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De daling van de plasmacholesterolconcentratie die wordt waargenomen bij personen gedurende de eerste weken nadat zij op een linolzuurrijk dieet zijn overgegaan,kan,ookalneemtindieperiodedeuitscheidingvansterolenengalzurenmet
defaeces toe, het best wordenverklaard opgrond van hetfeit dat cholesterol van
desneluitwisselbare „pool" Anaardelangzaamuitwisselbare „pool" Bverschuift.
S. M. Grundy & E. H. Ahrens Jr. (1970), Effects of unsaturated dietary fats on
absorption, excretion, synthesis and distribution of cholesterol in man, J. Clin.
Invest.49, 1135.
Bij eenvoeding adlibitumtendeert destofwisseling vandiverse soorten knaagdieren, en kennelijk ook die van de mens, naar diabetes mellitus van het „maturity
onset" type.
D. L. Coleman (1978), Diabetes andobesity: thriftymutants?, Nutr. Rev. 36,129.
Het verschil in hypolipidaemisch effect van (—)-hydroxycitraat in vitro en in vivo
tussen de rat en de kip kan worden toegeschreven aan het ontbreken van de
enzymactiviteit vancitraatlyase(„cleavage enzyme", EC4.1.3.8) inhetvetweefsel
vandelaatstgenoemde diersoort; watdit betreft zijndemensenhet rund(citraat in
melk!)vergelijkbaar metdekip,enishetvarkenvergelijkbaar métderat.
H. Chee et al. (1977), Influenceof (-)-hydroxycitrate on lipogenesisin chickens
andrats,J.Nutr. 107, 112.
De taxonomische verwarring die bestaat ten aanzien van het geslacht Anabaena
(klasse der Cyanophyceae)zou kunnen worden opgeheven door bij het determineren van desoorten uit te gaanvan de specificiteit van hun DNA-restrictie-enzymen.
Tegendeblindheiddie intropischegebieden herhaaldelijk wordt waargenomen bij
kinderendie recentelijk mazelen hebbendoorgemaakt, endiewaarschijnlijk berust
opeenreedsbestaandexerophthalmie,ishettoedienenvanvitamineAeenjuistere
preventieve maatregeldan immunisatietegenmazelen.
H.A. P.C.Oomen(1977),Xeroftalmie enmazelen inKenya,Voeding38,90.
Op grond van voedingskundige overwegingen en de te verwachten vraag naar
zuivelprodukten met een verlaagd vetgehalte verdient het aanbeveling om bij het
berekenen van het melkgeld dat aan de producent wordt uitbetaald het melkvet
minder enhet melkeiwit hogertewaarderen.
Menkanindezerichtingnogverdergaandoor bijhetfokkenvanmelkveeeenextra
premie uitte kerenvoor deselectievanfokdieren opbasisvan heteiwitgehaltevan
demelk.
Devrees, geuit door Pitkin,voor een ongewenste verkleining van het circulerend
bloedvolume als gevolg van de behandeling van prae-ecclamptische zwangeren
met een normale dosering van saluretische diuretica is niet gerechtvaardigd,
evenmin als deze volumeverkleining optreedt bij een dergelijke behandeling van
diabetes insipidus.
R. M. Pitkin (1977), Nutritionalinfluencesduringpregnancy, Med.Clin. NorthAm.
67,3.

8. Integenstellingtot hetgeenwordt opgemerkt door Kolb endoor Kanis etal., treedt
de toename van de intestinale calciumabsorptie na toediening van 24, 25-dihydroxycholecalciferol pasop na1-hydroxylatie.
E. Kolb (1976), Zur Aktivierung des VitaminD3 und zum Wirkungsmechanismus
des 1,25-Hydroxycholekalziferols unddes24, 25-Hydroxycholekalziferols,Z.Gesamte Inn. Med.IhreGrenzgeb. 31, 561.
J. A. Kanis et al. (1978), Is 24,25-dihydroxycholecalciferol a calcium-regulating
hormoneinman?Br.Med.J.i, 1382.
9. Het'vaststellen van het „ideale gewicht" opgrond van slechts één lichaamsafmeting (de lengte) isfysiologisch onjuist en kan daarom tot verkeerde gevolgtrekkingenleiden.
10. In het verleden is bij de meting van het energieverbruik ten gevolge van grote
lichamelijke inspanning te weinig rekening gehouden met het toenemen van de
warmteproduktie(thermogenese)gedurende de uren nadezearbeidsprestatie.
11. De bestaande gewoonte om de kamertemperatuur tot boven de behaaglijkheidsgrens te verhogen door centrale verwarmingssystemen toe te passen kan in ongunstige zin hebben bijgedragen tot de prevalentie van vetzucht, aangezien de
omgevingstemperatuur invloed uitoefent opde ruststofwisseling.
12. De legende die St. Caecilia afschildert als patrones van de muziek berust op een
onjuistevertalingvandewoorden ,,Cantantibusorganis" uitdeeersteantifoonvan
deeerstevesperdietererevanhaarfeestdag(22 november) wordtgehouden;het
orgel kwam als begeleidingsinstrument pas in gebruik aan het einde van de vijftiendeeeuw,eenduizendtaljaren nahaarleven.
13. Bij hetontstaanvande „krankzinnigheid" vanRobert Schuman(1810-1856) heeft
de genegenheid van zijn vrouw voor Johannes Brahms (1833-1897) ongetwijfeld
eenzeervoorname rolgespeeld.
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AstheIrishman said,whenaskedthewayto Dublin,
,,111 wereyou,Iwouldn'tstartfromhere''.

Bij het overdenken van mijn loopbaan in het algemeen en van het in dit proefschrift
beschreven onderzoek in het bijzonder, bekruipen mij soms de in bovenstaande uitspraak opgetaste gevoelens. Om welke redenen en langs welke wegen komt iemand tot
een uitgangspunt? En door welke mensen wordt men daarop gewezen? Ongetwijfeld
zijn er zekere redenen voor het innemen van een bepaald standpunt geweest en heeft
het bereiken ervan niet geheel op toeval berust. Een analyse van deze redenen is echter
uiterst moeilijken de uitkomstervan ingewikkeld. Laat ikdaarop hier dan ook verder niet
ingaan.
Wel moge ik dan allereerst mijn dank uitspreken aan allen die mij op enigerlei wijze
behulpzaam zijn geweest bij mijn wetenschappelijke vorming en nu bij het totstandkomen van dit proefschrift.
Om te beginnen wil ik dan mijn promotor, Prof. Dr. J. G. A. J. Hautvast, en mijn
copromotor, Prof. Dr. J.Winand, bedanken voor hun bereidwilligheid om deze promotie
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Figure 1. ThephenotypesoftheZucker rat:obeseandlean
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Chapter 1

Introduction

1.1 Dietary fat and serum cholesterol
It has been known fora long time that dietary fat influences lipid metabolism, notably that
of cholesterol, both quantitatively and qualitatively. Already in 1952 Groen et al. and
Kinsell et al. independently discovered, in man, the effect of the composition of the
dietary fat on the serum cholesterol concentration. It is now generally accepted that a
fair proportion of saturated fat in the diet can increase blood cholesterol levels, in
contrast to poly-unsaturated fatty acids (particularly linoleic acid) in the dietary fat,
which can lower these levels;the use of low-fat diets (which are mostly essentially rich in
carbohydrates) and mono-unsaturated fatty acids (mainly oleic acid) are regarded as
exerting an intermediate effect in this respect. Increased blood cholesterol concentrations should provoke or facilitate the development of atherosclerotic processes, in man
and in a number of animal species. A mass of literature on this subject is available,
mainly dealing with this connection to atherosclerosis, and most of it put forward from
the viewpoint of atherogenesis and the clinical complications of the atherosclerotic
process. As recent references may be mentioned: May 1974, Hautvast et al. 1975,
Wissler et al. 1976, Paoletti & Gotto 1976, Schettler et al. 1977.
1.2 Other dietary effects on serum cholesterol
There are several other factors involved in atherosclerosis, nutritional as well as
non-nutritional; of the former, dietary fibre may be mentioned here (Trowell 1972),
because of its presumed relatively great significance. Balmer & Zilversmit (1974) found
that undigestible dietary components lower plasma cholesterol concentrations and
increase faecal sterol excretion —in this way influencing the turnover of cholesterol —,
but do not inhibit intestinal absorption of cholesterol. A review of the sole dietary
influence of dietary fibre on serum lipids has been given by Kritchevsky (1976).
1.3 Effect of dietary sucrose on serum lipids
The possible role of dietary sucrose in exerting hyperlipidaemias, as put forward by
Yudkin (1957 and 1964) has resulted in extensive study on the effects of this sugar on
lipid metabolism. The transient nature of this hyperlipidaemic effect was already noticed
by Harper et al., in as early as 1953. The effect of sucrose on the liver (fat accumulation)
compared with dextrin was described by Litwack et al. (1952) and by Marshall &
Womach (1954) inweanling ratsand inadult rats respectively and by Macdonald (1962)
in adult rabbits. Early studies on the differences in metabolic properties between sucrose and corn starch were published by Portman et al. in 1956.
The initial increasing effect of sucrose —in contrast to the effect of starch —on blood
lipids, cholesterol as well as triglycerides, has been demonstrated several times, in rats
(Fillios et al. 1958, who again stressed itstemporary nature, and Staub &Thiessen 1968)
and in hyperlipidaemic man (Macdonald & Braithwaite 1964; Winitz et al. 1964. Kuo &
Basse« 1965; Kaufmann et al. 1966a; Kuo et al. 1967; Szanto & Yudkin 1969) and more

recently, in normal man, by Mann et al. (1971), Mann & Truswell (1972), Laube et al.
(1 973), Naismith et al. (1974) and Rath et al. (1974).
The effects of the lipogenic properties of sucrose, particularly on the liver, were
described by, amongst others, Bailey et al. (1968), Bender & Thadani (1970) and, in a
depletion-repletion study, by Aoyama & Ashida (1972). These effects are related primarily to the fructose moiety of the sucrose molecule (Kaufmann et al. 1966b, Bar-on &
Stein 1968). The diabetogenic properties of sucrose compared with those of starch
were studied by Cohen & Teitelbaum (1 964); later, these autors also dealt with fructose
consumption and lipogenesis (Cohen & Teitelbaum 1968). Reviews on the subject of
effects from sucrose were further provided by Bender & Damji in 1972 and by Macdonald in 1973.
1.4 Combined effects of dietary fat and sugar
Relatively little attention has been given to the combined influence of dietary fat and
sucrose on serum cholesterol levels, in rats (Carroll 1963 and 1964, Carroll & Bright
1965) and in man (Antar et al. 1964, Hodges & Krehl 1965, Hodges et al. 1967,
Macdonald 1967, the combined studies of Little et al., Birchwood et al. and Antar et al.,
all in 1970, and Mann et al. 1973). Inthis respect, the work of the Dutch scientist Groen
(1967) may also be mentioned.
On the same combined influence on serum triglyceride concentrations was published
by, amongst others, Nikkilä (1969) and Nestel et al. (1970). McGandy et al. (1966)
indicated the lack of interaction between the two dietary factors. McGandy et al. published a review on the subject in 1967. Anderson et al. (1963) considered the effect of
dietary sucrose of little importance.
1.5 Experiments on cholesterol metabolism with rats
On account of a number of unsolved problems related to the duration and the significance of the combined effects of dietary fat and sucrose on lipid and glucose metabolism (Bender & Damji 1972) which involved many implications for recommendations to
be made with regards to the influence of nutrition on health,we were highly interested in
this subject. Owing to the huge problems which are concerned with experimentation on
humans and to the limitation of our facilities, we had to restrict ourselves to studies on
animals.
The rat, a small laboratory animal which iseasy to handle, did not appear to be a very
suitable model for this kind of studies, because it has a number of physiological properties, which differ considerably from those of man. Moreover, the serum cholesterol
concentrations in the rat are difficult to influence to any considerable extent by dietary
treatment, though they can be elevated by adding 1 %or more of cholesterol to the diet.
This is particularly effective in combination with addition of either cholic acid or thyroid
blocking agents (Malinow et al. 1954).
1.6 Obese rats as a model for studies on serum lipids
As there exist some strains of obese rats, whose serum cholesterol concentrations are
similar to those of man, it was tempting to investigate this type of rat as a model for
studies on the effects of dietary fats and sugar on lipid and glucose metabolism. Besides
the BHE-rats*), which are reported to be obese, susceptible to sucrose and to have a
*)

BHE is the abbrevation of „Bureau of Home Economics", a predecessor of the Nutrition
Institute of Beltsville, Md. (USA).Thisstrain of rats isacross between the Pennsylvania State
College strain andtheOsborne-Mendel(Yale)strain.

tendency towards diabetes mellitus (Berdanier 1974), and an obese rat strain derived of
the hypertensive Kuoto-Wistar and the Sprague-Dawly strain (Koletsky 1973 and 1975a
and b*), it was the genetically obese Zucker rat which we regarded as the most fitting
model for studies on hyperlipidaemia, obesity and hyperinsulinism. The rat model as
described by Cohen et al. (1972) is not obese, but has been selected from albino rats of
the Hebrew University strain, for studies on diabetes mellitus.
A great deal of work has been done concerning the biochemical differences between
these obese Zucker rats and lean litter-mates, but relatively little has been published on
the influence of the diet on their metabolism.
In Zucker rats, obesity, decreased physical activity and increased lipid metabolism
(Simonelli & Eaton 1978), as well as the occurrence of overt or latent diabetes, in
particular with insulin resistance, are described. These factors are among those which
are regarded as being related to atherosclerosis.
A comparison between these obese rats and man isthus attractive and promising, at
least as far as lipid metabolism is concerned. It remained to be seen to what extent this
comparison would also hold for atherosclerosis, a process which occurs very rarely in
rats.
On account of our interest in this matter, which is fundamentally but also practically
related to the diet of man, itwas decided to make astudy of the effects of dietary fats and
sugar and their possible interrelationships in the genetically obese Zucker rat.
What can be found in the literature on studies with this rat strain will be referred to in
the following chapter, in order that a clear picture of this animal is given before the
design and the results of our investigations are dealt with.
Itwas considered useful ifthe study would not beconfined to thequalitative aspects of
fat consumption, such as, for instance, the various effects of nutritionally saturated
towards poly-unsaturated high-fat diets, but would also be concerned with quantitative
aspects (high-fat versus low-fat diets), which approach includes problems connected
with the intake of energy and other food components. Moreover, we decided that
attention would begiven to the effects of sucrose incomparison with (wheat) starch, the
other type of dietary carbohydrate of quantitatively primary importance.
As we wanted to restrict our study primarily to experiments with rats of one sex, only
male rats were chosen, in accordance with the fact that in clinical medicine the atherosclerotic complications are more frequently found in males. The correlation between
obesity, plasma insulin and triglyceride levels is reported to be lower in female than in
male humans (Farquhar et al. 1973).
The extent to which this investigation will be of interest from a viewpoint of comparative physiology and, besides, will be relevant to human nutrition in practice, is expected
to have been made clear at the end of this detailed report.

*)

Seealso Nutr. Reviews(1978)and Chapter 10, Section4.

Chapter 2

The genetically obese Zucker rat; literature review
,,For a large number of problems there will be some animalof
choice, or a few such animals,on which it can be mostconvenientlystudied ...Ihavenodoubtthatthereisquiteanumberof
animalswhicharesimilarlycreatedforspecialphysiologypurposes, . . . "
AugustKrogh(1929)
Am.J.Physiol.90,243-251

2.1 Introduction
In this chapter the information from all known studies about the genetically obese
„Zucker" rat will be referred to. The references dealing with this laboratory animal, up to
the beginning of 1978, are marked in the literature list with an asterisk. A few papers
were discarded since they were abstracts which had been published elsewhere in a
more extensive form.
2.2 Genetics
The obesity inthis rat strain was originally discovered by Zucker & Zucker (1961) within
their breeding colony of the brown rat (Rattus norvegicus), which was a crossbred from
the Sherman and Merck strains (Cruce et al. 1974). The inheritance of the obesity in
these rats appeared to be autosomal-recessive: approximately 25% of the progeny of
carriers of the gene for fatness (fa), either male or female, become obese after about
three weeks; this part of the offspring is designated as fa/fa.
Amongst their lean litter-mates there are twice as many heterozygotes for this gene,
designated as Fa/fa, than there are lean rats with the normal allele couple, designated
as Fa/Fa. The heterozygotes, however, cannot bedistinguished phenotypically from the
latter. When their genotype is not known, lean Zucker rats are designated as Fa/-.
2.3 Nutritional intake
2.3.7 Food consumption
Hyperphagia and obesity can be established before weaning (Bell & Stern 1976). The
fatty rats show an increased food consumption qtabout 40%, compared with their lean
litter-mates (Zucker & Zucker 1962, Barry & B r ^ B r a y & York 1972, Becker & Grinker
1977). When obese rats are pair-fed with lean rats,their gain in weight is approximately
40% lower than when they are fed ad libitum; even then they become heavier than the
lean controls and develop an abnormally high proportion of body fat, but this goes at the
cost of their muscle mass (Zucker 1967, Bray et al. 1973).*)
Recently Dilettuso & Wangsness (1977) found that food intake relative to body weight
is higher in obese than in lean rats only during the early weeks of life, and even lower at
an older age. The sex difference in the quantities of food consumption occurred also in
obese rats, although to a lesser extent than in lean rats (Radcliffe S^d Webster 1978).
From the age of 35 to 90 days, male fatty rats pair-fed with lean litter-mates deposited
*) As in the development of obesity in Bar Harbor mice, hyperphagia must be regarded as a
secondary phenomenon (Dubuc 1976a, P.Y.Linetal. 1977).

