerosis^ . The results of 

the present study raise the question of hyporesponsiveness 
arising from both perinatal exposure to dietary antigens and 
continuous exposure in childhood. Studies with human volunteers 
have shown that the systemic immune response to dietary milk 
protein is least in those frequently consuming milk and greatest 
in those who rarely drink The present study indicates
that hyporesponsiveness arising from perinatal exposure may 
considerably influence the extent of atherosclerosis in animals 

fed reputedly antigenic diets.
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Table 3.4 Individual atherosclerotic scores in rabbits

Dietary cholesterol g/kg 

Protein source

Scores

after 90 days of feeding

10 0

asein Soya Casein Soya

16 22 6 5

21 22 9 5

21 18 5 8

11 21 6 5

16 17 9 5

Mean Scores 
( +

17 ± 1.9 20 ± 1.1
N.S.

7 ± 0.8 5.6 ± 0.6

N.S. No significant differences between soya and casein in both 
cholesterol fed and non fed groups.
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WEEKS

FIG. 3,1. Total serum cholesterol concentratiore(mmol/l ) in 

rabbits fed diets based on soya protein or cow's milk 

protein with or without cholesterol (lOg/ kg )
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1
PLATE 3.1 (top left) Promine D - 0% Cholesterol Diet. Normal appearance of aorta, 
Note numerous elastic lamellae. No intimal thickening. Elastic - Van Gieson x 130,

PLATE 3.2 (top right) Casein - 0% Cholesterol Diet. Some fibrous intimal thicken
ing (i) with underlying calcification and mononuclear cell infiltration. Aorta. 
Haematoxylin & Eosin x 195.

PLATE 3.3 (bottom left) Casein - 1% Cholesterol Diet. Marked intimal thickening 
(-') typical of cholesterol feeding. Aorta. Haematoxylin & Eosin x 75.

PLATE 3.4 (bottom right) Promine D-1% Cholesterol Diet. Marked intimal thicken
ing (*). Contrast with Plate 3.1. Aorta. Elastic Van Gieson x 105.



CHAPTER 4

EXPERIMENT 2

4.1 Introduction
The results of the first experiment raised the question as

to the cause of reduced immune response to the dietary soya
antigen as compared to levels previously observed . As
mentioned in the previous chapter inadvertant exposure to the
soya antigen in the foetal or the neonatal period may have
induced a state of immunological tolerance in the young rabbits.
Although, it is well known that orally administered protein anti-

(210-215)gen can produce a local and systemic immune repsonse ,
induction of tolerance by oral route is less well known. The 
present experiment was undertaken to study the role of pre- and 
post-natal exposure to dietary antigens in inducing oral toler

ance in rabbits.

4.2 Materials and Methods
Six female New Zealand White rabbits were fed from weaning 

on a stock diet (table 2.2) containing fish meal as the protein 
source. At three months of age the diet was supplemented with 
soya protein isolate (Promine D) or cow’s milk protein (Dried 
skim milk) to provide 50 g of supplemented protein per kg of 
stock diet. Lactose was added to the Promine D to the same level 

as in the dried skim milk. Four weeks later the animals were
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mated. Subsequently, four groups of 5-6 animals were made up 
from their offspring. At six weeks of age, two of these groups 
were weaned on to semi-purified diets containing the same diet
ary protein source as their dams. The other two groups received 
diets containing the alternative protein. Thus, the experimental 
design was as follows:

^ dams, n 
diets -

4 weeks

'^mated

4 weeks
pregnancy

birth

6 weeks suckling

Weaning-semi-purified 
diets containing -

50 g soya protein/kg 
stock diet

Protein

5

Protein

6

50 g milk protein 
/kg stock diet

V
Soya
Protein

Milk
Protein

The composition of weaning diets are given in table 2.4.
Live weight changes and food intakes were recorded weekly 

for each animal. Blood samples were taken by venepuncture 
before weaning and at weekly intervals thereafter for four 
weeks. Serum antibody levels against food antigens were measured 
by the two ELISA assay methods described in section 2.3.8. Serum
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total cholesterol and triglycerides were determined by auto
analyser II as described in section 2.3.3.

4.3 Results
All experimental data after 4 weeks of feeding are summ

arised in table 4.1. There was no significant difference in 
energy intakes between the different dietary treatments. How
ever, the rabbits that came from soya fed dams showed signifi
cantly higher live weight gains than rabbits from milk fed dams, 
irrespective of the weaning diets. The unequal sizes of the 
litters and the low weight at weaning of the rabbits from soya 
fed dams might account for this difference. Serum total 
cholesterol and total triglyceride levels measured at weekly 
intervals are shown in table 4.2. Serum triglyceride levels 
did not show a consistent change whereas serum cholesterol 
concentrations showed a significant rise in the milk fed groups. 
This hypercholesterolaeraic effect of milk protein started to 
show significance after two weeks on the diet.

Results for serum antibodies to dietary soya and milk 
proteins expressed in ELISA units are given in Fig. 4.1 and 4.2. 
After approximately three weeks, rabbits fed the same protein 
as their mothers had received, showed substantially lower levels 
of circulating antibodies than the animals given a completely 
novel protein. This immunosuppressive effect was more pro
nounced with soya protein.
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4.4 Discussion

The feeding of high fat, semipurified diets containing 
dried skim milk as the protein source induced a significant 
elevation in serum cholesterol which was evident within two 
weeks of commencing the diets. This effect was not observed 
in soya fed rabbits. Although, similar effects of dietary
proteins on serum cholesterl have been reported previously^*
146, 147, 148, 149, 150) .. ^ ^ ^ ,, the cause of this hypercholestero-
laemia is not known. Subsequent experiments will endeavour to 
investigate this phenomenon further.

The intestinal absorption of soya and milk protein in 
sufficient quantities to evoke a systemic immune response in 
adult rabbit is evident from the presence of specific IgG anti
bodies to these proteins in the rabbits. The significantly 
lower circulating antibody levels found in rabbits weaned onto 
diets containing the same protein to which their dams were ex
posed, support the hypothesis that exposure to a dietary antigen 
during pregnancy and/or suckling is associated with the develop
ment of profound tolerance to that antigen upon weaning.

At present it is only possible to speculate as to the 
mechanisms by which this form of tolerance is induced.

It is possible that the tolerance state is acquired by the 
rabbit through exposure to the antigen during the foetal or 
neonatal period. Macromolecules derived from dietary proteins 
have been shown to cross the placenta in rats^^^^\ In the 

rabbit a very small proportion of bovine y-globulin injected 
into the uterine cavity was recovered intact in the fetuses^^^^^.
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although not to the same extent as the rabbit y-globulin.
Therefore, it is possible that antigen absorbed by the dam
could also reach the foetus via the yolk-sac or the placenta.
Furthermore, a variety of food antigens have been detected in

(271 272)human colostrum and milk, ’ . Small amounts of antigen
reaching the foetal or the neonatal rabbit by either of these
routes would induce a state of low-zone tolerance.

It is also possible that tolerance was acquired passively.
It is well known that secretory IgA is obtained by the suckling

( 203 ^neonate via colostrum and milk^ ^. A variety of antibodies
(273 274^ (275)
^ ^ and living immunocompetent cells^ ' directed
against the antigens in the maternal diet have been detected
in human colostrum and milk. The acquisition of significant
amounts of food antigen specific antibodies (sIgA) by this
route could inhibit the uptake of antigen^and therefore

inhibit the production of antibodies by the young animal.
The pre-weaning rabbit is also exposed to the antigen

directly while still in its mother's cage. The young animals
in this experiment began to move about and to eat their dam's
pelletted diets at 16-18 d of age, a time which precisely

ncoincides with the replacement of ren^in by pepsin as the main
( 276 'igastric protease^ . Generally, it is easier to induce a 

longer lasting, more complete tolerant state in younger animals 
when the immune system is immature^^^^^. Smith (1961)^^^^^ has 

shown that up to 15 d of age, injection of rabbits with foreign 
proteins induces a state of tolerance and that after this 
critical stage antibody response results. Since the rabbits
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in this present experiment began to nibble the maternal diet 
after this critical period of development of immunocompetence, 
this direct consumption of maternal diet by the young animals 
is unlikely to have produced tolerance.

Mature lymphocytes carry a record of the pattern of 
'foreign' proteins^ so that when a forein protein is intro
duced into the immature immune system, this causes lymphoid 
cell depletion^^^^^, and if the foreign protein is reintroduced 

it will be treated as a 'self' protein, and no antibody prod
uction will occur. This mechanism finds apparent support in 
the experiments showing induction of prolonged tolerance to 
homografted tissue by a single injection of viable reticulo
endothelial cells at birth^^^^^, and in experiments demonstrating 

tolerance to tumours induced by neonatal implantation^ It
is now suggested that this is a simplistic view of immunological 
tolerance^ ’ as fully competent lymphoid cells have been shown 
to remain in a state of suppression, both in artificially induced 
tolerance to foreign antigens and in natural tolerance towards 
self antigens. This suppression is dependent on T-cells and 
possibly macrophages. The mechanism suggested by which tolerance 
is induced is that antigen^^^^^ or antigen-antibody complex 

activates suppressor T-cells to release factors which in turn 
stimulates macrophages to produce non-specific suppressor factors 
which act on B-cells, so suppressing antibody response. There is 
no single mechanism which can explain how tolerance to an antigen 
is brought about, but rather a complex set of interactions between 
T and B cells and their products and possibly macrophages^ .

- 74 -



Factors responsible for producing tolerance in the present 
studies may be the persistent tolerogen (e.g. antigen in a 
deaggregated form), antibody, the antigen-antibody complexes or 
the suppressor lymphocytes.

Experiments with mice have shown that tolerance can be 
induced by oral administration of antigen by a mechanism which 
involves both antigen-antibody complexes and suppressor lympho- 
cytes^^^^’ 285)^ These immune complexes which were responsible 

for the tolerogenic effect had IgA as the antibody.
It has also been suggested that immune complexes in slight

excess of antigen can be powerful tolerogens, possibly because
they represent a highly multivalent form of the antigen and are
particularly suited to paralyse B-cells (effector cell blockade) 
( 287) The theory of circulating immune complexes inducing tol
erance is supported by other workersPresence of supp
ressor T-cells for IgG, and IgE has been demonstrated in mice 
orally tolerised to ovalbumin^^. Peyer's patches have been 

described as the source of suppressor cells in the spleen and
/ OQQ \lymph nodes after oral administration of antigen'' \ The 

liver probably plays a role in deaggregating protein antigens 
thus converting them into a tolerogenic form^^^^^.

Two groups' ’ ^ have demonstrated that tolerance to
parenterally administered antigens can be produced in weaning 
mice by injecting their mothers with the same antigen either 
before conception, during gestation or in the immediate post
natal period. Furthermore, experiments with foster mothering 
(293)̂ indicate that suckling was necessary for the transmission
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of this type of tolerance. In this context, it is relevant
that commonest of food allergies, to cow's milk protein is more

(225')frequent in bottle than in breast fed infants^
Therefore the systemic tolerance induced in this way could 

explain how an organism can live despite the continuous and 
massive antigenic aggression from the gut contents, and also 
be a possible technique of artificial tolerance induction to 
harmful antigens or allergens.
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Table 4.2 Effect of feeding semi-purified diets based on 
soya or cow's milk protein on the serum total 
cholesterol and triglyceride levels of rabbits
during the first 4 weeks after weaning. (Mean

Weeks post-weaning 0 1 2 3 4

Serum total cholesterol 
(mmol/1)

Milk protein diet 3.1 3.54 3.83 4.42 4.45

Soya protein diet 3.1 2.61 2.5
*

2.5
*

2.7
*

SEM 0.3 0.4 0.6 0.6 0.5

Serum total triglyceride 
(mmol/1)

Milk protein diet

Soya protein diet 0.^9 0.96"
SEM o.o6 0.O& o.cf Q.CS o.of

Differences significant at p < 0.05
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WEEKS POST WEANING

Fig. 4.1 Antisoya antibody levels (mean _+ SEM) in rabbits fed 
diets based on soya protein or cow’s milk protein at 
weaning.



Fig. 4.2 Anti milk antibody levels (mean + SEM) in rabbits
fed diets based on soya protein or cow’s milk protein 
at weaning.



CHAPTER 5

EXPERIMENT 3

5.1 Introduction
The low levels of circulating anti soya antibodies pro

duced in experiment 1 did not constitute of sufficiently strong 
immunological challenge to alter the nature of cholesterol in
duced atherosclerosis. In experiment 2 it was confirmed that 
a state of immunological tolerance had been induced in the 
animals due to the inadvertent exposure to this antigen during 
the pre-weaning period. Accordingly, the present experiment 
was undertaken to investigate whether the level of antibodies 
in non-tolerised animals might be sufficient to modify the 
histological appearance of lesions produced by cholesterol 
feeding. This was prompted by the finding which showed that 
the appearance of lesions in cholesterol fed rabbits was dram
atically altered by simultaneous immunological injury via serum 
sickness^^^^.

5.2 Materials and Methods
Twenty one New Zealand White rabbits (used in experiment 

2) were continued on the same basal diets (table 2.4) after 
supplementation with cholesterol at 7.5 g/kg diet. Weight 
changes and food intake data were recorded weekly. Fasting 
blood samples were taken at the end of three months, and the 
animals killed by intravenous injection of nembutal. The heart
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and aorta were removed en bloc. The microscopic extent of 
atheroma was quantified visually (section 2.3.10). The histo
logical studies were done as described in section 2.3.11. 
Antibodies to food proteins were determined by the enzyme 
linked immunosorbant assay described in section 2.3.8.2 (method 
2). Serum lipoproteins were separated as described in section 
2.3.2. Serum triglyceride and total cholesterol concentrations 
were determined with the autoanalyser (section 2.3.3.2) and 
cholesterol concentration in various lipoprotein fractions were 
determined using the manual method (section 2.3.3.1).

5.3 Results
Results are summarised in table 5.1. There were no signif

icant differences in the energy intake or the live weight gain 
of rabbits fed soya or milk protein diets fed in combination 
with cholesterol.