60% less body protein, this figure being somewhat lower for females (Pullar & Webster
1974).
In obese rats fed to appetite, the energy retention was much higher, in contrast to the
nitrogen retention, which was lower. According to Deb & Martin (1975) exercise decreases the fat content and increases the protein content to some extent, in obese as
well as in lean rats. Park & Hershberger (1973), with a view on the higher fat deposition
of the obese rats, suggested that thermogenesis from the diet, rather than its energy
content, determines the voluntary food intake of both phenotypes.
As acontinuation of the work of Pullar &Webster (1974), who hypothesized that there
is, during growth, an inverse relation between food efficiency and protein deposition,
Radcliffe (1977a) supposed that food intake is normally regulated by the attainment of
maximal individual protein deposition. Fat deposition was much higher inthe obese rats,
with the exception of these which were fed on very low-protein diets. Heobserved that in
rats between 34 and 66 or 98 days of age, at least in females, protein deposition was
similar in obese and lean rats, if they were offered normal diets ad libitum which
contained all essential nutrients. Obese male rats were found to lay down more protein
than females, but lean males surpassed fatty males in this respect, even those which
were fed on high-protein diets.
Fatties did not reach their maximal protein deposition at the level of 15% dietary
protein (casein) or with restricted intake of high-protein diets. On low-protein diets or,
also, on low-quality protein diets with asubnormal percentage of protein (15% gluten)—
and at all levels of zein —the obese rats ate less than should have accorded with the
otherwise attractive theory of Radcliffe on the regulation of food intake. This discrepancy is presumably another part of the problem of food consumption, occurring when
qualitatively inadequate diets are given. This subject was studied further by Radcliffe
(1977b), who had already published some of his data earlier (Radcliffe et al. 1975,
Radcliffe & Webster 1976).
Radcliffe, on the basis of the results obtained with his experiments, denies the
importance of such factors as the rate of energy retention or the storage of lipids in the
regulation of food intake. This conflicts with at least one of the current theories on this
subject, noticeably with the lipostatic theory (Nutr. Rev. 1977).
Becker & Grinker (1977), when studying meal patterns of Zucker rats observed
enlarged meal size and decreased meal frequency in obese rats, which also failed to
show the typical pattern of nocturnal eating. Their finding of a higher proportion of
diurnal consumption with obese than with lean rats was confirmed by Wangsness et al.
(1978). Obese Zucker rats respond more alertly to food supply than do their lean
Jitter-mates, in contrast to ventromedial hypothalamic lesioned fatty rats, which react
less on food supply than do normal rats (Greenwood et al. 1974, Cruce et al. 1974). As
a consequence of their obesity, fa/fa rats are physically less active (Zucker 1965 and
1972, Pullar & Webster 1974, Stern & Johnson 1974, Drewnowski & Grinker 1978).
Recently Martin &Gahagan (1977a) showed that the hyperphagia of obese rats is not an
essential feature either in lipogenesis or in hyperinsulinism.
2.3.2 Food efficiency
Food efficiency, closely related to food intake, because of the influence of the requirements for maintenance, is higher in obese rats than in lean litter-mates (Zucker 1967
and 1975, Pullar & Webster 1974, Deb et al. 1976). Even before the obesity can be
detected by observation an enhanced oxygen uptake is measured, at least when no
correction is made for body surface (Bray 1969a, Pullar & Webster 1974). The latter
authors observed that heat loss and nitrogen balance were similar in fatty and lean rats
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when fed ad libitum, but that these properties were lower in obese rats, when they were
pair-fed with lean controls,*)
The efficiency of metabolizable energy for growth in fatties was found to be higher
than that in lean rats, namely 60 and 50% respectively. This increased food efficiency is
connected with a decreased thermogenesis and increased lipid synthesis, as the result
of a decreased protein synthesis. The energetic efficiency of net protein synthesis was
estimated as 43% and of net fat synthesis as 65%, these figures being similar for lean
and for obese rats. Pullar & Webster (1977) and Webster (1977) proposed animal
feeding and selection based on the insights regarding energy losses obtained from the
studies on Zucker rats. Recently, Webster et al. (1978) revealed the close correlation in
Zucker rats of heat losswith protein synthesis, compared to that with either protein mass
or body weight. According to Lobley et al. (1978) the low deposition of body protein of
the obese Zucker rat is not due to a decrease in the fractional rate of protein synthesis.
Jenkins & Hershberger (1978) confirmed the higher food efficiency in obese rats as
compared with that in lean controls. They concluded that obese as well as lean rats eat
to attain a constant heat increment —independent of the composition of the diet —, and
that obese Zucker rats apparently have no defect in the regulation of their food consumption.
2.3.3 Effects of dietary composition
Most studies on genetically obese rodents have been restricted to determinations of
biochemical differences between these animals and lean controls or rats rendered
obese by some different means, but relatively little attention has been paid to dietary
composition. As far as such studies have been undertaken —apart from quantitative
restriction —they have been performed mostly by the addition of some fat, usually soy
bean oil, to the diet (Johnson et al. 1973, Park & Hershberger 1 973, Lemonnier et al.
1974, Stern et al. 1975, Wähle & Radcliffe 1975, Martin 1976, Radcliffe & Webster 1976
and Thenen & Mayer 1977). Cornai et al. (1 978) compared the effects of 20% corn oil in
the diet with those of an equal percentage of hydrogenated soybean oil.
On the other hand, Radcliffe (1977a), in studying the regulation of food intake, not
only varied the fat content of the diet, but also varied the quantity of the protein aswell as
its quality, the cellulose content and even the glycerol content. This last compound had,
as a dietary component, also been studied by Barry & Bray (1969). The observation of
Radcliffe (1977a) that avery high proportion of dietary protein reduces the food intake of
obese and of lean rats was confirmed by Wangsness et al. (1978) and by Jenkins &
Hershberger (1978).
2 4 Lipid metabolism
2.4.1 Fat mass
The fat percentage of obese rats of the age of three to four months, which mostly
approximates 50%, does not increase further, although the rats still gain weight during
the first year of their lives (Zucker & Zucker 1963). Body weight can rise to over 1000
grams. The differences in body weight between obese and lean rats are mainly caused
by a different fat mass (Zucker 1967, Johnson et al. 1971, Bray et al. 1973).
It appears that the increase in fat mass is ngt simply the result of an increased food
intake, but isdue to (a) increased food efficiency, which means alower heat production,

!!