Both serum cholesterol and triglyceride levels were mark
edly elevated and no significant effect due to protein source 
was evident in the whole serum or its lipoprotein fractions, 
except in the HDL fraction where significantly lower (p < 0.05) 
cholesterol concentration was found in soya fed animals. These 
differences however were very small.

Significantly higher levels of anti soya antibodies were 
produced in rabbits that were introduced to soya protein after 
weaning. A similar pattern was observed with rabbits weaned on 
to milk protein, but the differences were not significant. The 
suppression of antibody response has been described in the
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previous chapter. Anti milk antibodies appeared to be pro
duced in higher concentrations than anti soya antibodies when 
expressed as a percentage of the antibody produced by parenteral 
challege. However, it is not possible to compare the antibodies 
produced against completely different antigens, in view of the 
possible differences in the properties of antibodies produced. 
Thus, differences may exist between antigen-antibody building 
capacity (avidity) and further differences may exist in the 
adhesion of antigen to the solid phase during ELISA.

The aorta scores as analysed by a non-parametric statis
tical method (section 2.3.12) did not show any significant 
difference due to protein source, irrespective of the time at 
which the rabbits were first exposed to the protein (table 5.2). 
Microscopically, atheromatous plaques characterised by intimal 
accumulation of lipid filled foam cells with no apparent under
lying intimal alterations were seen in all the rabbits. Seven 
rabbits, all from the dams fed milk protein based diets, but 
weaned to soya based (3 rabbits) or milk based diets (4 rabbits) 
showed occasional lipid-fibrous plaques involving the inner 
media. Calcium deposition and mono-nuclear cell infiltration 
were seen at the base of these plaques (Plates 5.1, 5.2).

5.4 Discussion
In constrast to experiment 1, no reduction in energy intake 

or live weight gain was observed in the present experiment due 
to the diets based on milk proteins. This may have been due to 
the use of a mixture of casein and cow's milk protein which led
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to improved palatibility of the diet.
The reduction in the extent of macroscopic atheromatous 

degeneration was probably due to the reduction of cholesterol 
concentration in the diets from 10 g/kg to 7.5 g/kg and the 
substitution of maize oil for coconut oil.

Although, lesions of both types were found in experiment 
1, the fibro-lipid plaques were much more frequent in the 
present experiment. In contrast to experiment 1, where a state 
of tolerance to the food antigen existed, in the present experi
ment two groups of rabbits, either tolerised or not tolerised 
to the food antigen tested, were used. However, no correlation 
was observed between the occurrence of these lesions showing 
signs of an inflammatory reaction and the antibody titres. The 
fact that these lesions occurred only in the rabbits bred from 
the dams fed on diets containing milk protein indicate that the 
diets fed before weaning may have been responsible for the 
initiation of these lesions.

Spontaneously occurring medial lesions of similar histo
logical appearance have been described by many workers, not only 
in the rabbit^but also in the horse^^^“^ sheep^^^^^ cat^^^^^and 

various other species. Although, the occurrence of mono-nuclear 
and giant cell infiltrate associated with the internal elastic 
lamellae indicate an active inflammatory process, the patho
genesis of this lesion is not known. Previous experiments have 
shown that the synergy of immunological injury induced by serum
sickness or graft rejection can lead to atherosclerosis in 

(27 47'irabbits ' . The postulated mechanism is through the
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deposition of immune complexes and the ensuing necrosis of the 
arterial wall and accompanying inflammation result from changes 
in endothelial permeability triggered by the release of vaso
active amines from platelets and leucocytes^^^' ' 78)^

However, from the results of this experiment it appears that the 
antibody levels achieved by feeding of an antigenic protein to 
rabbits is not of sufficient magnitude to alter the nature of 
cholesterol atherosclerosis produced over 12 weeks.
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Table 5.2 Individual aorta scores of rabbits bred from soya 
or milk protein fed colonies weaned on to 
cholesterol containing semi-purified diets based on 
soya or milk protein.

Maternal Diet 

Weaning Diet

Milk

Milk Soya

Soya

Milk Soya

Mean + SEM

12 10 14 13

20 10 14 11

10 11 12 15

12 11 14 9
16 14 11 11

14

14 11.2 13.2 11.8
+ + + +

0.8 0.7 0.6 1.0
N.S

N.S. No significant differences were observed between protein sources 
and the time of introduction to the protein
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PLATE 5.1 (top) Maternal diet milk. Post weaning diet milk. Cholesterol in
duced intimal thickening (*) with areas of intimal calcification and mononuclear 
cell infiltration (arrows). Aorta. Haematoxylin & Eosin x 195.

PLATE 5.2 (bottom) Maternal diet milk. Post weaning diet soya. Some intimal 
thickening (*) but marked calcification, mononuclear and giant cell (arrow) 
infiltration. Aorta. Haematoxylin & Eosin x 215.



CHAPTER 6

EXPERIMENT 4

6.1 Introduction
The effect of dietary protein on the cholesterol metab

olism of the rabbit has been known for sometime^^ and was 

again demonstrated in experiments 1 and 2. However, little 
progress has been made in elucidating the mechanisms involved. 
Two main hypothesis have been proposed to explain the relative 
hypocholesterolaemic effect of plant compared with animal 
proteins. One theory suggests that hypocholesterolaemic effect 
of plant proteins, soya proteins in particular is a fortuitous 
result arising from the presence of saponins^^^^^ which have 
the capacity in vitro to adsorb bile acids to deitary fibre^^^^^ 

A second hypothesis relates the hypocholesterolaemic effect of 
vegetable proteins to their amino acid composition per se^ . 

The purpose of the present study was to test the hypothesis that 
the hypocholesterolaemia associated with soya based diets is a 
function of the saponin fraction and to see whether supplemen
tation of cow's milk protein with saponin would reduce its hypo
cholesterolaemic action.

6.2 Materials and Methods
Four groups of six New Zealand White rabbits were used.

Each group comprised of four male and two female rabbits. The 
animals were housed individually in metabolism cages. Each
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group was offered one of four diets for a period of 28 d. The 
composition of basal diets are given in table 2.5. Half the 
animals receiving each of the basal diets were given a dietary 
supplement of commercial white saponin (10 g/kg - Messrs. BDH 
Ltd., Poole, Dorset;. The rabbits were bled from the marginal 
ear vein on day 28 and serum separated. Faeces were collected 
during the last seven days of the experiment, dried at 60*^0 in 

a force draught oven for at least 24 h. Food intake and live 
weight gain were recorded weekly.

High density lipoprotein fraction of serum was separated 
according to the method given in section 2.3.2.2 The cholesterol 
and triglycerides of the whole serum and that of the HDL fraction 
of the serum were determined either manually or on the auto
analyser II (section 2.3.3). Faecal sterols were extracted, 
separated into neutral and acid sterol fractions and the indi
vidual neutral and acid sterols determined, using gas-liquid 
chromatography (section 2.3.4). A typical gas-liquid chroma
togram of faecal neutral sterols is shown in Fig. 6.1, and that 
of acid sterols is shown in Fig. 6.2.

6.3 Results
The mean daily energy intake was significantly increased 

(p < 0.05) by saponin supplemnetation but was not reflected by 
changes in live weight gain. The rabbits fed on diets based 
on cow's milk protein showed significantly higher total serum 
cholesterol and triglycerides and significantly more cholesterol 
in the VLDL + LDL fraction (p < 0.005) than the soya fed rabbits.
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Dietary protein source did not influence HDL cholesterol and 
serum lipids were uninfluenced by the inclusion of saponin in 
the diets. Furthermore, there was no evidence of an inter
active effect of dietary protein source and protein supplemen
tation on serum lipids (table 6.1).

The dietary effects on the faecal excretion of total and 
individual neutral and acid sterols are given in table ^,2 and
6.3 respectively. Animals given soya protein excreted signifi
cantly greater amounts of both total acid and neutral sterols 
(p < 0.05) than those given milk protein. Although saponin 
increased the excretion of both fractions, this effect was not 
statistically significant. Furthermore, although there was no 
statistical evidence of an interaction between saponin supple
mentation and dietary protein source on sterol excretion, 
saponin appeared to increase faecal sterols only when soya 
protein was used. Thus the mean value for the excretion of 
total sterols increased from 15.9 to 24.4 mg/kg/d when saponin 
was added to the soya based diets, whereas corresponding change 
with the milk fed rabbits was from 9.6 to 10.6 mg/kg/d.

There was no significant treatment effect on excretion of 
deoxycholic acid or lithocholic acid which were the major bile 
acids found in these rabbit faeces. A similar result was ob
served for cholic acid which was present in small quantities in 
the samples. Four bile acids appearing on the gas chromatograph 
were not identified but probably were keto or keto hydroxy deri
vatives of deoxycholic acid^^^^^. Three of these unidentified 

bile acids (peaks 10, 11, 12) were excreted in significantly
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greater quantities by soya fed rabbits (p < 0.05). In the case 
of the bile acid with the longest retention time (peak 12) 
saponin caused significant increase in its excretion but only 
with the soya fed rabbits (p < 0.05).

Although, total neutral sterol excretion was significantly 
increased by soya feeding, there was no significant effect due 
to protein source on cholesterol or coprostanol excretion.
Three other peaks were tentatively identified by reference to 
the data of Miettinen et al.(1965)^^^^^ as coprostanone and 

corresponding 3-keto homologues of the plant sterols, campe- 
sterol and stigmasterol. Significantly higher concentrations 
of plant sterols (campesterol+ stigmasterol + sitosterol) were 
excreted by soya fed rabbits which probably reflects the amounts 
present in the diets. Two peaks with long relative retention 
times were observed in considerable quantities in the chromato
grams of all soya fed rabbits, but were absent or present in 
only trace quantities in those of cow’s milk protein fed rabbits 
The gas-liquid chromatotgraphic data of HellstrOm et al. (1962)
/ o (\n \^ ^ suggest that these sterols may have been keto derivatives
of cholesterol.

6.4 Discussion
In an investigation of the hypocholesterolaemic action of 

dietary fibre, Oakenfull and Fenwick (1978)^^^^^ observed that 

the capacity of fibre sources to bind bild acids in vitro was 
dependent on the saponin content of the fibre source. Thus 
cereal fibres lacked the capacity to adsorb bile acids in vitro
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but acquired this capacity when supplemented with saponin-rich
ethanol-water extract of lucerne. The authors proposed that
sources of dietary fibre rich in saponin would be more effective
in reducing serum cholesterol by increasing faecal bile acid
excretion. Whole soya beans contain 5-6% dry weight as saponins
and as such are extremely rich sources of these compounds. On
that basis, it has been proposed that the hynocholesterolaemia
associated with soya bean feeding in man^^^^^ and rabbit^^^^^
146, 147, 148, 149) was a function of the saponin in the soya 
sources. This proposal was supported by the many observations 
that dietary saponins have the capacity to lower serum cholesterol 
in chickensand pigs^^^®) (table 6.4).

The results of the present study do not uphold the saponin 
theory. The explanation may be in the method used to induce 
hypercholesfcerolaeinia. In the present study, it was achieved by 
feeding a cholesterol free, low fat diet based on animal protein 
and as such it was a direct consequence of the balance of hepatic 
synthesis, catabolism and excretion of cholesterol. However, in 
all previous studies of the hypocholesterolaemic effect of plant 
saponins, the elevated levels of serum cholesterol were achieved 
by supplementing the diet with cholesterol thus inducing the 
exogenously based hypercholesterolaemia whereas that reported 
in the present study is endogenously based (table 6.4). It could 
be argued, therefore, that the hypocholesterolaemia previously 
observed for saponins is due to inhibition of cholesterol 
absorption^^^^^.
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Several authors have reported increased excretion of acid 
and neutral sterols when saponin is added to the diets of rats 
(.95, 161)^ and pigs^^^^\ However, in the present study, 

saponins appeared to be effective only when soya was used as 
the protein source. Since soya feeding itself increased the 
intestinal pool and excretion of acid and neutral sterols, it 
is not surprising that when saponin is added to the diet there 
is a further increase in the excretion of sterols, perhaps by 
inhibiting their re-absorption. This does not happen with milk 
protein diets and there is no satisfactory explanation for this.

Figure 6.3 shows the excretion of acid and neutral sterols 
in relation to serum total cholesterol concentration and it can 
be seen that the variation in serum cholesterol occurs over a 
narrow range of acid and neutral sterols. The converse is also 
true. Therefore, milk protein fed rabbits may lack the capacity 
to maintain normal levels of serum cholesterol through impaired 
cholesterol oxidation. Data presented by Roberts et al. (1979) 

showed an increased turnover of plasma LDL cholesterol in 
soya fed rabbits. Alternatively, in milk fed rabbits a normal 
biliary flow of bile acids and cholesterol may be associated 
with an enhanced capacity for re-absorption of endogenous sterols 
Enhanced cholesterol absorption has been observed in casein fed 
pigs^^^^^ and rabbits^^^^^. However, in rabbits cholesterol 

absorption does not increase hepatic oxidation to bile acids of 
de novo synthesised cholesterol^^^^\ The increased absorption 

may be due to a greater bile acid pool size in rabbits fed semi- 
purified casein based diets relative to those on commercial
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Dietschy and Wilson (1970)^^®^^ reported that an 

increase in bile acid pool size decreases intestinal synthesis 
of cholesterol and increases cholesterol absorption.

The data on the excretion of individual neutral and acid 
sterols do not provide a basis for explaining the different 
effects of soya and milk proteins on serum cholesterol. The 
substantial micro-flora of the rabbit caecum may have had an 
effect on the molar proportions of individual bile acids and 
neutral sterols and thus it would not be possible to constuct 
a hypothesis like the one recently put forward for the hypo- 
cholesterolaemic effect of dietary fibre in rats^^^^^.

There is growing evidence to suggest that the hypo- 
cholesterolaemic effect of casein and other purified animal 
proteins is due to protein per se. Glycine supplementation^ 

of casein reduced serum cholesterol in rabbits and cholesterol 
fed rats and was associated with reduced aortic atherosclerosis. 
Supplementation of soya bean proteins with lysine so as to 
increase its lysine-arginine ratio to that in casein (from 0.9 
to 2.0) resulted in a sharp increase in atherogenicity and serum 
cholesterol concentration^ , However, these authors have 
been unable to explain the mode of action of amino acid supple
mentation on cholesterol metabolism. The possible involvement 
of insulin and glucagon in the effect of protein on cholesterol 
metabolism has been suggested^ ^ and this possibility merits 
serious consideration.