) Oxygen consumption was measured to be lower inobese than in lean mice of the Bar Harbor
strainalready ataveryearly age(Dubuc 1976b, Boissonneault etal. 1978).
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and (b) enhanced lipogenesis in early life asaconsequence of an inborn error in protein
metabolism with a tendency to a lowered deposition of body protein (Pullar & Webster
1974. Bray et al. 1974). Martin (1976) suggested that the defect in protein metabolism
induces an increased and, in terms of energy, efficient conversion of proteins into
glucose and fatty acids.
Opsahl & Powley (1974) failed to reverse the obesity of four-month old Zucker rats by
vagotomy, this in contrast to ventromedial hypothalamic obesity. Hypophysectomy
performed on 150-day old rats blocked further development of obesity, but did not
reduce existing adiposity (Powley & Morton 1976).
Godbole & York (1978) observed, in obese Zucker rats of 13 weeks, in comparison
with younger ones (5 weeks old), an increase in hepatic lipogenesis but a decrease in
adipose tissue lipogenesis.
2.4.2 Cellularity of adipose tissue
The number and size of the fat cells of obese rats have been measured. The adipose
tissue appears to be both hypertrophic and hyperplastic (Bray 1969b, Bray et al. 1970a,
Bray & York 1971a, Johnson et al. 1971, Lemonnier 1971a). This has also been
observed in the genetically obese Bar Harbor mouse (Johnson et al. 1973). Rats
rendered obese by lesioning of the ventromedial hypothalamic nuclei of the mid-brain
did not show — connected with the time of onset of the obesity — hyperplasia of the
adipose tissue (York 1975a).
The number of fat cells does not increase in obese Zucker rats after the age of about
26 weeks, which islater than in lean ratsfor which this period is 14weeks. From that age
onwards, the fat mass will increase only by a rise in fat cell size.
Stern &Johnson (1977) recently studied the relationship between the cellularity of the
adipose tissue and the spontaneous activity of obese and lean Zucker rats. The decreased physical activity of obese ratsfollows the onset of hyperphagia and obesity. At 8
weeks of age exercised lean and obese rats have lesstotal fat and fewer adipocytes than
controls. Adipose cell size is decreased only in exercised lean rats. Rats exercised until
8 weeks and then confined until 6 months of age have similar body weights and total fat
stores compared with control rats. Adipose cell number is permanently decreased only
in formerly active lean rats. Exercise has no long-term effect in decreasing cell number
in obese rats.
2.4.3 Adipose tissue metabolism
The metabolism of body fat of obese rats has been studied extensively by Zucker &
Zucker (1963), Zucker (1 972) and in particular by Bray (1968 and 1969b), Bray et al.
(1970a and b), York & Bray (1973a) and Bray et al. (1974). Lipogenesis, in early life, is
enhanced if either glucose or pyruvate was used as substrate. This occurs at the
expense of the oxidation of these substrates (Bray et al. 1970b).
Bray et al. (1974) and Martin (1976) stated that the metabolic defect of the obesity of
this rat strain is not localized in the adipose tissue. The increased voluntary food intake
of the obese rats isregarded asa normal response to an abnormal growth pattern due to
an error in protein metabolism.
The lipoprotein lipase (LPL) activity of adipose tissue in obese rats was found to be
increased —especially in early life (De Gasquet et al. 1973, De Gasquet & Péquignot
1974, Greenwood & Hietanen 1976). Schonfeld et al. (1974) demonstrated an increased concentration of some lipase activator in the plasma of fatties. Nevertheless, these
increases are not sufficient to clear the blood plasma quickly of triglycerides.
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2.4.4 Livermetabolism
Studies on the hepatic lipid metabolism of Zucker rats have been carried out by Lemonnieretal.(1 974),Martin(1974),Taketomietal.(1975),York &Godbole(1977)and
Bloxham et al. (1977). Zucker (1967) reported that the livers ot these obese rats had
been enlarged andfattened. Lemonnier et al. (1974)established that glucose incorporation into triglyceride fatty acids was seven times larger in liver tissue and twice in
adipose tissue of obese Zucker rats than in the respective tissues of lean controls.
Lipogenic enzymes in the livers of obese Zucker rats (glucose 6-phosphate dehydrogenase, 6-phosphogluconate dehydrogenase, acetyl-CoA carboxylase, malic enzyme
citrate lyaseandthefatty acid synthetase complex) wereenhanced (Bray et al. 1970b,
Martin 1974).
Recently,Bloxhametal.(1 977)studiedhepatocytes ofobeseandleanZucker rats(at
an age of 90to 120days) fed oneither afat-free high-sucrose diet or alow-fat control
diet. They established a much smaller contribution from glucose than from lactate in
lipogenesis, particularly in obese rats, and on feeding the experimental diet. They
stressed the little importance of glucose asasubstrate for lipogenesis inthe liver, even
when this process is greatly enhanced, as is the case with diets very rich in carbohydrates.
In astudy in which isolated livers of obese Zucker rats were compared to those of
Wistar rats, which were perfused with either 3H-lauric acid or with 3H-oleic acid and
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C-glycerol, Chanussot & Debry (1 977a) measured two pools of synthesized labelled
compounds. From the former substrate,trilaurin was synthesized only inthe obese rat
livers.Triglycerides released intothe perfusate ofWistar rat liverscontained oneortwo
labelled lauric acid molecules at most. Fromoleic acidandglycerol,the liversof obese
rats synthesized more dfcpalmitoylolein, dioleoylpalmitin and triolein than the livers of
Wistar rats. Linoleoyloleoylpalmitin was formed in the livers of both strains, a larger
quantity of this compound was detected inthe perfusate of the obese rats. Dioleoyllinolein and dilinoleoylolein appeared to be equally present in both strains. After 30
minutes perfusion, less hepatic phospholipid was found in the Zucker rats than in the
Wistar rats.
Inafurther study (Chanussot &Debry 1977b)with perfused liversofthese ratstrains,
onthesynthesisofphospholipidsandtriglycerides,theformersubstancesappearednot
to be synthesized from lauric acid. The triglycerides synthesized from lauric acid—
trilaurin being formed inthe Zucker rat livers only — were more rapidly oxidized bythe
liversoftheobeseratsthan bythoseofthenormalrats.Fromoleic acidandglycerol,the
phospholipid synthesis waslesssignificant withtheobese ratsthanwiththeWistar rats
but, from these substrates, the Zucker rats synthesized more triglycerides than didthe
Wistar rats.So,with regards to fatty acid metabolism, qualitative aswell asquantitative
differences werefound between normalWistar ratsandobese Zucker rats.
Inaninvestigation carriedout bySubbiah&Connelly (1976) asignificantly increased
bile acid and sterol excretion with the faeces was observed in obese Zucker rats in
comparison with leanrats.
Novikoff (1977) mentioned the increasedtendency towards thedevelopment of fatty
livers inobeseZucker ratsfedonahigh-sucrose diet containing 1 %orotic acid,for the
purposeof experiments onhepatic steatosis.
2.4.5 Fattyacidcomposition
The fatty acid composition of body fat has also been studied by several workers (Bray
1969b, Schonfeld et al. 1974,Wähle 1974, Wähle & Radcliffe 1975 and 1976). Obese
Zucker ratswerefoundto have increased percentages of palmitoleic (C-| Q--\)andoleic
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(C-|8:1) acid in their body fat, and decreased proportions of linoleic (C-|8:2) a n c l
arachidonic (C20:4)acid, incomparisonwith leanlitter-mates.Thisisinagreement with
thehighertissuedesaturaseactivitiesonthemonoenefattyacids,whichareobservedin
obese rats(Wähle 1974).
Although theliver lipidcontent inobesemalesdoesnotdiffer fromthat infemales(itis
four times higher than that in lean rats), obese females have similar proportions of
linoleic and arachidonic acids as leanfemales, in contrast to obese males,which have
lower percentages of poly-unsaturatedfatty acidsthan leanmales.
The ratios of mono-unsaturated to saturated fatty acids of both achain length of 16
and18carbonatomsaresimilar inobesemalesandfemales,andarehigherthaninlean
rats (Wähle & Radcliffe 1976). These reflect increased desaturase activities, but also
increased lipogenesis and increased liver weights (Zucker 1967).
Upon the supply of additional dietary linoleic acid, the monoenes in the body fat of
obese rats declined, whereas the linoleic acid content of the body fat increased. The
percentage of linoleic acid of lean rats remained higher than that of thefatties, both in
adipose tissue and in liver lipids.Thearachidonic acid content, however, increased in
the lean ratsonly. Accordingly withthe rise inthecontent of poly-unsaturated fat inthe
tissue, the hepatic desaturase activity was found to decrease with the provision of
additional linoleic acid. This extra amount of linoleic acid decreased the liver lipid
content of obese rats, contrary to its effect onthat of lean controls (Wähle & Radcliffe
1975).
2.5 Protein metabolism
Apart from the influence of the quantity andthecomposition of dietary protein on food
and energy utilization and growth, as mentioned in aformer section (2.3.3, Radcliffe
1977a),onecouldstudyseparatelytheinfluenceofdietary proteinonproteinutilization,
aswasundertaken byChuetal.(1978). Besidesa5/3 timeshigherefficiency forenergy
utilization inobese ratsthan inlean Zucker and Charles River rats,they found asimilar
efficiency for protein utilization intheobeseandthe leanrats.
The hypothesis of Martin (1976) that an inborn error of protein metabolism would be
the causeof thegenetic obesity inZucker rats hasalready beenmentioned.
Proteinsynthesis intheliversofobeseratsappearedtobehigherthanthat inthelivers
of leancontrols (Fillios &Saito 1965). Females of both phenotypes exhibited thisability
more clearly than males, at least in the microsomal fraction of the cells. Cholesterol
feeding (1.5% with 0.5% cholic acid) depressesthis protein synthesis (Fillios&Yokono
1966and 1968)andcausesalarger decreaseof protein synthesis inobesethan inlean
rats. Relating to this, Fillios et al. (1969) also established a difference in cholesterol
esterification between theobese andthe lean rats: infatties apart of the cholesterol in
themicrosomalfraction wasesterified,whereas normally onlyfreecholesteroloccursin
these organelles. They concluded that the esterification of cholesterol in these rats,
which also showed hypercholesterolaemia, is very efficient. The significance of the
increased protein synthesis inthe liversoftheobese rats remains unclear.
2.6 Bloodlipids
The obese Zucker rats show an increased lipid content inthe blood (Zucker & Zucker
1961 and 1962, Zucker 1965 and 1972); in particular, the triglyceride concentrations
arevery high.Zucker (1974)evenproposedonthebaseofthelactescence oftheblood
plasma an assay for hyperlipidaemia. The high triglyceride levels inthe blood of these
rats may be a consequence of the increased lipogenesis both in adipose and in liver
tissue(Bray 1968,Brayetal. 1970b).Evenafterovernightfasting,theratswerefoundto
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havetriglyceride concentrations of 1000 mg per 100 ml blood or more (Zucker & Zucker
1962, Barry & Bray 1969, York et al. 1970).
Sullivan et al. (1977a and b) studied the hypolipidaemic effect of (-)-hydroxycitrate;
this substance also in Zucker rats suppressed triglyceridaemia and lipogenesis.
In contrast to lean litter-mates — which have, as do rats of non-obese strains,
cholesterol concentrations of 80-90 mg per 100 ml blood — obese Zucker rats have
cholesterol levels upto about 250 mg per 100 ml blood.This value depends to some extent onthe composition ofthe food.Thisdependence isalso greater thanthat inlean rats.
Contradictory to an earlier paper (Zucker & Zucker 1962), later articles reported
higher free fatty acid concentrations inthe blood of obese rats (Zucker 1972, Schonfeld
et al. 1974). This contradiction is presumably related to the very young age of the rats in
the first experiments.
In addition, the mobilisation of fatty acids from adipose tissue was found to be
increased (Bray et al. 1970a). This enhanced lipolysis is also expressed by increased
plasma glycerol concentrations in obese rats of several weeks of age, although this
compound can very easily be (re)utilized — in the form of glycerol-3-phosphate — in
fatty acid esterification besides in gluconeogenesis (Barry & Bray 1969. Bray et al.
1970a and b, Martin & Lamprey 1975). Already at the age of six weeks, obese rats
clearly show an increased release of glycerol after an injection af adrenalin (York & Bray
1973b).
Very low-density lipoproteins (VLDL) form by far the largest blood lipid fraction of
these rats (Schonfeld & Pfleger 1971). In fatties the VLDL fraction is increased several-fold, and it contains 78% of triglycerides, as compared with 60% in lean controls.
Low-density lipoproteins (LDL) and high-density lipoproteins (HDL) are about twice as
high infatties as in leans. Inobese rats fed on a low-fat stock diet VLDL constitute 52%of
the total lipoprotein mass, whereas in lean controls HDL is the predominant representative, making up 62% of the plasma lipoprotein mass (Schonfeld et al. 1974). Abnormal
apolipoproteins were not detected.
Recently, Redgrave (1977) reported that the clearance of chylomicrons from the
blood of obese (Zucker) rats was slower than that from the blood of lean controls, of
cholesterol ester more so than of triacylglycerides. Triton 1339 also had an accumulating effect on the chylomicrons in obese rats.
Biery & Evarts (1975) used obese Zucker rats to study the relationship between
hyperlipaemia and the concentrations of a-tocopherol (vitamin E),supplied with the diet,
in plasma and tissues. They observed higher levels of tocopherol in the plasma and
lower concentrations in the tissue of obese rats, although these rats had, because of
their larger adipose mass, more total body a-tocopherol than the lean ones.
2.7 Endocrinal aspects
2.7.1 Insulin and glucagon
Fatty rats have, probably asa result of their obesity, increased insulin levels in the blood
and a resistance of their adipose tissue to insulin (York et al. 1970 and 1972, Lemonnier
1971b, Zucker & Antoniades 1972, Stern et al. 1972 and 1975). Shino et al. (1973)
mentioned hypertrophic pancreatic islets in obese Zucker rats; Boder et al. (1972)
described, in addition, hyperplasia of the islets of obese Zucker rats of 28 to 300 days of
age (referred to by Boder & Johnson 1972), with the clearest expression between 9 and
20 weeks of age. Schade & Eaton (1975) reported increased insulin secretion in an in
vitro study. Mikuni (1974) injected radioactively labelled porcine pro-insulin in Zucker
rats and concluded that itwas utilised ina normal manner. Zucker &Antoniades (1972),
in a study with the diaphragm muscle of Zucker rats, found that in obese contrasting to
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lean rats insulin injections did not promote further conversion of 14 C-glucose into
glycogen.
Blood glucose concentrations infatty rats were reported to be within the normal range
(Zucker & Zucker 1962, Zucker &Antoniades 1972, York et al. 1972a, Stern etal. 1972)
and glucosuria does not occur. In contrast to Malewiak & Griglio (1978, to be published), who found lower ketonaemia levels in obese Zucker rats than in lean controls,
Bach et al. (1977a) reported that ketone bodies were found to be only slightly higher
than in lean rats.*) However, Bach et al. (1977b) observed lower ketogenic activities in
obese Zucker rats than in their lean litter-mates at the provision of medium-chain
triglycerides. These are quickly oxidized, whereas long-chain triglycerides being incorporated in body lipids appeared to be non-ketogenic.
Thus, only a tendency to diabetes mellitus can be observed (Zucker & Antoniades
1972), which is different from most other obesity syndromes in rodents (Bray & York
1971a). Larsson et al. (1977) mentioned the reduction to normal of the islet morphology
by dietary restriction and the subsequent decrease in serum insulin levels; the latter was
also obtained by streptozotocin injection. After the dynamic phase of the obesity (in rats
of 3to about 16 weeksof age), insulin levelseven tend to decrease (York & Bray 1973a).
Lemonnier et al. (1974) observed no difference in pancreatic glucagon content
between obese and lean Zucker rats. Laburtheet al. (1 975) found no differences in the
amino acid composition of either insulin or glucagon between lean and obese rats.
Martin & Gahagan (1977a) observed no significant decrease in hepatic lipogenesis
upon provision of glucagon in obese rats, in contrast to the results of experiments with
lean litter-mates.
Eaton et al. (1976a) found reduced plasma glucagon levels in fatties compared with
lean rats. These values were further reduced during fasting, and increased subnormally
when stimulated with arginine injections. On the other hand, a decreased insulin /glucagon ratio was observed in male obese Zucker rats upon administration of halofenate,
a hypolipaemic drug (Eaton et al. 1976b). Also Bryce et al. (1977) found reduced
glucagon release in obese rats in comparison with lean Zucker rats, besides higher
plasma insulin levels inthe former, independently of the (high-fat or high-carbohydrate)
diet. Mahmood et al. (1978) studied the effect of induced hyperglucagonaemia on the
metabolism of the fatty Zucker rat.
Broer et al. (1977) studied the hormone receptor binding and the corresponding
cyclic adenosine monophosphate levels in hepatocytes of obese Zucker rats.
2.7.2 Other hormonal aspects
With regard to a number of different aspects of hormonal balance inobese rats, attention
has been given to the water metabolism (Bray 1968, Yrok & Bray 1971), which showed
polyuria as a result of polydipsia infatties and to the function of the thyroid gland, which
was found to be impaired (Bray 1968 and 1970, Bray & York 1971b, York et al. 1972,
Bray et al. 1973, 1974 and 1976).**) The basal metabolic rate of fatty Zucker rats is
*) A lower ketone body production by livers —perfused with albumin-bound oleate — of obese
micethanthatbyliversof leanBarHarbor micewasreported byAssimacopoulosetal. in1974.
**)lt maybethatanimpairedthyroxin metabolism isduetoadifference inproportional conversion
of thyroid hormone into triiodothyronine and in the metabolically less active (energenetic)
„reverse"triiodothyronine(Hirsch&Schneider 1976).Therearealsoindicationsthatareduced
activity ofathyroid-dependent, ouabain-suppressible Na+ andK+ -adenosine triphosphatase
(ATP-ase, EC3.6.1.3) inobese mice,incomparison with leanBar Harbor mice(M. H. Linetal.
1978) and Zucker rats (York et al. 1978), is responsible for the metabolic properties in the
obesity of thesestrains.
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lower than after injury to the hypothalamic region in rats of the same strain,which points
to pituitary abnormalities in obese Zucker rats.
Martin & Gahagan (1977b) recently studied a number of hormonal levels in Zucker
rats (insulin,growth hormone, prolactin and thyroid-stimulating hormone) atthe ageof 5
to 11 weeks, and Martin et al. (1978) the diurnal changes in serum metabolites and
hormones in lean and obese Zucker rats.
Insulin levels in obese rats remained, even during fasting, much higher than in lean
rats. Growth hormone was lower in obese rats; it increased only slightly with age and
was reduced by fasting.Serum prolactin was decreased inthe obese rat but similar at 11
weeks of age. Corticosterone levels decreased with age and were only at 11 weeks of
age higher in obese rats. TSH increased with age and was lower in obese than in lean
rats at 9 weeks of age.
With respect to gonadal functions obese females appear to be sterile, although they
show infrequent estrous cycles; the uterine weight isdecreased (Bray et al. 1973, 1974
and 1976). Obese males have a diminished reproductive capacity (Saiduddin et al.
1973). The pituitary gland is found to be smaller and less active in obese rats (Bray &
York 1971b, York et al. 1972b, Bray et al. 1973 and 1974).
The size and activity of the adrenals is increased in the fatty rats.
2.8 Prolonged fasting and heat production:the maintenance of the energy balance
Obese rats, like obese mice, can withstand prolonged fasting very well (Zucker 1967,
Bray et al. 1970a, Zucker & Antoniades 1972, York & Bray 1973a). In these conditions
they obviously feel quite comfortable, at least at normal room temperature. Their weight
losses then are fairly small, even after a period of some 80 days.
Plasma insulin levels as well as body fat stores decrease immediately after the
beginning of fasting, but a long time is needed before the normal values of lean
litter-mates are reached (Zucker & Antoniades 1972). Plasma triglycerides normalize in
one week to the normal full-fed ranges for lean rats (Zucker 1967).
Connected with the fact that the obese animals have an increased food efficiency
under normal circumstances, they have an impaired heat production and consequently
behave less favourably when exposed to cold stress (York et al. 1972b, Trayhurn et al.
1976). Neither in obese nor in lean rats did there appear to be a thermoneutral zone in
this respect. This means that at no air temperature was heat loss found to be independent of it (Pullar & Webster 1974). There is a renewed interest in thermogenetic problems (B. G. Miller et al. 1977), in which studies on Zucker rats also play a role (James &
Trayhurn 1976).
2.9 Comparative results of experiments with other rodents
There isa number of extensive literature reviews on genetically obese rodents, in which
Zucker rats are also mentioned (Bray & York 1971a, Bray et al. 1974, Bray 1974, York
1975a, Hunt et al. 1976, Bray 1977). The review of Herberg & Coleman (1977) is mainly
restricted to mice. Some of the strains of obese mice have a polygenic inheritance, so
that lean litter-mates do not occur and other strains of mice have to serve as controls.
Comparisons have, in several cases, not only been made of obese rats with lean
controls, but often also with rats rendered obese either with high-fat diets or by means of
gold thioglucose, or by surgical lesioning of the so-called satiety centre in the hypothalamic region of the mid-brain (Barry & Bray 1969, Bray 1969a, Bray et al. 1970b,
Bray & York 1971b, Johnson et al. 1971, York et al. 1972b, York & Bray 1973a). Such
comparisons also involved obese mice, especially the already mentioned genetically
obese Bar Harbor mouse (C57-B1/6J), designated as o b / o b (Bray & York 1971a, Bray
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et al. 1973, Lemonnier et al. 1974, De Gasquet & Péquignot 1974, York 1975a).
Besides a number of similarities in all strains mentioned, there are many small differences, pointing to a large metabolic diversity (Bray 1974). Depending on the available
information and the purpose of the research, a choice can be made with respect to the
type of experimental animal required
Although obese ratsare hardly discussed inthe review of Herberg & Coleman (1977),
highly interesting is their conclusion that most of the symptoms of all these obese
rodents tend after acertain time to decrease or to stabilize. This points to a spontaneous
amelioration of the diabetic state in particular, which is not regularly observed in man.
Certainly this is one of the differences between Zucker rats and man.
2 10 Miscellaneous aspects
Obese Zucker rats have also been used in several other experiments in which the study
of obesity as a phenomenon was regarded as important. In this respect some papers
may be mentioned here briefly: one article by Chesters (1975), who studied the effect of
zinc deficiency on food consumption, one by Redgrave &Snibson (1975), who looked at•
the clearance of chylomicron cholesterol from the plasma, and two by Cruce et al. (1976
and 1978), on measurements of the catecholamines in the brains of Zucker rats.
Crowley et al. (1978) recently measured the biological active peptides of the pituitary
gland and hypothalamic nuclei. The sensitivity of diabetic and genetically obese (Zucker) rats to a number of pharmacological agents was investigated by Foy & Lucas
(1976), who also studied the regional bloodflow invarious tissues ofthese rats (Lucas &
Foy 1977). Coffey et al. (1978) studied the differences in collagen composition of the
skin from obese and lean Zucker rats.
2.11 Conclusion
In conclusion, the obese Zucker rat was thought to be a convenient animal as an
experimental model for the study of lipid metabolism on different diets. The most obvious
biochemical differences of this rat from the genetically obese mouse are shown by the
hyperglycaemia and glucosuria of the latter, and the mainly dietary origin of the plasma
triglycerides of obese rats on high-fat diets (Bray et al. 1974, York 1975a). On low-fat
diets these triglycerides appear to be derived, as usual, from predominantly endogenous sources (Lemonnier et al. 1974, Martin 1 974). Thus, high-fat diets clearly depress
fatty acid synthesis in these rats, particularly in the liver (Wähle & Radcliffe 1975, Martin
1976).
The underlying study was designed to investigate the effect of qualitative as well as
quantitative differences in the dietary fat, and of the dietary carbohydrates, starch and
sucrose, which are — from a quantitative point of view — by far the most important
energy providing carbohydrates in the human diet.
2 12 Summary
1. The increased fat mass of obese Zucker rats is not simply the result of a higher food
intake, but is due to an increased food efficiency combined with a lower heat
production and to an enhanced lipid synthesis in early life because of a less efficient
protein metabolism („inborn error"?) and a tendency to a lower deposition of body
protein.
2. The cholesterol concentrations in the blood of the obese rats are moderately increased and thetriglycerides substantially elevated, incomparison with those of lean
rats.
3. The insulin levels in the blood of the obese rats are enhanced, whereas the blood
glucose levels are normal or only slightly elevated.

3.6

PartOneofthestudy on maleZucker rats

Chapter 3

Design of the study

/thinkthisconsiderationisveryimportantinthehuman problem.
Welook upon the spectrum of different genetic strains (..)as
representing the realandpotential variationsof thephysiologic
statesobservedinmanin termsoflipiddepositionandmobilization.Wecanselectthestrainthatbestcanpermitonetoanswera
specificquestion.
R.A. Liebelt(1963),
Ann.N.Y. Acad. Sei110, 723-748
(Addendum)

3.1 Introduction
The total investigation to be described here consisted of various parts. Young male
Zucker rats at the age of approximately six weeks were given different diets for a period
of sixteen weeks. During this time, a number of blood parameters was studied: plasma
cholesterol and triglycerides, blood glucose and plasma insulin. All dietary groups, in
total eight groups, consisted of at least twelve rats. This study on young rats formed the
first part of our total investigation.
The Zucker rats were originally obtained from the „Centre de Sélection et d'Elevage
d'Animaux de Laboratoire" of the „Centre National de la Recherche Scientifique" in
Orléans (France), and were further bred within the „Centre for small laboratory animals" of the Agricultural University in Wageningen.
Since in our experiments only male Zucker rats were used, for their higher response
with regard to plasma cholesterol, it appeared to be impossible to launch the number of
animals desired at the same time. Since, on average, one out of four young rats will
become obese, only one out of eight rats will be obese and male.
3.2 Grouping
For our experiments no more than approximately fifteen male obese rats were obtainable each fortnight, so that they had to be launched in several series in order to ensure
that all eight groups consisted of a number of at least twelve rats. Thus, usually two rats
from each of the seven series were placed in each dietary group. Itwas intended that the
averages and variabilities of all groups of obese rats would be similar with regard to age,
body weight, plasma cholesterol and triglyceride concentrations. For the lean rats this
was only possible, compared with obese rats, as regards age. Details of all these data
will be given in chapter 4. In order to exclude within-litter influences, no obese rats from
one litter were placed in the same group.
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During the study concern was given continuously to the fact that the rats within each
group were not of the same age. Inthe course of this part of the investigation blood was
taken from all ratson afixed number of days after their launching. This was an important
prerequisite with regard to sample collection. The results of the assays of the blood (and
the faeces) collected during this part of the study are therefore fully comparable.
3.3 Housing
At the start of the study the rats were 39 days of age on average. From that time they
were individually housed in metal cages of adequate proportions, with wired floors
without further bedding materials. Room temperature was kept at 21 ± 1 °C and relative
humidity at 65 ± 10%. The illumination of the room was entirely artificial, with aday and
night periodicity changing at 6.00 a.m. and at 6.00 p.m. every 24 hours. The ventilation
of the animal house isdesigned for acapacity of at least 15 times the total air content of
the rooms per hour.
The animals were fed to appetite, with the exception of the fasting experiment with a
duration of four days, but at all times they had free access to drinking water.
3.4 Diets
3.4.1 The semi-synthetic diets
The aim of the study was to obtain knowledge of the influence exerted by the dietary fat
and also of the carbohydrate on some parameters of the lipid and glucose metabolism of
obese Zucker rats. For this purpose, a number of six semi-synthetic diets was used. Two
groups were given low-fat diets,to which either wheat starch or sucrose was added. The
four other semi-synthetic diets were high-fat diets (with approximately 40 energy %);
two of these contained saturated fat and the other two highly poly-unsaturated fat. To
each of these two pairs of diets, again either starch or sucrose was added. Naturally, the
proportion of carbohydrate in the high-fat diets was considerably lower than in the
low-fat ones. The design of the study in relation to the diets is given in Table 1.
Table 1. Groupingandglobalcomposition ofthedietsoftheZucker rats.
group

number
of rats

phenotype

I
II
III
IV
V
VI
VII
VIII

12
12
13
13
12
12
13
12

obese
obese
obese
obese
obese
obese
obese
lean

dietary fat

dietary carbohydrate

low-fat
low-fat
high-saturated fat
high-saturated fat
high-poly-unsaturated fat
high-poly-unsaturated fat
commercial ration
commercia ration

starch
sucrose
starch
sucrose
starch
sucrose

As it is well known that rats on high-fat diets will gain more weight than those on
low-fat diets (Lemonnier et al. 1971 and 1974), although they will eat more of the latter,
the diets were designed to be iso-energetic as well as iso-nitrogenous, as will be clear
from Table 2. Itwas estimated that approximately 85 parts of the high-fat diets would be
consumed compared with 100 parts of the low-fat diets. It was expected nevertheless
that the rats on the high-fat diets, when fed ad libitum, would gain weight more rapidly
than those on the low-fat diets. As it was aimed to obtain similar weight curves for all
obese rats, we were prepared to restrict the food intake of the rats that were fed on the
high-fat diets. Itappeared that, for reasons which will become obvious in Chapter 4, only
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Table 2. Designed proportional composition of the semi-synthetic diets, (iso-energetic, iso-nitrogenous),on weight basis.
II _
casein + 0.5% DL-methionine
wheat starch
sucrose (powdered)
cellulose
cocoa butter/palm oil2:1
sunflower oil
fat-solublevitamins,
inpalm oil + 5% cholesterol
water-soluble vitamins
mineral mixture

20
67

60
11

100
energy (kcal)
metabolizable energy (kcal/g)
proteins
carbohydrates
fats(linoleic acid included)
linoleic acid