The influence of dietary protein on cholesterol metabolism 
has important implications for man, both in the treatment of
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hyperlipidaemia and in the interpretation of epidemiological 
data relating diet to the incidence of coronary heart disease. 
However, the data on the effect of protein source on plasma 
cholesterol of man is contradictory. Although some experiments 
reported significant reduction in serum cholesterol of normal 
volunteers consuming high soya dietsother experiments 
failed to show any alteration of s^nnn cholesterol of normo- 
lipaemic volunteers^ ' ’ 172)^ contrast to these

studies on normal healthy individuals, a series of studies on 
type Ila and type Ilb hyperlipidaemic patients showed signifi- 
cant reductions in serum cholesterol concentrations in the order 
of 10-20%^^^^' 174)^ Thus, the effect of dietary

protein on serum cholesterol may be similar in normo-lipaemic 
man and rat where as the situation in the hyperlipaemic man may 
be more similar to that in rabbits.

Clearly, dietary protein can play an important role in 
cholesterol metabolism in many species including man and its 
mode of action warrants further study.
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Table 6.1 Mean values SEM) for the effect of four dietary 
treatments on energy intake, live weight gain and
serum lipid levels.

Dietary saponin (g/kg) 0 10 +

Portein Source Soya Milk Soya Milk SEM

Energy intake (MJ/kg/d) 0.35^ 0.41^ 0.47^ 0.47^ 0.04

Live weight gain 
(g/kg/d)

9.5 7.8 8.8 9.9 0.8

Serum cholesterol 
(mmol/I)

Total 2.55^ 6.22^ 1.75^ 5.82^ 0.5

HDL 0.38 0.38 0.39 0.4 0.03

VLDL + LDL 2.17^ 5.84^ 1.36^ 5.42^ 0.4

Serum triglycerides 
(mmol/I)

Total 0.75^ 0.91^ 0.74^ 0.89^ 0.05

HDL 0.25 0.21 0.22 0.24 0.01

mean values without a common superscript are significantly different 
(p < 0.05).
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Fig. 6.1 Gas-liquid chromatogram of faecal neutral steroids, 
8 peaks were resolved. 1. Internal standard.
2. Coprostanol. 3. Cholesterol. 4. Coprostanone*. 
5, 6, 7, 3-keto homologues of plant sterols, compe- 
sterol*, stigmasterol* and sitosterol (♦ identified 
by comparison to the analysis of Miettinen et al. 
(1965))
Peaks 8, 9, were not identified, (probably keto 
derivatives of cholesterol).



retention time (minutes)

Fig. 6.2 Gas-liquid chromatogram of methylated faecal bile
acids. 11 peaks were resolved. 1. Lithocholic acid. 
2. Not a bile acid. 3. Internal standard. 4. Not a 
bile acid. 5. Deoxycholic acid. 6. Not a bile acid. 
7. Probably 3$ hydroxy 12 keto cholanic acid. 8. Not 
a bile acid. 9. Cholic acid. 10. 12, Keto litho 
cholic acid. 11. Unknown. 12. 3,12 diketo cholanic
acid.



faecal bile acid excretion 
(mg/kg/d)

Fig. 6.3 The relationship between total serum cholesterol
(mmol/1) and the excretion of (a) neutral sterols,
(b) bile acids (mg/kg/d). Milk diet without saponin □ 
Milk diet with 10 g/kg saponin ■ ; Soya diet without 
saponin o ; Soya diet with saponin # .



CHAPTER 7

EXPERIMENT 5

7.1 Introduction

on the basis of epidemiological studies, dietary fibre has 
been claimed to have a protective role against the development 
of coronary heart disease^^^®’ ^26)^ However, the effects of 

different fibres on serum cholesterol or bile acid excretion 
vary when fed to animals or humansIt is proposed that 
the hypocholesterolaemic effect of the fibre is due to its 
adsorption of bile acids in the intestine, thus interfering 
with the enterohepatic cycle of bile acids. The increased ex

cretion of sterols is offset by hepatic synthesis of bile acids 
leading to decreased release of cholesterol into plasma from
liver(126)_

Data from in vitro studies revealed that various plant 
fibre fractions including lignin and wheat straw had the cap
acity to bind bile acids<^^27, 128, 129) ^^though binding

capacities varied with the type of fibre, all the natural fibres 
had great capacity to bind bile salts than did the synthetic 
fibres. Oakenfull and Fenwick (1979)^^^*^^ repeated these in

binding studies and found that some of the fibre prepar
ations used in previous experiments did not in fact bind bile 
salts. Although, this discrepancy in results was not explained 
they proposed that only fibre preparations containing saponins 
adsorb bile acids to a significant extent.
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It was demonstrated that the ability of the fibre 
to adsorb bile acids decreased when a saponin was extracted 
from lucerne. Wheat bran which did not have the ability to 
adsorb bile acids did so when lucerne saponin was added to it. 
Evidence also has been presented that dietary saponins lower 
plasma cholesterol levels in rats fed hypercholesterolaemic 
diets by inducing adsorption of bile salts to fibre in the

However, the results of the previous experiments on the 
rabbit failed to support the idea that hypocholesterolaemic 
action of soya protein is a consequence of its saponin content. 
Since it was considered that saponins could act in the presence 
of exogenous cholesterol an experiment was designed to determine 
the effect of saponin on rat and hamster serum and liver lipids 
when fed in hypercholesterolaemic diets with and without dietary 
fibre. Thus the separate effects of fibre and saponin as well 
as their interaction could be determined.

7.2 Materials and Methods
Twenty one male weaning Wistar rats were fed ad libitum on 

one of four isonitrogenous isoenergetic diets for four weeks.
The composition of diets are given in table 2.6. Two of the 
diets were supplemented with solkafloc (purified wood cellulose) 
as a fibre source at 50 g/kg level. Commercial white saponin was 
added to one of the fibre supplemented diets and one fibre free 
diet at 10 g/kg concentration. Thus, the four dietary treatments
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were as follows: + Fibre + Saponin, + Fibre - Saponin, - Fibre 
+ Saponin, - Fibre - Saponin. All diets contained cholesterol 
10 g/kg diet, and cholic acid 2.5 g/kg diet.

In the 2nd experiment, twenty four male weaning Golden 
Syrian hamsters were used. The composition of diets are given 
in table 2.7. The experimental design is essentially similar 
to the above experiment.

Animals were fed in groups of 5-6 and their combined food 
intake recorded each week. The weight changes were recorded 
for each animal weekly. At the end of the experimental period 
of four weeks the animals were killed by over-exposure to an
aesthetic diethyl ether and samples of liver and serum obtained 
as described in section 2.3.1. Serum and liver cholesterol and 
triglycerides were determined using the automated procedures 
described in section 2.3.3.2.

7.3 Results

Results of the rat and hamster experiments are summarised 
in tables 7.1 and 7.2.

In the experiment with rats, live weight gain was signifi
cantly decreased by the addition of fibre to the diet, and serum 
triglyceride levels were significantly increased by the same 
treatment. Other parameters did not show significant changes.

In the experiment with hamsters live weight gain was 
reduced significantly by fibre supplementation and increased 
significantly by saponin supplementation. None of the other 
parameters were affected by dietary treatments.
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7.4 Discussion
The reduction in live weight gain shown by both rats and 

hamsters due to supplementation with dietary fibre is probably 
a reflection of slightly lowered energy intake in these treat
ments. This coulu be expected with the increase in volume of 
food when the fibre is present. However, the increase in weight 
gain due to saponin supplementation of the diet cannot be readily 
explained. This contrasts with previous work where significant
reduction in weight of chicks due to saponin was observed^
192)

The rat has a very efficient cholesterol homeostatic mech
anism and excess dietary cholesterol is rapidly converted to 
bile acids in the liver, and serum cholesterol is difficult to 
raise. Expanding the bile acid pool by bile acid feeding en
hances cholesterol absorption and inhibits conversion of chol- 
estrol to bile acids, thus leading to accumulation of cholesterol 
in the liver^^ . Therefore supplementing diets with choles
terol and cholic acid leads to increased retention of absorbed 
exogenous cholesterol and large increase in both plasma and liver 
cholesterol concentrations resultThe hamster lacks the 
ability to increase its bile acid synthesis-excretion rate in 
response to dietary cholesterol which distinguishes it from the 
rat and therefore the response to dietary cholesterol + cholic 
acid is much greater in this species^^^^’ In the present

study, both species responded well to cholesterol + cholic acid 
feeding resulting in massive hypercholesterolaemia, specially 
the hamster. In the case of the rat, cholesterol and cholic acid
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feeding increased serum cholesterol three fold when compared to 
non-cholesterol fed rats.

In spite of the raised serum cholesterol levels, no effect 
due to saponin supplementation was observed either alone or in 
the presence oi iibre. This contrasts with the results obtained 
by Oakenfull and Fenwick (1979)^^^^^. In their study the increase 

in serum cholesterol in the cholesterol fed animal was only 
moderate, e.g. 60 and 100 mg cholesterol per 100 ml serum in 
control and cholesterol fed animals, respectively. This is 
further evidence of the value of a dietary cholic acid supple- 
ment in increasing blood cholesterol of cholesterol fed rats. 
However, in their study Oakenfull and Fenwick found that saponin 
lowered serum cholesterol in cholesterol fed rats, but this was 
not significant. It is possible that had these authors used 
cholic acid to raise blood cholesterol to a maximum they would 
not have observed the hypocholesterolaemic effect due to saponin. 
If it is assumed that saponin does indeed adsorb bile acids to 
fibre, then it is possible that addition of 0.25% cholic acid 
to the diet in the present study was more than could be adsorbed 
to fibre by 1% saponin, leaving sufficient additional cholic acid 
for absorption and subsequent suppression of hepatic cholesterol 
oxidation. A recent observation also shows that bile acid ex
cretion is proportional to the saponin content of the diet^^^^^

The purified wood cellulose (solkafloc) alone has been shown
to lack any consistent hypocholesterolaemic activity in the rat 
( 308) Indeed, slight increases in plasma and liver cholesterol 
of rats have been observed with supplementation of hyper-
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cholesterolaemic diets with cellulose^\ In the present 

study this inconsistent effect was noted where the hamster showed 
no effect due to fibre supplementation while, in the rat, serum 
triglyceride levels were significantly increased with the 
supplementation.

Increased excretion of faecal neutral sterols and/or bile 
acids have been observed when diets were enriched with saponaria 
(195, 196, 161)^ alfalla^^®®^ or soya saponins^^®'^’ De-

creased absorption of cholesterol in the rat due to alfalfa
saponin and formation of non-absorbable complexes of saponin
with sterols in the gastro-intestinal tract have been described 
(299) . In some of these experiments plasma or liver cholesterol 
concentrations were not affected^^^^* 309)^ therefore

possible that alterations in sterol metabolism could occur to 
some extent without changes in plasma or liver cholesterol.

In man and experimental animals fibre fractions that do not 
contain saponins such as cellulose^^^^’ 311)^ hemi-cellulose and 

pectin^ ’ ’ ^ have been shown to increase bile acid out
put as well as lowering plasma cholesterol levels in some in
stances .

There is as yet no general agreement as to the role of 
dietary fibre in bile acid excretion^ . However, the data 
suggest that certain fibre fractions adsorb bile acids while 
others form gels with water which could then trap bile acids 
and increase their excretion.
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CtÔ rj(U tti 
d 4-tcu d

0)

c-S•r-( d 
CTj Ol
60 (XX
4J (U rd
60 M 

•H 3 <U O> <4-J
<U (U> X

•H 4J 
r-l
. g

J-i
JS
60 CU 

•H U-l

u Cfl

<0 cd
.a ^

rH 4hOu
O m 

*44 T)
•H

B -H

W r4 CC
, *4+ w ^ >
•r4

W r-4 •
Q) Wd "O rX 

r-l d 0 
CO Cd <0 
> 3
did 

cd d d 04 a> o
S cn 44

(U
r4
XI
cd
H

1
O

CO r4 04 X X X X CO X X X X
no 60 T) cn cn CO CO CM CO CO CO CO CO
•r4 x-s ‘H •d o o o o r4 o o o o o
Cl, 60 d d

•H X
X 1-4

04 d d d d d d d o d d

»> d o
04 O
X *44 04 8 r-4
Cd > o
44 Cfi *1-4 1 d X CM 1-4 rH CTi 1-4
d X X r4 04 ir-4 CM CM CM o CM rH CM CM O

•H 04 o 44
•H X CO c d d O d O d d d o

Pd T) o

4-4 
d X 
0) 60 \ 
> ‘H 60 • H CO ^
X 5=

041-4 n3
cd *4 /-X
44 d I—I 
O 04U r4

% o

d 60 
d 'H ' 
o d CO H

X
60 nd

04
>
X

60

44X 
60 

r4 »i4
d > 60

•Hfd <U
•H
X

CO
44 1-4 O Cd

S
O 'Hz d

d
•H
do
s-

CO

04
dX

•r4
X

O" ■<rcn
vjD

LO m
\o

00
o o o

ro
Oi

cn
CM
as 1-4

■<r
CM

CO
o

X

00
o

CM
o

o

m

LT)

o
X 00as

LO

X
X

O

CO
m

cn
CM

m

X

m

4t
X

m

04 CM CM CO CM m CM fn-
60 X X 1-4 m <JS CM O as
d CO cd Mt -d- 00 CO 1i CO -nT 4t CO
04 X d
d d o o o d d o O d

CM CTi X00 00 «
CM CM CM

CM
X
CM

CO
CO

lO
F'*
CM

X
CO
CM

m X
X

uo
CM CM

CM

m
o

X
Mf

H d X rH •mF CTi -d" m as CO X
04 *H 44 X o n- CO O in X X X o
15 cd Cd

60 d in X m LO d m m m m d

m LO

g

CO

0)
dX

•Hfd
04
dX

•H
(d

m Xo o
o o

m m CO V VCO
CM CM Os P4 (X

44 u
Cd cd
X Xd dcd cdo o

CM CM •H •H
1-4 1—4 X•H •Hd d60 60•H •Hd d CO CO•i4 •i4d d CO COo o 04 04a A O 04cd cd d dCO CO 04 04d d+ 1 04 04