20

100

340
3.4
22energy%
70energy%
8energy%
3energy%

lll_
20
37
7
13

85

IV
20
33
11
13

85

340
4.0
22 energy%
39energy%
39energy%
3energy%

VI
20
37

20

7

33
11

13

13

2
1
5

2
1
5
85

85

340
4.0
22energy%
39energy%
39energy%
24energy%

the animals fed on the high-poly-unsaturated-fat diets had to be restricted for some time,
to a maximum of 130 g and later of 120 g per week.
In order to prevent undesirable effects from the cholesterol content of the foods,
vegetable fats were used exclusively in the diets. The saturated type of fat was a mixture
containing two parts of cocoa butter*) and one part of palm oil**). This mixture provides
a fatty acid composition very similar to that of most saturated fats of animal origin, in
contrast to that of coconut oil which is frequently used in such experiments.
The poly-unsaturated type of fat used was sunflower oil with a linoleic acid content of
approximately 7 0 % * * * ) . Inthe high-fat diets of which this oil formed part, a linoleic acid
content was provided which was clearly sufficient to reach the maximal effect of the fatty
acid in lowering the plasma cholesterol concentration: this maximum is in the range of
1 7-23 energy %(Brown 1971, Vergroesen 1972).
A small quantity of this fat was added to the low-fat diets, in order to prevent any
deficiency inessential fatty acids (Holman 1970). The presence of a reasonable amount
of palm oil (8% linoleic acid) in the high-saturated-fat diets was regarded as being
sufficient to prevent any such deficiency for the rats fed on these diets. The quantities of
linoleic acid present in the low-fat and the high-saturated-fat diets were designed to be
similar.
The fatty acid composition of all these diets was such that only a small number of
different fatty acids was largely involved (see Table 3). Apart from a very small quantity
of myristic acid, this concerned the saturated palmitic acid, the mono-unsaturated oleic
acid and the poly-unsaturated linoleic acid. The proportions of oleic acid differed to a
small extent only, so that the effects of the various diets would be largely independent of
differences with respect to this fatty acid.
*)Obtainedfrom „De Zaan" Cocoa Company,Wormerveer.
" ) Refined palm oil,gratuitously provided bythe „Unimills" Company, Zwijndrecht.
**)This oil was, through the good offices of „Unimills", gratuitously provided by the
„Union" Company, Kleve(Federal Republic Germany).
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Table 3. Actual fatcontent andfatty acidcomposition ofthediets.
groups

fat
content

energy%
from fat

percentage d stribution of fatty acids

(%)

content
c

l a n d II
III and IV
Vand VI
VII and VIII ')

5
17
17
5

linoleic acid in the
total diet

12
38
38
12

14:0

1
1

—
2

c

16:0

30
34
12
21

Cl8:0

c

6
21
5
10

33
37
23
32

18:1

c

18:2

30
7
60
30

(%)
1.6
1.2
10.1
1.4

energy %
4
3
25
4

*) Thefat inthe commercial rationalso contained 5%other fatty acids
The different indications for the fat content of the diets in Table 2 and Table 3 reflect
deviations to some extent in preparing these diets. The former table gives designed
figures and the latter actually measured ones. The differences, however, are not very
significant for the aim of our study, because we did not try to provide extremely low-fat
diets.
To all of these semi-synthetic diets a very small quantity of cholesterol (0.1% in the
low-fat diets) was deliberately added. To improve the absorption of crystalline cholesterol this compound was dissolved, at atemperature of approximately 160 C C, in the fat
which was used for the preparation of the fat-soluble vitamin mixture.
With a view to the difference in purity to be taken in account (Nikkilä 1969) between
wheat starch —consisting of approximately 90% of carbohydrate —and sucrose, the
quantity added of the former carbohydrate was 10% larger. This difference was compensated for by the addition of different amounts of cellulose. In preliminary work with
obese Zucker rats, the cellulose in question*) had been found not to influence plasma
cholesterol concentrations.
Casein was used as the main source of protein, with the addition of 0.5% DL-methionine, in order to provide a maximal protein quality.
Table 4. Fat-soluble vitamin mixtureaddedtothesemi-synthetic diets(per kgof low-fatdiet).
vitamin A(retinyl acetate)
12500 I.U.(= -3.75mg)
vitamin D 3(cholecalciferol)
2500 I.U.(=©2.5 jig)
vitamin E (a-tocopherylacetate)
50mg
vitamin K(menaphthone)
2mg
made upwith palm oiland5%cholesterolto2%ofthefinal diet*).
*) Thequantitiesofmineralsandvitaminsadministeredaregivenperkilogramofdiet,atleastasfar
asthe low-fat dietsareconcerned.
In Tables 4, 5 and 6 the various vitamin and mineral additions to the diets are
mentioned. With regard to vitamin E it was considered that, despite an increased
requirement for this vitamin when highly poly-unsaturated fat diets are used, the supply
of this vitamin with the diets was already sufficiently high, sothat nofurther increase was
deemed necessary. Sufficient quantities of myoinositol (Hasanet al. 1970) and choline
chloride (Lombardi et al. 1968) with special regard to liver metabolism were added.
Para-amino-benzoic acid was discarded from the vitamin mixture, because it is regarded as being only part of the folic acid derivatives.
::

) Akufloc, AKU,Arnhem.
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Table 5. Water-solublevitamin mixtureaddedtothe semi-synthetic diets(per kgof low-fat diet)
vitamin B-| (thiamine)
vitamin B 2 (riboflavin)
vitamin Bg (pyridoxin)
nicotinamide (niacin)
DL-Ca-pantothenate
folic acid (pteroylmonoglutamic acid)
vitamin B12 (cyanocobalamin)
biotin
myoinositol
choline chloride
made up with glucose to 1 % of the final diet.

3
mg
4
mg
3
mg
25
mg
20
mg
0.8 mg
0.04 mg
0.12 mg
100
mg
1800
mg

The mineral mixture (see Table 6) was made according to Williams & Briggs (Cohen et
al. 1967).
Table 6. Mineral mixture per kglow-fat diet.
calcium carbonate
secondary calcium phosphate
secondary sodium phosphate
potassium chloride
magnesium sulphate
manganese sulphate
ferric citrate
copper sulphate
zinc carbonate
potassium iodate
making 50 g (= 5% of the final diet).

(CaC03)
(CaHP04)
(Na2HP04)
(KCl)
(MgS04.H2o)
(MnS04.H20)
(16.7% Fe)
(CuS04)
(ZnCO 3)
(KIO3)

10.25 g
16.25 g
9.25 g
10.25 g
3.5 g
225
mg
217.5 mg
18.75 mg
37.5 mg
1.25 mg

3.4.2 The control diet
Two control groups were formed, one consisting of obese and one of lean rats of the
same strain. These animals were treated similarly to those fed on the semi-synthetic
diets, but they were given a commercial ration*) without sucrose, which was the same
as that which had been supplied to the other rats before the start of the experiment.
3.5 Blood sampling
Unless indicated otherwise in the following chapters, all blood sampling was performed
on rats which had fasted overnight, by orbit puncture under slight ether anaesthesia,
with a heparinized capillary glass tube. Usually, the animals resumed eating very soon
after this procedure.
3 6 Statistics
The statistical evaluation of the results of most of our experiments were carried out by
analysis of variance (R. A. Fisher). When the effect of either dietary fat or sucrose versus
starch was concerned, a two-way analysis of variance was applied. When the numbers
of rats inthe various groups were different, corrections to obtain orthogonal polynomials
were made.
*) RMH-B,fromHope-FarmsCompany,Woerden;accordingtothesupplier (H. Morse),thisration
contains approximately 22% protein, 6.5% fat, 4.2% crude fibre and traces of cholesterol;
metabolizableenergy (calculated) approximately 3.3 kcal/g.
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Ifstatistically significant differences occurred inthisway, possible groupeffects were
further studied bymeansof ,,Student's"-test (W.S.Gösset)onthedifferences between
thegroupmeansversuspoolederrorvariance.Forthedifferences betweentheleanand
theobese ratswe restrictedtothis t-test.
If other methods were used, this will be mentioned at the appropriate places. In
general, aspecial effect wasaccepted to occur, when the levelofsignificance for such
aneffect exceeded 95%(p being < 0.05).
3.7 Discussion
This discussion will be confined to only one remark. In lean rats an increased plasma
cholesterol concentration can only be established after addition to their diet of large
quantities of at least 1-2% cholesterol,with preferably asmallamount of cholic acid.
Inourexperimentsitwasdesignedtoaddonlyasmallquantity ofcholesterol,inorder
to reflect the situation in man,who consumes cholesterol with hisfood inquantities of
approximately 200-600 mg per day. On an energy basis this corresponds with an
amount of about 0.1%inthe dietofthese rats.Sothiswasthe percentage aimedtobe
present inthe low-fat diets.Thepercentage ofthehigh-fat dietswasadaptedtothis,on
aniso-energetic base.
The figure of 0.1% was the same as that used by a.o. Green et al. (1976) in their
studies with guinea pigsand byCorey etal. (1976) inthediets oftheir monkeys.

Chapter 4

Body weight, food consumption and apparent digestibility

4.1 Introduction
In this chapter the results will be given of body weight gain, food consumption and
digestibility of the various diets. The figures deal with rats of initially 39 days old (with a
standard error of the mean of 0.5 day, n = 108) given the experimental diets during
sixteen weeks.
The rats had been initially screened for age, body weight, and plasma cholesterol and
triglyceride concentrations, and five days later had been put on the experimental diets.
With aview to the problems of recognition of the obese animals shortly after birth, it was
hardly possible, nor necessary for the aim of the study, to start with the diets at any
appreciably earlier age of the rats.At the end of this part of the experiments the rats were
approximately five months of age.
In allseven series inwhich the ratswere used, blood was drawn —each time after they
had fasted overnight at two, four, nine and fifteen weeks from the start of the experimental diets —for the determination of plasma cholesterol, triglycerides, blood glucose
and insulin concentrations.
4.2 Methods
Body weights were recorded weekly. Food was provided three times a week, in a
weighed quantity, so that food consumption could be calculated, on a weekly basis,
from the difference between the quantity of food provided and the quantity left by the
rats. Spillage of the food was minimal and was estimated. The diets were prepared once
every month. The diets were provided ad libitum, except to groups V and VI during
several weeks (see below).
In order to determine the apparent digestibility of the diets, we collected the faeces of
all rats during four days of the twelfth week of the experiment. The faecal contents were
pooled per group and assayed for crude protein and fat by the colorimetric method of
Koops et al. (1975) and by the method of Roese-Gottlieb (Horwitz 1970) respectively.
4.3 Results
4.3.1 Body weight
Table 7 shows that the body weight of the obese rats at the start of the investigation was
approximately 100 g on average, whereas that of the lean rats was somewhat lower.
Sixteen weeks later, at the end of part one of the experiments, the lean rats had a
mean body weight of just below 300 g.The body weights ofthe obese rats had increased
to approximately 450 g in groeps I, III, IV, V and VI, whereas in groups II and VII they
appeared to be somewhat lower. Body weight curves are given in Figure 2.
4.3.2 Food consumption
From the recorded figures of the food consumption of all rats inthis part of the study, the
mean consumption for all eight groups was calculated. These figures, together with their
standard errors of the mean are also given in Table 7.
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Table 7. Mean body weights and food consumption of rats in eight groups during the first part of
the study (in g ± s.e.m.*).
number

group
1
II
III
IV
V
VI
VII
VIII

12
12
13
13
12
12
13
12

at the start
100
97
97
102
101
104
96
90

±
±
±
±
±
±
±
+

8
9
7
6
5
5
7
5

sixteen weeks later

food intake
(g per week)

463 ± 8
417 ± 10
456 ± 12
452+14
459 ± 8
452 ± 6
433 ± 10
295 ± 4

144
145
141
141
116
117
157
106

±
±
±
±
±
+
±
±

*) Standard error of the mean.
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Figure 2. Body weight curves of the eight groups of Zucker rats (cf. Table 7).
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It can be seen that the obese control rats ate about 50% more than the lean rats and
that the food intake of the rats fed on the high-poly-unsaturated-fat diets was lower. This
was due firstly to the higher digestible energy of these diets (see below) and secondly to
the restriction of the food intake which was applied in these groups in order to obtain
similar body weights, as had been foreseen to be necessary (see Chapter 3.4.1, the
semi-synthetic diets).
Sucrose in the diets substituted for starch had no influence on the quantity of food
eaten.
4.3.3 Apparent digestibility
During four days of thetwelfth week of the experiment the faeces of all rats inthe various
groups were collected. The faecal contents were pooled per group and assayed for fat
and crude protein. The results of these measurements, together with relevant indices for
food consumption, are given in Table 8.
The digestibility mentioned iscalled apparent because it isbased on determinations of
faecal losses of protein and fat without considering whether their sources are endogenous or not. Such endogenous losses may originate from secretion products, either
biliary or from the intestinal wall, from desquamated cells or from microbial material in
the gut. When endogenous losses are taken into account, the digestibility is called true
digestibility, (This can be determined only when special techniques.such as labelling
techniques, are used for measuring the endogenous faecal losses.)
Because of the restricted precision of measured and calculated data itwas decided to
give the apparent digestibility for fat and for protein asacombined percentage. From the
other figures in the table it can be concluded to what extent losses must be attributed to
a restricted capacity for the digestion of either fat or protein.
Table8. Apparent digestibility ofthevarious experimental diets.
group

I
II
III
IV
V
VI
VII
VIII
:

pooled
fat
faeces content
(g/day)
(%)
2.6
5.0
4.6
6.1
3.2
3.9
6.8
5.6

5
5
28
28
6
6
9
8

protein
content

faecal energy osses
per day (kcalories)
fat

protein

total

energy-)
intake
(kcalories
per day)

1.3
2.1
11.6
15,3
1.7
1.9
5.6
4.1

1.3
3.2
2.7
1.6
1.3
0.2
7.0
0.4

26
5.3
14.3
16.9
3.0
2.1
12.6
4.5

70
70
81
81
66
67
74
50

(%)
13
16
15
7
10
1
26
2

apparent
digestibility
for fat and
protein(%)
96
92
82
79
96
97
83
91

') Foodconsumption (g/day) x metabolizableenergy (kcal/g).