X X
X X•H •HQ O

+ 1

- 104



0)
•H
uOJCJXr-fW•H
UH

\D <cCIS3 cno r4 r-4
Ooo r-4 o r—{ CTio

3Ood 3 d d 3 d 3 d o d

» CO 
CL) J->
M (U(CJ "H W T) C•H 1—4 COX -P bO C P <D
s.s<U P 0)
C &
•H 0)

60 U 3ti O^ cw
00•H d) (U ^ 
3 4-1

<u c
> o•Hr-l T3

d)

,3 CO 00 U • H <U 
<U 4J3 g 
d) i • 
•H S'1-4 C W•H COP
o CO + I

M-4 X)•p c S-H S
, P

+ d) CO

•H
CO rH(U
5?
CO cO>

d)
3
P 3 O

c ICO P P3 OJ oJS CO m
CM
r^
dJ1-4wQ(0E-4

Ou<u
CO0)rHOrC

CJ

d)
r-^ U X-s 

CO * r4 r—i ■UP'-.

CO Eh

00 X)

(U 00 u 3 d)
d)
>•H CO cd00 32
0)> u•H

t-3 00"Pf-4 dJ 00X 12c•HpH
CO4-1 rHO CO

o.§% Cj
c•Hdo
CO
B'g

CO r-i 1-4 CN o\
o CN1-4 rH r-i rH o f-4

3 d d o d d

0) 60 r-x r—j -T 00 CO> •H 60•H G '3 VO \D vD d

o G T—)
H G O Hj- ro rH cn

X g
rH A 
60'-'

co CO CO (N

mir,

CO

o

r>

00

roo

<m

r'.

m

r-

ro

3

fOo f'-
o

m
o

COo 00o mo

cn o m 00 C'-3 vD
r-4 CN rH rH O rH

o

CN

o
o

f'- 00 CTi VD
CN
CN

vD \D CD VD o

vDrH o CO CN rH CN1-4
O CO CO CO CO O

1-4 CO CO 1-4 CN
CO DV '0- 00 CM

r- f'' r- O

<T>
mo

00
p-.
o

\o

CO
o

m

CN
o

\D

00 CTi 41vD O' rH 41rH Or-
vD CO cr> in 41 o\ CM(T\ CT\ 3 O <3^

CD

d
O
§•
CO

d
•H
do
§•
CO
I

o
CD
V
(X

u

§
o
•H
4-1
•H
d00•iHCO
COdJ
G
d
G
P
04-144
•H
Q

GP
rd•H
fX

m m

G GP PS rd rdM •i4 •HCO
+ 1

- 105 -



CHAPTER 8

8.1 Introduction
Experiments reported in this thesis (Chapters 3, 4 and 6) 

and elsewhere hzve shown that the nature of the dietary protein 
may influence the type and severity of atherosclerotic lesions 
in rabbits. Most of the interest in this field has been in the 
immunogenic or the hypo- or hyper-cholesterolaemic effects of 
proteins, and to date there has not been any comparative study 
of the nutritional value of proteins exhibiting contrasting 
properties in these respects. The experiments reported in this 
chapter set out to consider this aspect.

Experiment 6.1
In a previous study carried out in this department on the 

immunogenic effect of dietary proteins on the development of 
atheroslcerotic lesions in rabbits^ , high fat diets (maize 
and coconut oil ) based on two soya protein preparations were 
used. The protein preparations were promine D (a soya protein 
isolate used in the previous experiments in this thesis) and 
prornosoy 100, a soya flour, the latter believed to be less 
antigenic^^^^^. Antibodies against soya protein antigens were 

detected in all the rabbits and the incidence of complicated 
atherosclerotic lesions anneared to be greater in promine D fed 
animals. A significant correlation was also found between the 
severity of atherosclerosis (aorta scores) and the final live 
weights of the rabbits. These data suggested that the nutritive 
value of the proteins may have been different. This experiment 
sets out to examine this possibility.
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Experiment 6.2

The different effects of soya protein and cow's milk protein 
on the cholesterol levels of the rabbit has been demonstrated in 
previous chapters (Chapters 3, 4 and 6). Since some of these 
differences could be attributed to the differences in the nut- 
ritive value oi the proteins, experiment 6.2 was undertaken to 
evaluate the nutritive value of soya and cow’s milk protein 
using nitrogen balance studies in rabbits.

Experiment 6.3

The recommended value for the crude protein to metabolizable 
energy ratio (CP.ME) required for the optimal growth of the young 
rabbit is 14.3 g/MJ ^. In the previous studies where hyper— 

cholestero1aemia due to cow's milk protein was observed (Chapters 
3, 4 and 6), the cP.ME ratio was about 18 g/MJ. It was therefore 
consideied possible that the different surplus amino acids that 
were available from these two high protein diets may have had 
different effects on the cholesterol metabolism of the rabbits. 
Therefore, experiment 6.3 was undertaken to evaluate soya and 
cow’s milk protein in diets at CP:ME ratio of 6 g/MJ.

8.2.1 Animals and Materials
Experiment 6.1

Four male New Zealand White rabbits were offered one of 
four, isonitrogenous, isoenergetic diets in a 4 X 4 Latin square 
design. The diets differed in their soya protein source (Promine 
D or Promosoy 100) and fat source (maize or coconut oil). The
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composition of these high fat and high protein (30% protein 
energy) diets are given in table 2.8.

Experiment 6.2

Twenty two New Zealand White rabbits were divided into two 
groups of seven males and four females and were offered one of 
two high protein (30% protein energy), low fat (5% fat energy) 
diets. The compositions of the diets based on soya bean protein 
(Promine D) and cow's milk protein (Casumen + dried skim milk) 
are given in table 2.5.

Experiment 6.3

Twelve, New Zealand White rabbits were divided into two 
groups of each of three males and three females and were offered 
one of two, isonitrogenous, isoenergetic diets based on soya 
bean protein and cow's milk protein. The composition of the 
diets which were low in protein (10% protein energy) and fat 
(5% fat energy) are given in table 2.9.

AIa diets in experiments 6.1, 6.2 and 6.3 were supplemented 
with methionine to provide a final concentration of methionine 
+ cystine to 3.9 g/16 g nitrogen.

8.2.2 Methods

In all three experiments the animals were housed in metab
olism cages and food and fresh water were available ad libitum. 
After an initial equillibration period of seven days, faeces 
and urine were collected during a 7 day experimental period, as 
described in section 2.3.1.3.
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Food intake and weight gain were recorded daily during the 

experimental period.
In the experiment 6.1 the gross energy of diets and faeces 

were determined by an adiabatic bomb calorimeter (section 2.3.7) 
and total fat in the diets and faeces were determined by chloro
form-methanol extraction (section 2.3.6). Percentage dry matter 
content of food and faeces were obtained by drying to a constant 
weight in an oven at 105*^C for 48 h.

The aliquots of food, faeces and urine of each 7 d collection 
were analysed for total nitrogen (section 2.3.5).