Table 8 shows higher figures for the fat content in the faeces in groups III and IV (fed
on the high-saturated-fat diets), and for thefaecal protein content ingroup VII(the group
of obese rats fed on the commercial ration). From these higher figures, lower values
were calculated for the apparent digestibility in these groups than in the other groups,
which showed calculated values for this laying in the normal range.
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4.4 Discussion
4.4.1 Body weight
The lean rats, fed on the commercial ration, naturally gained much less weight than did
the obese ones.
If it isassumed that the body fat content of the lean rats isapproximately 10% (Bray et
al. 1 973, Farkas et al. 1 973, Deb & Martin 1 975, Jenkins & Hershberger 1978) and that
the fat-free mass of lean and obese rats fed ad libitum on a balanced diet is approximately egual, the body fat content of the obese rats can be calculated to be approximately 40%. These figures correspond well with those given by Bray et al. (1973). In
fact, the latter supposition is not completely justified, because it has only full validity for
female Zucker rats (Radcliffe 1977a).
It was expected that the groups of rats fed on the high-fat diets, when fed to appetite,
would gain weight more rapidly than would the groups on the low-fat rations. This
expectation was realised only as regards the high-poly-unsaturated-fat diets and not as
regards the high-saturated-fat ones (groups III and IV). This will correspond with the
steatorrhoea that occurred in groups III and IV (Table 8: second and last columns).
The groups Vand VIcould be kept on average at the same weight gain as groups I,III
and IV by a simple restrictive measure as indicated above. The smaller weight gain in
group II may have to do with the occurrence of pronounced fatty livers in this group,
which will be discussed in Chapter 9.
The mean weight of the rats in group IIat the end of the first part of the study was not
much different from that of the rats in group VII which had been fed on the commercial
ration. The composition of the latter diet, however, was completely different from that of
the semi-synthetic diets.
It may also be mentioned that the sucrose-fed groups of rats did not show higher
weight gains than those fed on starch, contrary to what has been described in man
(Szanto & Yudkin 1969). The finding of these investigators may have been due to the
difference in degree of purity of sucrose and starch, which was not taken into account.
On the contrary, rats fed on low-fat diets containing very high proportions of sucrose,
such as were given to our group II,are known to show lower weight gains than those fed
on diets rich in starch (Al-Nagdy et al. 1970).
4.4.2 Food consumption
The consumption of the commercial diet by the lean rats was, according to their smaller
weight gain, approximately 50% lower than that by the obese rats on this diet. This
confirms earlier findings (Bray & York 1 972, Pullar & Webster 1974).
The difference between the intake of the low-fat diets (groups I and II) and the
high-saturated-fat diets with a higher energy density (groups III and IV) was strikingly
small. The body weights, however, of groups I, III and IV were equal. This energetic
discrepancy will be due to the saturated fat being poorly absorbed by the intestines.
The mean energy consumption of the low-fat diets by rats ingroups Iand IIand that of
the high-poly-unsaturated-fat diets by rats in groups Vand VI was not the same, as had
been intended when the diets were designed. The expected intake of the high-fat diets—
approximately 85% of that of the low-fat diets —turned out to be approximately 81%,
including the dietary restriction applied, so that the intake of the nutrients other than fat
will not have been exactly the same.
The intake of the high-poly-unsaturated-fat diets was about 83% of that of the
high-saturated-fat diets, so that fairly considerable differences in the intake of all nutrients will have occurred between these groups. Our observation was in disagreement
with that of Cornai et al. (1978), who did not find that the food intake of a diet with
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hydrogenated(soybean)oildifferedfromthat ofadietwithcornoilinobeseZuckerrats.
The proportional intake of thecommercial ration related tothat ofthe semi-synthetic
diets is less deserving of mention, because of the clearly different composition of the
former diet.
4.4.3 Apparentdigestibility
With respect to the apparent digestibility of the diets used in this study two striking
features can beobserved:
a. The first is the decreased apparent digestibility for protein of the obese animals in
groupVIIfedonthecommercial ration.Thisdecreasewas notfound inthe lean ratsfed
onthesamediet (nor inthegroupsfedonthesemi-synthetic diets).Thisfinding wasat
variancewiththeobservationsof Pullar&Webster (1974),who reportedsimilar digestibility inobeseand leanZucker ratsasanexplanation of theobesity ofthe former.
As our result was just asingle observation on the basis of pooled faeces which had
been collected inone limited period of four days during thecourse of anexperiment of
several months of duration, we repeated the determination with four individual male
obese ratsofapproximately four monthsofage.Allofthese ratsshowedacrude protein
content in the faeces, which had been collected for four days, of 21%, which largely
confirms our data inTable8.
Wereinvestigated alsoapooledfaecalsample offour lean rats,of about four months
ofage,collected overfourdays,andthistimeobtainedafigurefortheproteincontentof
the faeces of approximately 20%. This will indicate that our initial observation was
incorrect, andthatobeseandleanZucker ratshavesimilarabilitiesforproteindigestion,
according to the observations of Pullar & Webster (1974) and Radcliffe & Webster
(1978). The digestibility of well-tolerated semi-synthetic diets will be slightly higher,
because ofthesmaller lossesof crude protein underthese conditions.
b. The second feature of interest inferred from Table 8 is that the faecal fat contents
werevery high ingroups IIIandIV,beingthegroupsfedonthehigh-saturated-fat diets.
Thisfatwasnotofanimalorigin,butwascomposedoftwopartsofcocoabutterandone
part of palmoil.
Ontheone hand,itisknownfromtheliteraturethat saturatedfatty acidsfrom dietary
fats are absorbed to asomewhat lesser degree than are poly-unsaturated fatty acids
(Deuel 1955, Carroll 1958, Ockner et al. 1972, Mansbach 1976, Clark et al. 1977);
nevertheless, under healthy conditions these differences are small and regarded asof
no practical significance. Triscari et al. (1978) report a lower absorption of stéarate
(65%) than of oleate and linoleate (86%and 84%respectively) infemale Charles River
rats.
On the other hand, the mixture of saturated fat used in these experiments, which
seemed favourable with regard to its fatty acid composition in comparison with other
typesoffatgiventotheothergroupsofobeserats,willhavehadacomposition different
from that of natural animalfats. Thesedifferences might concern the positioning ofthe
fatty acids toglycerol such asoccur indifferent types offat.
Such differences, for example, are observed in pork fat with regard to palmitic acid,
whichoccupies predominantly the2-position oftheglycerolmoietyofthefat,incontrast
withotherfatsandoils,which havetheir palmiticacidmainly attheouter positions 1 and
3 of glycerol (Kuksis 1972). It may well be that variations of this nature occur in the
positioning of saturated or mono-unsaturated fatty acids in either animal fats or cocoa
butter and palmoil.
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4.4.4 Concludingremarks
For the study in general it is important to raisethe question whether the groups of rats
fedonthehigh-saturated-fat diets,whichshowedsteatorrhoea maybeconsideredasto
haveactually usedahigh-fat diet.
Afirst approach to answering this question isthe calculation of the proportion of fat
absorbed, from the measurements of the faecal fat content (Table 8) and the food
consumption data(Table 7),together withthefiguresforthedietary composition. Inthis
way anetabsorption ofthedietaryfatcanbecalculatedof44%.Thiswouldcomedown
to afat energy percentage from the food absorbed of approximately 1 7. This figure is
abouttwiceashighasthefatenergy percentage ofthelow-fatdietscalculated(Table2)
and 1,5times ashighastheoneactually measured (Table3).
Theconclusionthatthesaturated-fatdietscouldbereallyconsideredmetabolicallyas
high-fat diets isconfirmed by asecond approach regarding the clear differences inthe
blood lipid levels between the groups fed on these diets and those fed on the low-fat
diets, particularly with respect totriglycerides (seeChapter 5).
Withthe exception of thetwo features mentioned above,thevaluesfor the apparent
digestibility oftheZucker ratswere normal (approximately 95%).
4.5 Summary
1. The body weight curves of the groups of obese Zucker rats fed on various diets
during fifteen weeks (from onaveragethe 7thto the22nd week of life)were similar,
withtheexceptionofthesomewhat lowerfiguresforthegroupfedonthecommercial
ration andthegroupfed onthe low-fat diet withsucrose.
2. In order to obtain this similarity in body weight gain, the food consumption of the
animalsfedonthe high-poly-unsaturated-fatdiets hadtoberestrictedsomewhat,as
had beenexpected.The ratsfedonthe high-saturated-fat diets(cocoa butter/palm
oil2:1), however, showed aconsiderable degree of steatorrhoea.
3. The rats fed on the commercial ration had somewhat lower figures for protein
digestion orabsorption thanthosefedonthesemi-synthetic diets.

Chapter5

Plasma cholesterol, plasma triglyceride, blood glucose and plasma
insulin concentrations

5.1 Introduction
In this chapter the results regarding the influence of the type of diet on the plasma
cholesterol,triglyceride,bloodglucoseandinsulinconcentrationsofmale,obeseZucker ratswill bepresented.Bloodwasdrawnfor thefirst time attheage of the animalsof
39days(± 0.5 days.e.m.,n = 1 08).Thebloodwasassayedtorandomizetheratsinto
groups on the basis of age, body weight and blood lipid levels. Fivedays later the rats
were offered their respective experimental diets.The blood determinations of cholesterol, triglycerides and insulin were carried out with heparinized plasma — glucose was
determined inwhole blood— taken atexactly two,four, nineandfifteen weeksafter the
feeding on the experimental diets had started. As significant changes in cholesterol
concentrations oftheplasmawereexpectedduringthefirst periodofthestudy,arather
high frequency of blood sampling was chosen in the first weeks. The results of these
determinations will begiven inthis chapter.
5.2 Methods
Plasma cholesterol was measured by an enzymatic method (Boehringer, Mannheim:
Biochemicatest combination). After saponification of thecholesteryl esters withcholesterol esterase, cholesterol is oxidized with cholesterol oxidase. By this reaction hydrogen peroxide isformedwhich,inthepresence ofcatalase,transforms methanol into
methanal.Thelatter compoundthen isconvertedwithammoniaandacetylacetone into
a lutidine (Hantzch condensation) which ismeasured colorimetrically at405 nm.
Plasmatriglycerides were measured bythe methodofSoloni(1971)with someminor
modifications. After extraction of the triglycerides, sodium ethoxide in isopropanol is
added, and the mixture is incubated for transesterification. The glycerol formed is
extracted with sulphuric acid andchloroform.The liberated glycerol then isoxidized to
methanal with sodium perjodate, and sodium arsenite isadded to cope with the latter.
From the formation of methanal onwards, the method is identical to that used for
cholesterol. Because of the very high values which could bedetected inthe plasmaof
the obese Zucker rats, in several cases a suitable dilution of the samples had to be
applied. The plasmasamplesoften hadacloudy orevencreamy appearance, although
the ratshadbeeninthefastingstateaftertheirfoodhadbeenremovedintheafternoon,
atapproximately 4.30 p.m., oftheday beforethe blood wassampled,whichtook place
atapproximately 9a.m..
Blood glucose was measured with the hexokinase method (Boehringer, Mannheim)
and plasma insulin with adouble antibody radio-immune assay system (Radiochemical
Centre Amersham,Buckinghamshire, England),asdescribed by Midgley etal. (1969).
Thestatisticalanalysisofthe resultsoftheseexperiments wascarriedout bytwo-way
analysis of variance, as has already been mentioned in Chapter 3. With regard to the
normal distribution of the figures obtained there was doubt in the case of the plasma
triglyceride andthe insulin concentrations; to these parameters, therefore, logarithmic
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transformation was applied. When the original figures for these quantities are given, with
standard errors of the mean, they are meant merely to give an idea of their variability
5.3 Results
5.3.1 Plasma cholesterol
The results of the cholesterol determinations are given, together with standard errors of
the mean, in Table 9 and, without any indication of their variability, in Figure 3.
Table 10 contains the results of the statistical analysis relating to the effects of the
semi-synthetic diets, by two-way analysis of variance and subsequent t-tests for significant group effects; the levels of significance are also given for all four times of blood
sampling. There was, in the course of time, a slight decrease in the number of observations within the groups, because some rats died inthe meantime, mostly as a result of
the blood sampling under anaesthesia. These observations were included in the calculations of which the results are contained in this table, but excluded from those for Table 9.
plasma cholesterol (mg/100 ml
280
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Figure3. Meanplasmacholesterolconcentrationsofthegroupsof ratsduring 15weeksofdieting
(cf. Table9).Forsymbols seeFig.2(page2S).

32
Table 9. Mean plasma cholesterol concentrations of the groups of rats on the various diets in the
course ofthefirst part ofthe study (in mgper 100ml ± s.e.m.*).
group

number

I
II
III
IV
V
VI
VII
VIII

12
12
13
13
12
12
13
12

at the start
108
110
108
107
112
107
105
100

±
±
±
±
±
±
±
±

6
4
3
5
4
5
5
3

after 2 weeks
193
213
160
171
158
161
109
85

after 9 weeks after 15 weeks

after 4 weeks

±
5
±
9
±
5
±
7
±
7
± 10
±
4
±
2

211
227
178
202
171
191
111
88

246
262
225
248
200
226
142
84

± 5
± 9
± 9
± 6
± 5
± 8
±4
± 5

±
±
±
±
±
±
±
±

8
6
11
10
8
10
10
3

230
213
222
232
199
219
153
84

± 9
± 8
± 9
± 8
± 8
± 11
± 10
± 2

*) s.e.m.:standard error ofthemean.
Table 10. Levelsof significance (probabilities) fromcorrected orthogonal polynomials intwo-way
analysis of variance, followed by Student's Mest, for contrasts between plasma cholesterolconcentrations,ofobeseZucker ratsfedonsemi-synthetic diets,after 2,4,9and
1 5weeks.
F-values
treatment
dietary fat (A)
sucrose vsstarch (B)
A x B(interaction)
variance (s 2 )

di mension
2
1
2
d

2weeks

p

18.83 ! < 0 001
3.27'<0.10
0.43
n.s.
61.0(d = 74)

4week«

p

9weeks

p

10.90 <0.001 10.66 <0.001
12.22 <0.001
9.18 <0.005
0.22
n.s.
0.21
n.s.
75.6 (d = 70)
100.4(d = 70)

15weeks

P

2.53
<0.10
n.s.
0.81
n.s.
1.09
95.2 (d = 68)

(-values
low vshigh-saturatedfat

5.03 <0.001*)

3.05

low vshigh-poly-unsaturatedfat

('52)
5.72 <0.001

('48)
4.58

saturated vspoly-unsaturatedfat

('50)
0.67

('48)
1.58

n.s.

('52)

*.) two-sided

('50)

<0.005

1.91 <0.10

0.02

n.s.

<0.001

('48)
4.62 <0.001

('48)
1.95

<0.10

n.s.

('48)
2.74 <0.01

('46)
1.95

<0.10

('50)

('48)

n.s.:not significant

Theplasmacholesterolconcentrations oftheobese ratsfedonthecommercial ration
increased gradually to a level, which was significantly higher than that of the lean
controls.
Fromthe first weeks of the experiment onwards the obese ratsfed onthesemi-synthetic diets had higher plasmacholesterol concentrations than thosefedonthecontrol
diet. During the last weeks of the experiments there appeared to be a decreasing
tendency for theplasmacholesterol levelsofthe ratsfedonthesemi-synthetic diets.
At nine weeks of the experiment the highest mean cholesterol concentrations were
observedintheplasmaofthegroupsfedonthelow-fatdiets(groupsIandII),followedin
rankingbythoseofthegroupsfedonthehigh-saturated-fat diets(groups IIIandIV),the
high-poly-unsaturated-fat diets (groups V and VI) and the obese control rats on the
commercial ration.FromTable10itcanbeseenthattheinfluenceofdietaryfatwasvery
significant, inparticular duringthe „dynamic" phase,i.e.thefirstfewweeks.Thelower
part ofthetable indicatesthedifferences betweentherespectivetypesoffat usedinthe
semi-synthetic diets. Itcan beconcluded fromthese datathat thedifferences between
the low-fat andthe high-fat dietsweresignificant duringthedynamic phase.
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It was found that, particularly from the time of four weeks after the commencement of
the experimental diets, substitution of sucrose in the diets for starch significantly increased the mean plasma cholesterol concentrations (Table 10). This effect of sucrose,
however, became significant somewhat later than that of the dietary fat used,and was of
a shorter duration; the differences were found to decrease between the ninth and the
fifteenth week.
Interaction between the effects of dietary fat and sucrose was absent.
At the highest levels measured, after the duration of the experiment of nine weeks, the
plasma cholesterol concentrations of groups Iand IVand those of groups IIIand VI were
almost equal. This suggests that, at that time, the increase of the plasma cholesterol
levels asthe result of the presence of sucrose inthe diets was about compensated for by
the differences as the result from the type of dietary fat.
The only apparent deviation in the over-all pattern of the plasma cholesterol values
occurred during the last weeks in group II;the rats in this group did not gain as much
weight as those in the other groups fed on the semi-synthetic diets.
5.3.2 Plasma triglycerides
On all the blood samples taken in the first part of the investigation the triglyceride
concentration of the plasma was determined.
The results are given,together with the standard errors of the mean, in Table 11 and,
without the latter figures, in the form of a graph in Figure 4.
plasma triglycerides Img/lOOml)
1000

weeks of dieting

Figure4. Meanplasmatriglycerideconcentrationsofthegroupsofratsduring 15weeksofdieting
(cf.Table 11). Forsymbolssee Fig.2(page25).
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For statistical analysis, logarithmic transformation of these figures was applied, because of their apparently abnormal distribution. The results of this analysis are given in
Table 12. (The number of observations, again, decreased slightly in the course of the
study, because some rats died.) The large variability of these figures may be due in part
to different time lags between the last food intake of the rats and the blood sampling:
some rats may just have eaten before the food was removed on the day prior to blood
collection, and others may have not.

Table 11. Meanplasmatriglycerideconcentrations ofthegroupsofratsonthevariousdietsduring
thefirst part ofthestudy (in mgper 100ml ± s.e.m.*).
group

number

I
II
III
IV
V
VI
VII
VIII

12
12
13
13
12
12
13
12

at the start
94
103
97
97
96
99
94
18

±
±
±
±
+
±
±
±

12
20
16
15
10
12
11
2

after 2 weeks
269
338
420
574
386
417
225
21

±
±
±
±
±
±
±
±

25
58
50
41
35
52
25
2

after 4 weeks
416
471
750
835
617
656
403
23

±
±
±
±
±
±
±
±

38
58
98
76
93
91
46
3

after 9 weeks
204
207
791
727
685
970
495
21

after15 weeks

± 23
± 47
± 110
± 102
± 75
± 142
± 51
±
2

117
134
830
838
623
916
389
32

± 20
± 20
± 144
± 135
± 82
± 133
± 57
±
3

") s.e.m.:standard error ofthemean.
Table 12. Levelsof significance (probabilities) from corrected orthogonal polynomials intwo-way
analysis of variance, followed by Student's Mest, for contrasts between plasma triglyceride concentrations (logarithmically transformed) of obese Zucker rats fed on
semi-synthetic diets,after 2,4,9 and 15weeks.
F-values
treatment

dimension 2 weeks

dietaryfat(A)
sucrosevsstarch(B)
A x B(interaction)'
variance(s2)

2
1
2
d

p

4weeks

p

9weeks

p

15 weeks

13.39
<0.001 8.27
<0.001 21.13 <0.001 68.28 <0.001
8.79
<0.005 0.65
n.s. 0.13
n.s. 0.00
n.s.
0.21
n.s. 0.01
n.s. 0.24
n.s. 1.55
n.s.
0.03(d=74)
0.05(d- 70)
0.13(d-70)
0.06(d=68)
f-values

lowvshigh-saturatedfat
lowvs high-poly-unsaturatedfat
saturatedvspoly-unsaturatedfat

4.60 <0.001*) 4.17 <0.001 5.20 <0.001 10.00 <0.001
('52)
('48)
('48)
('48)
3.40 <0.005 2.50 <0.005 6.20 <0.001 10.14 <0.001
('50)
('48)
('48)
('46)
1.00
n.s. 1.67
<0.10 —1.00
n.s. —0.14
n.s.
»52)
»50)
»50)
(f48)

*) two-sided,
n.s.: not significant.
As can be seen from Table 11, the obese rats already at the start of the experimental
diets had plasma triglyceride concentrations which were approximately fivetimes higher
than those of the lean rats.
The plasma triglyceride levels of all groups of obese rats had increased after they had
been fed for two weeks on their respective diets, particularly on the high-saturated-fat
diets. In the animals fed on the low-fat diets the rise in the plasma triglyceride concen-
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trations was lower. After four weeks these concentrations of the groups fed on the
low-fat diets (also on the commercial ration) had further increased, but they were still
very significantly lower than those of the groups fed on the high-fat diets. The mean
triglyceride levels in the plasma of rats on the low-fat diets decreased significantly after
four weeks, in contrast to those of rats fed on the control diet which were fairly constant
after that time.
No significant difference was found between the effects of saturated and polyunsaturated fat.
In the first weeks of the experiment, sucrose in the diet had a significantly increasing
effect on the plasma triglyceride concentrations. From the time of four weeks onwards
this effect had disappeared.
There was no interaction between the effect of dietary fat and sucrose.
The over-all picture of Table 12 is more or less similar to that of Table 10: the influence
of dietary fat dominates that of the type of carbohydrate. The dietary effect (lower part of
the Table) is exerted by its quantity rather than by its quality. In this case the difference
between the high-fat diets was at no occasion significant. The effect of sucrose was
statistically significant only after two weeks.
5.3.3 Blood glucose
Table 13 shows the results of the determinations of the glucose concentrations, after
one night of fasting, together with their standard errors of the mean. The means are
graphically presented in Figure 5.
Table 13. Mean blood glucose concentrations (mg/100 ml) with standard errors of the mean,of
thegroups of ratsfedonthevariousdiets.
group

number

I
II
III
IV
V
VI
VII
VIII

12
12
13
13
12
12
13
12

at the start
90
75
78
81
76
82
83
68

±
±
±
±
±
±
±
±

4
6
6
4
4
6
3
5

after 2 weeks
84
95
88
100
108
114
94
61

±
±
±
±
±
±
±
±

6
7
7
9
8
6
4
5

after 4 weeks
86
83
85
95
106
110
95
60

±
±
±
±
±
±
±
±

4
4
4
5
8
7
4
5

after 9 weeks
74
62
86
84
93
108
85
78

±
±
±
±
±
±
+
+

5
4
2
5
4
7
3
7

after 15 weeks
79 ± 3
76 ± 4
88 ± 3
86 ± 3
90 ± 2
101+4
90 ± 3
79 ± 2

The most important conclusions that can be drawn from these figures are the following:
a. The lean rats had blood glucose concentrations that were significantly lower than
those of the obese rats fed on the same diet ( p < 0 . 0 0 1 ).
b. A statistically significant elevation of the blood glucose concentration as an effect of
the type of dietary fat was observed between the groups V and VI (fed on the
high-poly-unsaturated-fat diets) and the first four groups ( p < 0 . 0 0 1 , after 4, 9and 15
weeks). This may beconnected with the higher fat content and utilization of the diets
in the former groups, as will be discussed more extensively later in this chapter.
There were no significant differences in blood glucose levels between the groups fed
on the high-saturated-fat and the low-fat diets.
c. The differences between the groups fed on either sucrose or starch were not
statistically significant. There was no interaction between dietary fat and sugar.
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Figure5. Meanbloodglucoseconcentrationsofthegroupsofratsduring15 weeksofdieting(cf.
Table13).ForsymbolsseeFig.2(page25).

5.3.4 Plasma insulin
The results of the measurements of the plasma insulin levels are shown in Table 14,
together with the standard errors of the means and the number of observations. The
group meansare also presented graphically in Figure 6.Afew samples which showed
haemolysis were discarded, because this was known to give very high values. Of the
samples that were taken before the diets were started only a restricted, randomized
number was assayed, because of the large total number of samples drawn.They had
beenderivedfrom obeseaswellasfrom leanrats.
Statistical analysis of these data was performed after logarithmic transformation,
becausetherewasdoubtastotheir normaldistribution.Despitethevery largevariability
of the plasma insulin levels, somesignificant differences could beobserved.The main
conclusionsare:
a. the lean rats had statistically significant lower plasma insulin levels than the obese
ratsonthecontrol diet (p<0.05);
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Figure6. Meanplasmainsulinlevelsofthegroupsof ratsduring 15weeksofdieting(cf.Table14).
Forsymbols seeFig.2(page25).

Table 14. Mean plasma insulin levelsofthegroupsof ratsfedonthevariousdiets,in micro-U/ml,
withstandarderrorsofthemean,thenumberofobservationsisgivenbetweenbrackets.
group

at the start

I
II
III
IV

310 ± 180
(15)

V
VI
VII
VIII

156 ± 107
(5)

after 2 weeks

after 4 weeks

after 9 weeks

830 ± 224
(13)
1260 ± 241
(13)
1617 ± 411

1271 ± 163
(13)
693 ± 167

01)
426 ± 141
(14)
830 ± 226
(12)
483 ± 90
(13)
620 ± 304
(13)
70 ± 29
(14)

(11)
915 ± 186
(13)
866 ± 165
(13)
692 ± 158
(13)
276 ± 49
(13)
130 ± 80
(12)

948 ± 127
(12)
566 ± 47
(12)
798 ± 138
(10)
707 ± 113
(10)
848 ± 182

1289 ± 228
(10)
1531 ± 226
.(12)
1593 ± 260
(10)
1245 ± 274
(12)
1014 ± 185

(11)
608 ± 80
(12)
474 ± 104
(12)
309 ± 106
(13)

(11)
1503 ± 239

(11)
724 ± 230

after 15 weeks

(11)
818 ± 139
(12)
100 ± 49
(9)

b. in the groups fed on semi-synthetic diets no significant differences were found,
neither between the low-fat and the high-fat diets, the saturated- and the poly-unsaturated-fat diets nor between the sucrose containing and the starch containing
diets;
c. the obese rats fed on the commercial ration (group VII) showed a tendency to lower
plasma insulin levels than those fed on the semi-synthetic diets (groups l-VI).
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5 4 Discussion
5.4.1 Cholesterol and triglycerides
Obese Zucker rats appeared to have elevated plasma cholesterol and triglyceride
concentrations.
It was already known from the literature that plasma triglyceride levels of obese
Zucker rats on high-fat diets were higher than of these rats on low-fat diets (Schonfeld &
Pfleger 1971, Lemonnier et al. 1974), in contrast to what occurs in most other animal
species, including man (Nikkilä 1969, Nestel et al. 1970, Ginsberg et al. 1976). Hunt et
al. (1976) agreed that this hyperlipidaemia is of dietary origin.
It may consequently be regarded as a striking feature that the low-fat semi-synthetic
diets gave the highest cholesterol levels in the plasma of obese Zucker rats, at their
maximal values measured*), but the lowest triglyceride levels. This may also be important from the viewpoint of the lipoprotein patterns of these rats, to be discussed directly.
As far as the timing of the effects from the various diets isconcerned, the influence of
sucrose in the diet on the triglycerides apparently precedes that of sucrose on the
cholesterol levels ofthe plasma.This effect on thetriglycerides also appears to decrease
earlier than that on cholesterol (Tables 10 and 12).
These features are fully in line with the conclusions reached by Nestel & Goldrick
(1 976), which imply that agradual change of lipoproteins in the blood is occurring from
very low-density lipoproteins (VLDL) to low-density lipoproteins (LDL).
However, the lipoprotein patterns inthe blood of conventional rats (Lasser et al. 1973)
and of Zucker rats (Schonfeld et al. 1974) differ from those of man. Also the turnover of
VLDL in rats is different from that in man (the half-life time of VLDL in rats is4 to 5 days,
whereas it is approximately 10 days in man). In particular, rats have only small proportions of LDL. Cholesterol from LDL, however, will be gradually transferred to HDL.
The tendency of the plasma cholesterol levels to decrease after the ninth week of the
experiment will be related to the end of the „dynamic phase" of the obesity of the rats at
the age of approximately 16 weeks (York & Bray 1973a) rather than to the transient
character of this dietary effect. In man,the effect of dietary fat isaccepted to be already
fully clear after two weeks and lasting (Anderson 1963 and 1976), whereas that of
sucrose is transient (Harper et al. 1953, Bender a Damji 1972).
5.4.2 Glucose and insulin
The significantly higher glucose concentrations in the blood of the obese controls
compared with those of their lean litter-mates indicate that the obese Zucker rats are in
a slight but definite diabetic state, which is in their case combined with hyperinsulinism
and insulin resistance. Inthe literature, blood glucose levels of obese Zucker rats laying
in the normal range were often reported (Zucker & Zucker 1962, Zucker & Antoniades
1972, Stern et al. 1972, Lemonnier et al. 1 974). However, York et al. (1972a) mentioned
the occurrence of hyperglycaemia in four months old obese Zucker rats on a low-fat
stock diet. Also Cornai et al. (1978) and Martin et al. (1978) found higher blood glucose
levels in obese than in lean Zucker rats, at an age of over 5 months.
The tendency for the diabetic state to diminish and to normalize after the obese rats
were approximately three months of age has already been mentioned (York & Bray
1973a, Herberg & Coleman 1977). Although the results of the blood glucose concentrations in this study do not contradict with this view, we are left with an increase of the
*) According to Cornaietal. (1978),the plasmacholesterolvaluesofthegroups IIIand IV(fedon
the high-saturated-fat diets,Table9)may havebeensuppressed bythe lowerfatabsorptionon
thesediets(seeSection4.3.3andTable8intheprecedingchapter,andconferwithTable 17in
Chapter 6,Table22inChapter 7andTable27 inChapter 8).
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plasma insulin levels in allgroups of obese rats between nine and fifteen weeks from the
start of the experiment (corresponding with an age of approximately 3% to 5 months),
which contrasts to this tendency to amelioration of the diabetic state. Possibly the high
fat content of the plasma samples was responsible for the very high figures of the insulin
levels measured.
A striking feature was that the groups of obese Zucker rats fed on the high-poly-unsaturated-fat diets had significantly higher blood glucose concentrations. York (1975b)
reported, from a study concerning 7 to 8 week old Bar Harbor mice, that a high-fat diet
(72 energy %corn oil) reduces both blood glucose and plasma insulin levels in obese as
well as in lean mice and increases the free fatty acid concentration of the blood.
Lemonnier et al. (1974) observed, in Zucker ratsfed on high-fat diets (72 energy %lard),
lower blood glucose and plasma insulin concentrations than in Zucker rats fed on
low-fat diets, but similar blood glucose levels in obese and lean rats. Their animals had
been fed on their experimental diets for 7 months, from the age of 5 months onwards.
Houtsmuller (1975) found that blood glucose levels in obese diabetics who did not
require insulin supply, were lower when they were fed on a poly-unsaturated-fat diet
than on a saturated-fat regimen.
York (1975b) observed, when obese and lean Bar Harbor mice fed on a high-fat diet
were compared with similar mice fed on a lower-fat diet, a reduced utilization of glucose
for conversion into fatty acids and oxidation to CO2, in adipose tissue. The little importance of glucose as a substrate for lipogenesis, even when the diet is very rich in
carbohydrates, was recently mentioned, also with regard to Zucker rats, by Bloxham et
al. (1977).
Our rats in the groups V and VI, which showed the definitely higher blood glucose
concentrations than those in the other groups, had been somewhat restricted in their
food intake, in order to obtain similar body weight gains as the rats in most of the other
groups (see Chapter 4), but they were in excellent condition, with regard to fat absorption (Table 8) as well as to their hepatic lipid contents when these were measured
ultimately (see Chapter 9). These groups had no lower plasma insulin levels than the
other groups fed on semi-synthetic diets. They all seem to have very high, possibly
maximally stimulated insulin levels (York 1975b, Czech et al. 1977).
As a final remark it may be mentioned that the plasma insulin levels of rats that had
fasted overnight showed aslight tendency to besomewhat lower when the animals were
fed on sucrose-containing diets than when fed on diets with starch. This would agree
with the observations made by Mann et al. (1971) and Mann & Truswell (1972) in man.
5.5 Summary
1. From eight groups of male Zucker rats, which initially were approximately six weeks
of age and which were fed on different diets, blood was drawn after 2, 4, 9 and 15
weeks, and assayed for cholesterol,triglyceride, glucose and insulin concentrations.
2. Obese rats compared to their lean litter-mates showed overt hyperlipidaemia. The
obese rats fed on the control diet had significantly higher plasma cholesterol levels
than the lean rats from the age of approximately 8 weeks onwards.
Consumption of low-fat diets was accompanied by high plasma cholesterol levels.
These were significantly higher than those attained with saturated-fat diets after 2
and 4 weeks of dieting ( p < 0 . 0 0 1 ), but they tended to decrease between the 9th and
1 5th week.
The high-poly-unsaturated-fat diets gave significantly lower plasma cholesterol
concentrations than the low-fat diets at 2, 4 and 9 weeks of the experiment
( p < 0 . 0 0 1)and, only at 9 weeks, than the high-saturated-fat diets ( p < 0 . 0 1 ).
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Significantly still lower levels, however, were found in obese rats fed on acommercialration.
Plasma triglyceride concentrations of obese Zucker rats were many times higher
thanthoseof lean rats,andwereverysignificantly higher in ratsfedon high-fatdiets
than inratsfedon low-fat diets(p<0.001).
The influence of a large quantity of linoleic acid in the high-fat diets was not
significant inthis respect.
Sucrose inthediets resulted,after 2weeks of theexperiment, insignificantly higher
plasma triglyceride levels than did starch (p<0.005); at 4 weeks this effect had
disappeared.
Somewhat later than the rise in the triglyceride levels, at 4 and 9 weeks of the
experiment, a significant rise in plasma cholesterol concentration was seen in the
rats fed on the sucrose-containing diets in comparison with those fed on starch
(p<0.005); at 15weeks from the start of the experiment this difference haddisappeared.
Obese Zucker rats have slightly but, already at the age of six weeks, significantly
higher blood glucose levelsthan lean rats(p<0.001).
The high-poly-unsaturated-fat diets gave higher blood glucose concentrations
than low-fat and high-saturated-fat diets (p<0.001). This will be related to, respectively,the lower availability andutilization ofthefat inthe latter types of diet.
The presence of sucrose inthediets had noeffect ontheblood glucoseconcentrations.
Plasma insulin levels of obese rats fed on the control diet were significantly higher
than those of lean rats (p<0.05), but they tended to be lower than those of obese
ratsfed onthe semi-synthetic diets.

PartTwoofthestudy onmaleZucker rats

Chapter6

The turnover of cholesterol
61 Introduction
Metabolic processes reflect regulatory mechanisms that are necessary to maintain,
within certain limits,ametabolic equilibrium which providesthe best chances fursurvivalof the living organism.Togain adeeper insight intothese metabolic processes, itis
possible to carry out kinetic studies. Thefollowing chapters — forming the second part
of our investigations — will therefore deal with the effects of obesity and diet upon the
cholesterol turnover (which isthe result of its intake, absorption, synthesis, catabolism
and excretion) and upon the lecithin : cholesterol acyl-transferase (LCAT) activity in
plasma. LCAT is involved intheesterification andthetransport ofcholesterol (Glomset
1 968).Furthermoretheeffectsoffastinguponplasmalipidlevelswereinvestigated,and
results will begiven of studies onthe liver lipidcontents andonthefatty acidcomposition of liver and adipose tissue lipids as influenced by dietary treatment or asaconsequence of obesity.
Finally,anattemptwasmadetoestablishwhether ornotarelationshipexistsbetween
lipid metabolism andatherosclerosis inratsoftheZuckerstrain.
Forthecholesterolturnover studytheolder halfoftheratsfromsixgroupsofpartI ofthe
experiment werechosen.Theyounger ratsparticipated inthestudyonfastingandwere
—after refeeding —used for the LCAT determinations of the plasma and, after their
sacrifice, for the investigations of liver and adipose tissue, whereas two subgroups,
which were excluded from the cholesterol turnover study, were kept alive for another
two monthsto bestudiedfor theoccurrence of atherosclerosis intheir aortas. Eachrat
wasgiventhesamedietasthat was usedduringthefirst part oftheinvestigation (Table
2, Ghapter3), adlibitum.
Detailsoftheprocedures applied intheseexperiments aswellastherelevantdataon
body weightsandfood consumption will begiven intheappropriate chapters.
Thestatistical evaluation oftheresultsobtainedwas,inmostcases,carriedout inthe
samewayaswasindicated Inpart one(Chapter 3,p.22),that isbytwo-way analysisof
variance (R. A. Fisher) and subsequent Mesting for effects in the groups fed on the
semi-synthetic diets, or bythe latter method only, when effects inboth phenotypes fed
onthecontroldietwerecompared.Whenother methodswereappliedthisismentioned
inthetext.
6.2 Methods
6.2.1 Animals
Forthecholesterolturnover studytheolder ratswerechosenfromthegroupsfedonthe
low-fat diet with starch (group I), the high-saturated-fat diet with starch (group III),the
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high-poly-unsaturated-fat diet with starch (group V), the high-poly-unsaturated-fat diet
with sucrose (group VI), and the commercial ration (groups VII and VIII consisting of
obese and lean rats respectively.
The effect of sucrose on the turnover of cholesterol was investigated only in one
group, because we had somewhat restricted facilities at our disposal with respect to
studies with isotopes. For this purpose group VI was chosen, which had shown significantly higher plasma cholesterol concentrations than its opponent group with starch in
the diet.
In short, it was possible to study the effects of obesity versus leanness in animals fed
on the same diet (group VII vs group VIII), of low-fat versus high-fat diet (group I vs
groups III and V), of the type of fat (group III vsgroup V) and of the presence of sucrose
versus starch in the diet (group V vsgroup VI).
At the start of this experiment the age of the rats was 25 weeks on average.
6.2.2 The two-pool model of Goodman & Noble
There are two modern and reliable methods which can be used for measuring the
cholesterol turnover: the one assaying the whole sterol balance after an intravenous
injection of radioactively labelled cholesterol — including the measurement of faecal
excretion of sterols (Grundy & Ahrens 1969) —, and the other, the one which we
followed, in which only the decay of the radioactivity of the injected cholesterol in the
blood is measured and the exponential functions obtained in this way are calculated.
In both cases the result can best be expressed as a hypothetical, imaginary model
(Goodman & Noble 1968). In this model cholesterol is regarded to be present in two or
three „ p o o l s " (Goodman & Noble 1968, Goodman et al. 1973), which are exchangeable to a certain extent, depending on the velocity constants for the transfer of cholesterol from one pool to another. The kinetic analysis of this model was derived from
Gurpideetal. (1964).
For studies of a short duration such as we performed, the assumption of two pools
suffices (Goodman & Noble 1 968), a third pool being necessary to be assumed only in
studies with a duration of more than twelve weeks (Goodman et al. 1973, Samuel &
Lieberman 1973).
The first pool ,,A" isapool of rapidly exchangeable cholesterol, comprising mainly the
cholesterol in the blood, partly that in the liver, and some from the intestinal wall. The
second pool ,,B" is a slowly exchangeable pool consisting predominantly of the
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Figure 7. The two-pool model, with rate constants of the cholesterol metabolism, according to
Goodman & Noble (1968).
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remaining part of the cholesterol in the liver and the other tissues, including adipose
tissue, muscle and brain. This division into pools, however, does not accord with the
anatomical tissue division in any strict sense.
For the calculation of the kinetics of the cholesterol metabolism it isa prerequisite for
the rats to be in a steady state with respect to cholesterol input and output. This
condition is assumed to be fulfilled when the body weight and the plasma cholesterol
concentrations are kept constant. Therefore, the body weights were carefully measured
before and after this part of the study and the plasma cholesterol concentrations were
determined frequently.
In Figure 7a picture isgiven of the two-pool model of Goodman & Noble, with the rate
constants which can be calculated from the decay curves of labelled cholesterol. In the
equation fitting to these decay curves:
S A = C A . e-«t + C B . e-ßt.
S A isthe total amount of —synthesized and exogenous (dietary) —cholesterol entering
pool A ( S B represents only, in pool B, synthesized cholesterol; C A and C B represent
the intercepts with the vertical axis for the specific activity of 1 4 C-cholesterol (in,
respectively, pool A and pool B at zero time), whereas a and ß represent the slopes of
either part of the decay curve, which can be derived directly from the semi-logarithmic
graph of log S A versus time (Figure 8).
specific activity(% of the injecteddose/mgcholesterol inplasma)
leanrats