8.3 Results and Calculations
Using the notations, Nitrogen Intake =

Faecal nitrogen = 
Urinary nitrogen = N

following parameters were calculated,

u

Apparent nitrogen digestibility (ADN) =
(N^ - Np) X 100

Nitrogen Balance (NB) - Nj-(Nj, + N^)

Utilization of apparently digested nitrogen

100
Ni - Nj.

The results of experiment 6.1 are summarised in table 8.1 
and those of experiments 6.2 and 6.3 in table 8.2.
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No significant differences were found between treatments 
in the live weight gain as estimated by regression analysis of 
daily live weights in any of the experiments.

In experiment 6.1 the apparent digestibility of energy, 
dry matter and nitrogen was found to be significantly reduced 
in rabbits given soya flour as opposed to soya protein isolate 
(p < 0.01). However, no significant interaction was found be
tween protein and fat sources. In experiments 6.2 and 6.3 no 
significant differences were found in the apparent digestibility 
values between the protein sources, isolated soya protein and 

cow’s milk protein.
The apparent digestible nitrogen intake and nitrogen bal

ance in experiments 6.1 and 6.2 were not significantly different. 
Furthermore, covariance analysis did not show any significant 
differences in nitrogen balance between rabbits fed soya isolate, 
soya flour or the cow’s milk protein in these two experiments.
The relationship between ADN intake and nitrogen balance in 
experiments 6.1 and 6.2 are shown in Fig. 8.1 and 8.2 respect
ively. No significant differences were observed in the slopes 
of the regression lines indicating equal rates of utilization 
of nitrogen between protein sources.

In experiment 6.3 the ADN intake and nitrogen balance were 
significantly lowered in the rabbits fed soya protein based 
diets as compared to those fed cow’s milk protein based diets. 
However, the covariance analysis did not indicate any significant 
difference in nitrogen balance or the utilization of apparently 

digested nitrogen between the two diets.
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8.4 Discussion
The better performance of the animals in experiment 8.1 

is probably due to the higher palatibility of the diets, that 
led to increased energy intake. The reduction in apparent 
digestibility of dry matter, energy, and nitrogen in the diet 
based on soya flour is probably a consequence of the method of 
industrial preparation of this product. Equally the complex 
carbohydrate fraction associated with the protein might be inter
fering with the digestion as promosoy 100 has only 60% protein 
as opposed to 90% protein in promine D. Lowered growth perform
ance of preruminant calves fed soya flour based diets have been 
reported^314)^ However, in the present experiment, the 

reduction in the digestibility of the diets was not reflected 
in the performance of the animals, probably because an adequate 
amount of protein was still available to the animals. The data 
do not indicate major differences in nutritive value of the two 
proteins and therefore the correlation of atherosclerosis with 
the final live weight in the previous experiment^^^^^ may have 

arisen through a reduction in food intake as arterial disease 

developed.
It is generally accepted that lowered protein to energy 

ratio in a diet leads to higher biological value^^^^\ This 

fact is evident from the results of the three epxeriments. In 
experiment 6.3 where CP:ME ratio is low, higher value for the 
utilization of apparently digestible nitrogen was observed, with 
the cow's milk protein based diets. However, in comparison to 
the apparent biological values observed in other species^ ^ ^
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this value is still low. This may have been due to the fact 
that no correction was made for the endogenous nitrogen losses.
The rabbit has a large caecum and bacterial activity in the 
caecum and the colon can increase the amount of protein in the 
digest a. Since no attempt was made to prevent coprophagy in 
the present set of experiments the ADN intake may have been 
underestimated. Furthermore, it is possible that bacterial 
degradation of the undigested protein and peptide could take 
place in the caecum with the production of ammonia^ . Sub
sequent absorption of ammonia from the gut and its conversion 
to urea could result in higher excretion of nitrogen in the 
urine. Coprophagy has been shown to increase digestibility of 
nitrogen, nitrogen balance and weight gain of rabbits, but the 
apparent biological value was increased significantly only with 
low quality protein diets, e.g. gelatin, where as no significant 
increase was observed with casein based diets^ . Another 
possibility for the lowered ADN retention, in experiment 6.3 
may have been partly due to the lowered energy intake. The diets 
used in this experiment were hard and inpalatable to some of the 
animals. However, other workers also recorded low ADN retention 
values in rabbits^^^^' with high or low quality proteins.

There is no satisfactory explanation for this poor utilization 

of protein in rabbits.
The nutritive value of isolated soya protein and cow’s milk

protein has been compared in young animals of various species.
In the plg(^^^^ and the lamb^^^^\ isolated soya protein has been

(321)found to be inferior to cow’s milk protein whereas in the calf
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no difference was found in the utilization of nitrogen between 
these two protein sources. Although this comparison has not 
been reported in the rabbit lowered weight gain due to casein 
based semi-purified diets have been reported^ ’ . Experi
ment 6.3 which provided only a marginal level of protein for 
the maintenance of the rabbits, should have indicated a differ
ence in the utilization of nitrogen from the two proteins if the 
protein quality was truly different. The results however indi
cated that the weanling rabbit is able to utilize methionine 
supplemented soya or cow's milk proteins equally well from semi- 
purified diets. The diets used in experiment 6.2 contained a 
higher CP:ME ratio than that recommended for the rabbit and 
therefore it is not surprising that significant effects due to 
protein source were not observed in either weight gain or energy 
utilization. The live weight changes associated with casein 
based diets in earlier experiments^ ’ may have been due
to reduction in voluntary food intake.

Hypercholesterolaemia due to milk protein was evident even 
at the low level of protein (10% energy from protein) in the diet 
(experiment 6.3), although the levels of cholesterol were lower 
than that observed for the high protein cow's milk protein based 
diets in experiment 6.2. This result is in aggreement with the 
work on the rabbits using casein at different levels in the diet 

and also in pigeon^^^^^ and squirrel monkey^^^^^ where 

high levels of protein were more atherogenic and/or hypercholes- 
terolaemic than lower levels. The effect of dietary protein level 
on the serum cholesterol of the chicken were however different and
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low levels of protein were much more hypercholesterolaemjc than 
high levels^323, 324)^ The sensitivity of the different 

species to different amino acids might be the cause for this 
difference. The fact that the level of soya protein in the 
diet did not alter the serum cholesterol of the rabbit, whereas 
the effect due to milk protein was dose related indicate that 
the hypercholesterolaemia due to milk protein may be due to an 
imbalance of amino acids.

The saponin content of soya protein based diet in experi
ments 6.2 and 6.3 were 0.009% and 0.003% respectively according

(200)to Oakenfull et al. , and is extremely low to have any effect
on cholesterol metabolism.

The results thus indicate that methionine supplemented soya 
bean protein and cow's milk protein are nutritionally similar in 
rabbit and the hypocholesterolaemia associated with soya protein 
is not due to an amino acid deficiency, but the hypercholestero
laemia associated with milk protein in the rabbit may be partly 
due to an imbalance of amino acids.
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• Fig. 8.1 Nitrogen balance as a function of ADN intake in 
rabbits fed promine D (©) and promosoy 100 (H) 
containing diets.



Fig. 8.2 Nitrogen balance as a function of ADN intake in
rabbits fed soya protein (0) or cow’s milk protein 
(□) containing diets.
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