16
Figure 8.
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C-cholesterol decay curves of the plasma in obese and lean Zucker rats (cf. Table 15,
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From the equation presented one can primarily calculate:
K AA : rate constant for total excretion of cholesterol from pool A, per day;
K BB : rate constant for total excretion of cholesterol from pool B, per day;
M A : magnitude (mass) of the rapidly exchanging pool A, in mg;
PR A : production rate of cholesterol in pool A, i.e. the rate of entry of cholesterol in pool
A (mg/day), with the exception of the cholesterol derived from this pool which
returns to it from pool B (in other words it represents the rate at which cholesterol
is entering pool A for the first time). Under steady-state conditions this rate
represents the turnover of cholesterol and, consequently, equals the rate of the
metabolic excretion of cholesterol.
Subsequently the following parameters can be calculated:
K AB : rate constant for transfer of cholesterol from pool A to pool B, per day;
K BA : rate constant for transfer of cholesterol from pool Bto pool A, per day;
KA: rate constant for external excretion of cholesterol from pool A, per day.
M B , the magnitude of pool B, can be estimated as the average of the calculated
minimal and maximal value of pool B (assuming K B = 0). With this estimation the
synthesis of cholesterol in pool B can be calculated, taking into account the absorption
coefficient of exogenous cholesterol, the cholesterol content of the diet and the amount
of cholesterol eaten. For the calculation of M B , a daily food intake of 20 g was assumed
in this experiment.
Further, one can estimate the total pool mass:
MT = M A + MB;
the relative magnitude of pool A can be expressed as:
M A / My.
From the rate constants mentioned above, the ratio
K

AB

! KAA

reflects the relationship between the quantity of cholesterol entering pool Bfrom pool A
and the total amount leaving pool A, independent of the latter pool mass.
With the general equation:
r = M x K,
from the rate constants together with the pool masses the absolute amounts of cholesterol entering or leaving the pools can be calculated:
rA = M A x KA,
or
rAB = M A x K A B and rBA = M B x K BA .
6.2.3 Measurement of the cholesterol turnover
In order to be able to take into account also the absorption of cholesterol, which was a
constituent in particular of the semi-synthetic diets used in our study, the dual-labelled
isotope technique as described by Nilsson & Zilversmit (1972) was followed. A short
exposition of this technique will be given.
After the rats had fasted for 24 hours, 0.5 ml of a freshly prepared colloidal solution
containing 3 micro-Ci of 4-1 ^C-cholesterol inethanol and saline was injected intheir tail
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vein, while they were under slight ether anaesthesia. To the groups fed on semi-synthetic diets containing cholesterol (groups I, III, V and VI), a dose of 5 micro-Ci of 1o,
2a-3|H-cholesterol*), emulsified in 1 ml trioleate-cholesterol-sodium taurocholate solution, was subsequently administered by gastric tube, inorder to be able to determine the
intestinal absorption of cholesterol, according to the plasma isotope ratio method. The
principle of this method, its mode of application and validation in rats as well as the
preparation of the solutions required are described in detail by Zilversmit & Hughes
(1974). The coefficient of variation tn the quantity of the injected and the oral doses
provided was less than 1 %.
Immediately after the provision of the isotopes, the rats were allowed to eat and drink
freely. It was established that they started eating almost immediately.
The animals in the various groups had been divided into two series which, with a time
space of one week, were included in the experiments. During the first days blood was
drawn from all rats every day, later the animals were punctured with a gradually
decreasing frequency until after three weeks a log-linear relationship between the
specific activity of 4-1^c-cholesterol in plasma versus time had been achieved.
In this part of the investigation, plasma cholesterol concentrations were determined,
for convenience, because the assay had to be carried out within the radioactive room of
the animal house, according to Huang et al. (1961). The radioactivity was measured in
0.1 or 0.2 ml plasma after addition of 10 ml instagel (Packard) in a Mark 1 (Nuclear,
Chicago) liquid scintillation counter. The efficiency of counting for 3 H and f o r 1 4 C was
approximately 20% and 50% respectively. A correction was made for the quenching of
the radioactivity by means of quench curves, obtained by the channel ratio method.
6.2.4 Excretion of cholesterol with the faeces
In an additional experiment an attempt was made to measure the amount of cholesterol
excreted with the faeces which were collected per group (pooled samples) for four days
in the twelfth week of Part Iof our investigation for measuring the apparent digestibility
(Chapter 4, Table 7).
Extraction was carried out by the following procedure: 1g of dried faeces was boiled
under reflux and magnetic stirring with 25 ml of a 0.5 N methanolic KCl and 1g of sea
sand for one hour. The raw extract was then filtered through a spun-glass pledget and
the filtrate was shaken three times with portions of 15 ml petroleum ether 40 : 60 in a
separation funnel. The petroleum ether fractions were collected in a 50 ml measuring
flask, which was subsequently made up to the mark. 10 ml petroleum ether extract was
dried under low pressure and the residue dissolved in 2 ml isopropyl-alcohol. Of this
latter solution 0.1 mlwas used for the enzymatic cholesterol determination as described
in Chapter 5.
The enzymatic reaction used for the assay of cholesterol is susceptible to
3-ß-OH-sterols, with the exception of coprostanol which compound is a degradation
product of cholesterol, formed in the intestinal tract by microbial action. However, the
measurement of cholesterol in this way could give a reasonable idea of the sterol
excretion with the faeces of the rats.
6.2.5 Statistics
The statistical evaluation of this experiment was carried out by one-way analysis of
*) Both cholesterol isotopes were purchased from the Radiochemical Centre, Amersham,
Buckinghamshire, Engeland. These compounds had a purity of 99 and 98% respectively,
measured bythin-layer chromatography withthesolvent system.
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variance for the groups fed on the semi-synthetic diets, which could be followed by
Student's Mest, and by this latter test only for establishing the differences between the
control groups of obese and lean rats fed on the commercial ration,
6.3 Results
6.3.1 Body weights and plasma cholesterol concentrations
With regard to the establishment of steady-state conditions, there appeared to be only
a small gain in body weight of the rats in the course of this experiment of on average
2,5% ± 1.2% (standard error of the mean, n = 33) with no significant difference in
body weight change between the groups.
The individual variations inthe plasma cholesterol concentrations were also small and
had no influence on the group differences. Since plasma cholesterol concentrations will
always be subject to small variations, it appeared justifiable to accept the occurrence of
steady-state conditions in this experiment. The Huang method as used in this experiment gives values in measuring cholesterol that are approximately 10% higher than the
results obtained by the enzymatic method used in the other experiments.
Apart from the magnitude of the plasma cholesterol concentrations inthis experiment,
a difference in the order of ranking of the groups occurred with regard to these concentrations in the present experiment and in that as described in Chapter 5 (see Table
9); this time these levels were higher in the group fed on the high-saturated-fat diet
(group III) than in that fed on the low-fat diet (group I), as will be seen in Table 17.
6.3.2 Effect of obesity on the turnover of cholesterol
The decay curves of the specific activities of 4-1 ^C-cholesterol in the plasma are given
in Figure 8. The parameters «, ß, C A and C B are derived from these curves and are given
in Table 15.
Table 15. Variables ofthecholesterol metabolismderivedfromthedecay curves ofthe 1^C-cholesterol inthe plasma,together with the body weights and plasma cholesterol concentrations oftheobese andlean ratsfedonthecommercial ration

body weight (g) *)
plasmacholesterol (mg/100 ml)*)
a

ß
CA«)
CB")

obese rats(n = 5)

leanrats (n = 5)

468 ± 21
183 ± 19
0.522 ± 0.042
0.047 ± 0.003
0.713 ± 0.093
0.145 ± 0.011

303 ± 9
92 ± 2
0.499 ± 0.021
0.073 ± 0.001
0.956 ± 0.068
0.221 ± 0.010

*) Meanvaluesduring theturnover study,withstandard errors of themean.
**) C A andCBexpressedaspercentagesofthedoseof 14C-cholesterolgiven,per mgcholesterol
intheplasma.
In Figure 8the slope of the second exponential line is apparently less steep for obese
than for lean rats. In addition, the lean rats had higher values for C A and C B . The
significance of these findings becomes clear from the calculated parameters given in
Table 16.
The most significant differences between obese and lean rats are the increase of the
cholesterol pool masses M A and M B in the obese animals and the larger rate constants
for the transfer of cholesterol from pool A to pool B (K A B ).
The relatively higher transfer of cholesterol from pool A to pool B in obese rats than in
lean rats will be clear, particularly when the ratio K A B / K A A isconsidered. For obese rats
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Table 16. Calculated parameters ofthecholesterol metabolism,accordingtothetwo-poolmodel
for obeseand leanZucker ratsfedonacommercial ration.

KA
KAB
KRA

MA

MR
PRA
PR A

(day1)
(day" 1 )
(day- 1 )
(mg)
(mg)
(mg/day)
(mg/kg/day)

obese rats(n = 5)

lean rats(n = 5)

0 19 ± 0.01*)
0.25 ± 0.02
0 13 ± 0.01
123 ± 16
320 ± 21
22.5 ± 1,3
48.1 ± 1.9

0.24 ± 0.01
0 18 ± 0.01
0.15 ± 0.01
87 ± 5
175 ± 4
20.3 ± 0.7
67.1 ± 1.1

*) Standard error ofthemean.
this ratio was0.564 ± 0.018 andfor lean rats only 0.425 ± 0.026 (means ± s . e . m . n
= 5). Thedifference between these ratios isstatistically significant ( p < 0 . 0 1).
The production rate (= turnover) of cholesterol in pool A ( P R A ) . when expressed as
mg cholesterol per day, was more or less equal for obese and lean rats. However,
because ofthedifference in body weights between thetwophenotypes, thePRA, when
expressed perkgbody weight perday, of67mgforthelean andof48mgfortheobese
rats showed asignificant difference ( p < 0 . 0 1)infavour of thelean rats. Weshall come
back tothis difference when theresults areshown of allgroups of obese rats studied.
Figure 9 presents the two-pool models for obese and lean Zucker rats. The pool
masses arenotgiven incombination with therate constants —aswas the case in Figure
7 —, but this time together with the figures representing the absolute amounts of
cholesterol entering or leaving thepools, in mgperday. These figures were calculated

lean rats (n=5)

h'

10.1+0.7

10.2 ± 1.1

1

r A B = 15.8± 1.4
87 + 5

r B A = 26.1 +0.8

MB
175 + 4

body weight
303 + 9 g

PR A - 20.3 + 0.7
•

obese rats (n=5)

V

11.5 + 0.7

MA

r A B = 30.4+2.8

123 + 14

11.0 ±2.0

MB

body weight

320 + 21

468 ± 21 g

r B A -41.4 ±3.9

P*A- 22.5 + 1.3

Figure 9. Thetwo-pool model with variables of thecholesterol metabolism of lean andobese
Zucker ratsfedonthecommercial ration(cf.Table 16).Thepoolmassesareexpressed
asmg,theother quantities asmg/day, with standard errorsofthemean.
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by means of the general equation: r = M x K, as mentioned above on page44.As can
be seen from this figure, the values for the input and output of cholesterol are identical
for either phenotype. The obese rats show higher figures for all aspects presented.
6.3.3 Dietary effects on the cholesterol turnover In obese rats
In Table 17 are given the effects of dietary manipulation on the variables of the decay
curves of ^ c - c h o l e s t e r o l in the plasma. The mean body weights and plasma cholesterol concentrations of the animals are also shown. As mentioned above, also in this
part of the study significant differences were found in the plasma cholesterol concentrations of the rats, with a ranking order with respect to these concentrations of the
groups which differed from that observed in Chapter 5 (Table 9). Similar features will be
described in the next chapter for the other subgroups which participated in this part of
the study, compared with part I.
Inthe present experiment there were no significant differences with regard to the body
weights of the obese rats, as has also been mentioned already.
Table 17. Variables of the cholesterol metabolism derived from the decay curves of 1^ - c h o l e sterol in the plasma of obese Zucker rats (means and standard errors of the mean)as
influenced by dietary manipulation; body weights and plasma cholesterol concentrations pergroup arealsogiven.
group

I

number

body
plasma
weight*) cholesterol*)
concentration
(g)
(mg/100ml)

6
±

III

6

V

5

VI

6

VII

5

±
±
±
±

439
7
483
18
464
9
489
4
468
21

±
±
±
±
±

237
20
285
13
204
9
245
9
183
19

a

0.67
+ 0.02
0.46
-t- 0.03
0.50
+ 0.05
0.41
± 0.02
0.52
-t- 0.04

ß

CA**)

CB**)

0.403
± 0.053
0.392
± 0.054
0.505
± 0.038
0.308
± 0.017
0.713
± 0.093

0.109
± 0.019
0.122
± 0.009
0.108
± 0.007
0.124
± 0.005
0.145
± 0.011

- 0.028
± 0.004
0.036
± 0.002
0.033
+ 0.002
0.036
+ 0.002
0.047
+ 0.004

*) Meanvaluesduringtheturnover study, withstandard errorsof themean.
*) CA and CB as percentages of the dose of 14C-cholesterol given, per mg cholesterol in the
plasma.

Table 18 presents the calculated kinetic parameters of the cholesterol metabolism in
the groups of obese rats,asalready indicated earlier inthis chapter and presented in the
same way as was done in Table 16. Group VII gave the highest figure for KA, being the
excretion of cholesterol from pool A, which is not transferred to pool B, with group V
(poly-unsaturated fat with starch) inthe second place. Group Ishows the highest figure
for K AB (and for K BA ) representing the transfer of cholesterol from the one pool to the
other. The ratio K A B / K A A , giving an idea of the relative transfer of the total amount of
cholesterol from pool A to pool B —independently of the mass of pool A —, is lowest in
group VII (on the control diet) and highest in group I(low-fat with starch), with intermediate figures for the other groups fed on the high-fat diets.
Inagreement with what was calculated for KA,group VIIshows the lowest value for M A
(the mass of pool A), per kg body weight, whereas the average size of M B (and
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consequently of M T , which is the sum of M A and M B ) is highest again in group I. This
latter group gives the lowest figure for the relative mass of pool A ( M A / M T ) , which iseven
lower than that of group VII with its smaller magnitude of pool A in absolute amount.
Differences in plasma cholesterol concentrations did not always correlate with
differences in pool masses (cf. Tables 17 and 18), e.g. the higher plasma cholesterol
levels of group III did not correspond with a higher mass. This may be due to a different
distribution of cholesterol over the blood and the tissues (Bieberdorf & Wilson 1965,
Grundy & Ahrens 1970).
Table 18. Calculated parameters ofthecholesterol metabolism,according tothetwo-pool model,
of obese Zucker ratsfedon different diets(means with standard errorsofthemean).
group I
(n = 6)

group III
(n = 6)

9 roup V
(n = 5)

group VI
(n = 6)

0.112
± 0.013

0.119
± 0.009

0.140
+ 0.012

0.103
+ 0.007

0.420
0.027

0.234
± 0.020

0.278
± 0.033

0.199
+ 0.011

0.248
+ 0.023

KBA(day-1)

0.160
+ 0.007

0.144
± 0.018

0.118
+ 0.011

0.145
± 0.013

0.129
± 0.012

KAB/KAA

0.787
+ 0.027

0.660
± 0.020

0.661
± 0.022

0.660
+ 0.011

0.564
+ 0.018

K A (day-1)

KAB(day-1)
-t-

MA(mg/kg)

0.191
0.019

±

423
33

+

359
27

-t-

+

1386
243

±

780
56

±

902
55

+

737
30

±

1868
295

-*-

1262
75

+

1214
29

±

947
52

+

0.28
0.02

MB(mg/kg)

MT( = MA +

-t-

482
53

-t-

MB)

MA/MT
-t-

P R A ( m g / k g / day)
+

1202
±

53

477
14

group VII
('i = 5)

0.27
0.02

±

0.35
0.03

±

0.29
0.01

+

0.39
0.01

52
1

±

50
1

±

50
2

+
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3

±

4;

•+•

The values for the production rate of cholesterol of the obese rats are remarkably
equal, whereas they differ significantly from those referring to the lean rats, when
expressed on a body weight basis, as mg per kg per day (see Table 16). This greatly
similar rate of cholesterol entering pool A —including synthesized cholesterol —which
is, under steady-state conditions, keeping up with its excretion, observed in the groups
of obese rats with slightly different cholesterol contents in their various diets, forms a
very important observation.
6.3.4 Maximal production rate of cholesterol per kg body weight (PRA max)
In order to gain a better insight into the relationship between the production rate (PR A ,
= turnover) and the magnitude of pool A (M A ), this pool mass was plotted versus the
ratio of M A and PR A , of both the obese rats combined and of the lean rats, in either case
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686
47
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expressed per kg body weight (Figure 10). A similar plot was presented by Miettinen
(1974) for the cholesterol metabolism of man and by Hermus (1975) for that of rabbits.
There appeared to be a very high correlation between these two parameters for both
lean rats (r = 0.95, n = 5. p < 0.02) and obese rats (r = 0.94, n = 28, p < 0 . 0 0 1 ) .
Extrapolation of the regression lines in Figure 10to M A / P R A = 0,that isat relatively very
high, near-maximal levels for PR A , provides avalue for the mass of pool A of the lean rats
of approximately 140 mg, which isabout half of its magnitude as presented in Figure 10.
For the obese rats, however, this value at the attainment of M A / P R A = 0 tends to be
zero.
MA/PRA
13

y»0.0191x + 0,44
r»0.94(p<0.001)
=52 mg/kg/day
group I
group III
group V
group VI
group VII
group VIII

y-0.010x + 1.40
r-0.95 (p<0.02)
vmax=100 mg/kg/day

•Ar
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300
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•
•
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•
o
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M A (mg'kg)

Figure 10. Relationship of the mass of pool A (M A ) with the ratio of M A and the production rate (PR A )
of cholesterol in the various groups of Zucker rats (for text, see Section 6.3.4). The
maximal excretion capacity for cholesterol (V max ) of obese and lean rats is calculated
from the slope of the regression lines

This result indicates that in obese rats, the observed production rate of cholesterol
was maximal in all dietary groups; in this respect they contrast with their lean controls.
As the production rate represents, under steady-state conditions, the turnover and
simultaneously the metabolic excretion of cholesterol, this strongly suggests that the
excretion of cholesterol inthe fatty rats was maximal, and was fixed to approximately 50
m g / k g / d a y . This apparently occurred in all dietary groups of obese rats and explains
the similarity of the figures for PR A as given in Table 18. For lean rats a capacity for
cholesterol excretion was calculated of 100 m g / k g / d a y , which is 1 Vi times the PR A
actually measured in this control group (see Table 16).
6.3.5 Intestinal absorption of 3H-cholesterol in obese rats fed on different semi-synthetic diets
Table 19shows the effect of the semi-synthetic diets used on the intestinal absorption of
3H-cholesterol in obese Zucker rats.
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Table 19. Intestinalabsorption of ^H-cholesterol inobese ratsfedonvarious semi-synthetic diets.
group

number

intestinalabsorptionof ^H-cholesterol
(% of thedosegiven,withstandard errors ofthe mean)
81 ± 5
64 ± 3 a )
84 ± 4
66 ± 4 b )

V
VI
a

) Statistically significant difference from absorption in groups Iand V ( p < 0 . 0 5 )

b

) Statistically significant difference fromabsorption ingroup V(p<0.05)

The differences in cholesterol absorption between the rats fed on the low-fat and
those fed on the high-saturated fat diet, between those fed on the latter diet and their
opponents fed on the high-poly-unsaturated-fat diet, aswell as between those fed on the
last-mentioned diet and those fed on the same type of fat with sucrose substituted for
starch, were all statistically significant ( p < 0 . 0 5 ) .
In Figure 11 the relationship is presented between the fractional intestinal absorption
of 3 H-cholesterol (between 50 and 100%) and C B , being the interception with the
vertical axis of the second linear part of the decay curve of the injected 1 4 C-cholesterol.
The level of this cut-off point is negatively correlated with the mass of pool B, and was
already mentioned as giving lower values for obese than for lean rats (Table 15, Figure
7). From Figure 10 it appears that there isa significant negative correlation in the obese
rats between the intestinal cholesterol absorption and the level of the cut-off points with
the Y-axis of the decay curves for cholesterol (r = —0.71, n = 23, p < 0 . 0 0 5 ) .
This means that there is a positive relationship between the intestinal absorption of
cholesterol and the mass of pool B (r = + 0.64, n = 23, p < 0 . 0 0 5 ) .
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Figure 11. Relationship between the intestinal absorption of 3 H-cholesterol (cf. Table 19) and the
specific activity measured for pool B (C B , cf. Table 17). C B correlates negatively with the
mass of pool B (M B , cf. Table 18). For symbols see Fig. 10 (page 50).
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6.3.6 Faecal excretion of cholesterol
The results of the measurement of the 3-/3-OH-sterols (with the exception of coprostanol) in the faeces of the rats, per group, are given in Table 20.
Table 20. Contents of 3-/J-OH-sterols (with the exception of coprostanol) in the faeces from the
groups of rats(pooled samples),inmgperday.
group

faeces
(g/day)

1
II
III
IV
V
VI
VII

vw

2.6
5.0
4.6
6.1
3.2
3.9
6.8
5.6

excretion of 3-/?-OH-sterols
(mg/g faeces)
2.2
2.6
4.7
4.6
3.8
3.7
27
2.6

(mg/day)
5.7
12.6
21.9
27.8
12.1
14.5
18.3
14.6

The 3-/3-OH-sterol excretion with the faeces was slightly lower in the lean than in the
obese rats. The lowest values were found in the rats fed on the low-fat diets, the highest
in those fed on the high-saturated-fat diets (groups III and IV, presumably related to the
steatorrhoea which occurred inthese groups), with fairly low values in between for those
fed on the high-poly-unsaturated-fat diets. All groups with sucrose in their diets yielded
somewhat higher figures for the sterol excretion than did the corresponding groups with
starch.
6.4 Discussion
6.4.1 Turnover of cholesterol
A study of the type as we performed can only be carried out with adult rats, because of
the necessary condition of the occurrence of a steady state, although even adult rats
continue to gain weight gradually during their whole life span. As this weight gain was
only small and the plasma cholesterol levels were fairly constant — the other condition to
befulfilled for the acceptance of asteady state with regard to the cholesterol metabolism
—we are allowed to draw conclusions from the results obtained.
Large differences were found between lean and obese rats regarding most of the
calculated parameters of the cholesterol metabolism, rate constants as well as pool
masses, which were all found to be higher in the obese rats. In particular the ratio
K A B / K A A , being the relative transfer of cholesterol from pool A to pool B, was significantly higher in the fatties ( p < 0 . 0 1 ).
However, the production rate PR A representing the turnover of cholesterol was significantly higher ( p < 0 . 0 1 ) , when expressed per kg body weight, in the lean than in the
obese rats. The values for the PR A were very strikingly found to besimilar in all groups of
obese rats, thus irrespective of their diets and despite variations in several other parameters of the cholesterol metabolism in these rats: a higher mass of pool B as well as a
higher total pool mass and a higher relative transfer of cholesterol from pool A to pool B
( K A B / K A A ) in the group fed on the low-fat diet (group I).
Regarding these similar PR A figures for all the groups of obese rats, it appeared by
extrapolation of the calculated mass of the rapidly exchangeable pool A (representing
the blood pool to a fairly considerable extent) and the ratio of this pool mass M A to the
production rate (which is identical with the turnover and occurs simultaneously with the
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metabolic excretion of cholesterol) that — again very strikingly — all obese rats, in
contrast to their lean litter-mattes, had probably reached their maximal capacity for the
excretion of cholesterol. This is not only an explanation of the similarity of their PR A
values, but also of their hypercholesterolaemia and higher pool masses in comparison
with lean rats.
The impaired metabolic excretion of cholesterol and its possible accompanying effect
of increasing plasma cholesterol levels is in line with generally accepted views on
obesity When becoming obese, man appears to have an increased risk of elevated
plasma cholesterol concentrations —the degree of which depends on genetic predisposition —and consequently of atherosclerosis and its complications developing (Wilmore & McNamara 1974, Schreibman & Dell 1975 and Pelkonen et al. 1977). Conversely, Miettinen (1971)showed that the production of cholesterol, measured with a sterol
balance technique, was diminished in people who had lost weight.
Inthe Zucker rats the influence of dietary composition was much smaller than that of
genetic predisposition. Nevertheless, there were some significant dietary effects on the
cholesterol metabolism. Of thetwo possibilities for lowering plasma cholesterol levels by
dietary measures, either an increased excretion with the bile (Nestel et al. 1973b,
Grundy 1 975) or adifferent distribution of cholesterol over the tissues (Grundy & Ahrens
1 970),the latter seemsto bethe effective mechanism inour study, inagreement with the
conclusions of Bieberdorf & Wilson (1965) from their studies on rabbits.
Group VII (the obese rats fed on the commercial ration) had, relative to the other
groups of obese rats, rather small cholesterol pools. Group V(high-poly-unsaturated fat
with starch) had afairly small pool A but a somewhat larger pool Bthan the other groups
fed on high-fat diets; both groups Vand VII had relatively low plasma cholesterol levels.
Group III(high-saturated fat with starch) had high plasma cholesterol levels with a rather
small mass of pool B; group I(the low-fat diet with starch) showed a fairly high plasma
cholesterol level in combination with avery large mass of pool B.
The conclusion could be that the lower plasma cholesterol concentration of group V,
in comparison with that of group III, was dueto adifferent distribution of cholesterol over
the pools rather than to a lower total pool mass in the rats of group V. It seems that
sucrose in the diet compared with starch (group VI vs group V) had a similar effect as
had the type of dietary fat (group III vs group V, see above).
6.4.2 Excretion of 3-ß-OH-sterols with the faeces
The faecal excretion of the 3-ß-OH-sterols of the various groups, however, was different. The faeces investigated were collected at the age of the rats of approximately 18
weeks. The contents measured will not have accounted for the excretion of all compounds derived from cholesterol, e.g. coprostanol. Nevertheless, the figures for the
sterol excretion of about 20 mg per day appear to give a reasonable approximation when
compared with thosefor the cholesterol turnover. The higher values measured in groups
IIIand IVfed on the high-saturated-fat diets will be related to the steatorrhoea of the rats
in these groups (Chapter 4, Table 8). The observed differences in sterol excretion with
the faeces will have been compensated by adaptive cholesterol synthesis in the rats.
The relatively high sterol excretion of the rats on the control diet containing only traces
of cholesterol (with the obese rats showing a slightly higher figure than their lean
litter-mates, in agreement with their respective food intake) will be connected with an
increased synthesis and a lower reabsorption of cholesterol. The intestinal absorption
and the slightly higher figures for the groups with sucrose in their diets will be dealt with
in the next section.
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6.4.3 Intestinal absorption
of3H-cholesterol
The significant differences inthe intestinal absorption of cholesterol between the various
groups (Table 19) may be explained as follows:
a) the different absorption of the groups III and V will have resulted from the type of
dietary fat used and the steatorrhoea connected with this;
b) the differences between the groups Iand IIIand between the groups Vand VI will be
related not so much to a difference in the proportion of starch inthe former two groups
or to the difference in the type of carbohydrate in the latter groups, but to the different
cellulose content of the diets (see Table 2, Chapter 3).
The percentages of cellulose provided in the semi-synthetic diets were thought necessary to compensate for the differences inthe percentage of starch in the diets, which
contains some quantity of impure constituents. The type of cellulose used (Akufloc) had
been shown not to influence plasma cholesterol levels in preliminary work, but this does
not inany way prove that such differences inthe absorption of cholesterol do not occur.
These differences can be compensated for by differences in cholesterol synthesis,
particularly in the liver (Kritchevsky et al. 1974).
As the mass of the slowly exchangeable pool B appeared to correlate positively with
the absorption of cholesterol, the magnitude of this pool B was also influenced (decreased) by the cellulose content of the diet. The relationship between the presence of
sucrose in the diets and the sterol excretion with the faeces (Table 20) will only have
been an indirect one, via the cellulose content of these diets.
The quantity of roughage (crude fibre) in the semi-synthetic diets will have differed
from that inthe commercial ration;the latter will have contained more roughage (see the
foot-note atthe end of Chapter 3),which explains the slightly higher sterol excretion with
the faeces of the obese controls (group VII) incomparison withthat of the groups fed on
semi-synthetic diets, as far as these rats did not suffer from steatorrhoea (groups I, II,V
and VI).
With respect to thedifferences between the metabolic excretion of cholesterol (mainly
by the biliary route) and the faecal excretion of sterols as mentioned, which is related to
both dietary and absorptive factors, these point to the complexity of the cholesterol
metabolism: dietary intake, absorption, endogenous synthesis (also in the cells of the
intestinal wall) metabolic excretion with the bile (also in the form of cholic acids),
reabsorption (the entero-hepatic cycle), conversion and degradation of sterols in the
intestines, mainly by microbial action, and the ultimate faecal excretion (Kaplan et al.
1963, Wilson & Lindsey 1965, Grundy et al. 1969, Connor & Connor 1972, Lutton &
Chevallier 1972, Chevallier 1977, Glueck & Connor 1978).
Therefore, the significance of the intake of dietary cholesterol for the plasma concentration of this compound can be easily, and often is, misinterpreted. This will be
discussed also in Chapter 11 (general disoussion).
6.4.4 Comparison with other studies on the cholesterol turnover in lean rats
The results obtained from this study onthe cholesterol turnover of lean Zucker rats are in
reasonable agreement with those of other workers, as far as they are concerned with
lean rats of other strains. As can be seen inTable 21a, we found a rather low turnover of
cholesterol. The differences observed may be related to different body weights of the
rats used and to strain differences, apart from those in the techniques applied.
For further comparison Table 21 b contains, at the bottom, the variables of the equations from the decay curves of 1 4 C-cholesterol inthe plasma, obtained inour study and
in that of Nilsson & Zilversmit (1972), who used the same method. As these latter
authors expressed their figures for C A and Cg as a percentage of the dose of 1^C-cho-
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lesterol provided per ml plasma, whereas we gave them (Tables 15 and 17) as the
percentage of the dose provided per mg cholesterol in the plasma, we now give the
figures for C A and C B as the ratio between these variables to eliminate any differences
arising from the mode of expression, A fairly good agreement was found to exist
between the two studies.
Comparisons between some animal species and man will be discussed at the end of
the study, in Chapter 11.
Table 21a.Comparison ofthecholesterolturnover of leanZucker ratswiththat of other ratstrains,
asgiven intheliterature.
number

authors

rat strain
(only males)

body
weight

Raicht et al
(1975)
Zilversmit &
Hughes (1974)
Kellogg (1974)

Sprague-Dawley

9

225-250

Sprague-Dawley

8

411 ± 1

12

391 ± 6

this study

lean Zucker

5

303 ± 9

food

cholesterol
turnover
(mg/day)

commercial
ration
commercial
ration
semisynthetic
(cholesterolfree)
commercial
ration

21 ±2(s,e,m.)*

(g)

Wistar

33 ± 2
34

20 ± 1

method
used
sterol
balance
isotope
dilution
sterol
balance

isotope
dilution

Standard errorsof themean.
Table 21 b,Comparison of the variables from the decay curve of 14C-cholesterol in the plasma
obtained from lean Zucker rats (this study) with those in the plasma from SpragueDawley rats(meanswithstandard errorsof themean).
authors
NilssonS, Zilversmit (1972)
this study

number

CA/CB

a

5
5

5.16 ± 0.41
4.32 ± 0.23

0.59 ± 0.03
0.50 ± 0.02

ß
0.071 ± 0.005
0.073 ± 0.001

6.5 S u m m a r y

1. The turnover of 1 4 C-cholesterol —measured under acceptable steady-state conditions—was found to besignificantly lower inobese than inlean Zucker rats ( p < 0 . 0 1 )
when expressed on a body weight basis (48 and 67 m g / k g / d a y respectively).
The obese rats had higher pool masses of cholesterol and a significantly higher
ratio for the relative transfer of cholesterol from the rapidly to the slowly exchangeable pools A and B respectively.
2. All groups of obese rats studied — irrespective of their diets and in contrast to the
lean rats — appeared to have reached their maximal capacity for the metabolic
excretion of cholesterol, which was calculated to be approximately 50 mg per kg
body weight per day. In lean rats this was approximately 100-mg/kg/day.
3. Significant differences in the intestinal absorption of 3|H-cholesterol were measured
between the groups fed on the semi-synthetic diets. They were related either to the
guantity of cellulose in the diets (a higher absorption in group I than in group III
( p < 0 . 0 5 ) and in group V than in group VI ( p < 0 . 0 5 ) , or to the type of dietary fat: a
higher absorption in group Vthan in group III ( p < 0 . 0 5 ) .
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There was a significant positive correlation between the mass of the slowly
exchangeable poolBandtheintestinalabsorption ofcholesterol (r = 0.64, n = 23,
p<0.005).
The excretion with the faeces (pooled samples) of 3-ß-OH-sterols (coprostanol not
measured) wassomewhat higher intheobese ratsfedonthecommercial rationthan
inthe leanrats.
Thisfaecal sterol excretion was higher inthe groups fed inthe high-saturated-fat
diets (probably because of the steatorrhoea occurring inthese groups) than inthe
other four groupsfedonthe semi-synthetic diets.
Theselatterfourgroupsallhadsmallerfiguresfortheirfaecalsterolexcretionthan
theoneoftheobese ratsfedonthecontrol diet, presumably asaresult ofthe larger
proportion of roughage inthecommercial ration.
Theseemingly increasing effect onthesterolexcretionofthepresenceof sucrose
inthediets willalso havebeencaused bytheproportion of cellulose addedtothese
diets being larger thanthat addedtothe respective starchy diets, rather than bythe
meresucrose.

Chapter7

Effects of four days fasting on circulating cholesterol, triglyceride,
glucose and insulin levels

7.1 Introduction
Inorder to obtain additional insight intothedynamics andthe regulation ofthe lipidand
theglucose metabolism,afastingexperiment withadurationoffourdayswasdesigned.
It was aimed in this way to collect information about the course of plasma cholesterol
andtriglycerides aswellasabout bloodglucoseandplasma insulinlevelsduringashort
period of fasting so that effects from the previous diets could be observed (Angel &
Farkas 1974). Under certain conditions, the type of diet may have a long-lasting, and
sometimes even permanent, influence on the nutritional status of the experimental
animalsinvolved.Asanexampleofthislattereffect, intermittent fastingandre-feedingat
anearly agemay alteradipose tissue accretion in later life(Angel &Farkas, 1974).
Aswe had observed with regard to cholesterol accumulation, that the limited biliary
excretion capacity wasthegeneral mechanism giving riseto higher plasma cholesterol
levels in obese rats than in lean controls, and that the different levels in the obese rats
apparently weredependent onthedistribution of cholesterol overthetwo hypothesized
pools, we supposed, because of thedifferent initial values, that fasting might well give
differences in the rates of reduction of the levels of plasma cholesterol, triglycerides,
blood glucose and plasma insulin between thedietary groups.
Wewerecuriousto know, iftherateofclearance oftriglyceridesfromtheplasmawas
dependent onthe type of diet that had been used previously. Barry &Bray (1969) and
Bray et al. (1974) found areduction of the hypertriglyceridaemia inobese Zucker rats,
during fasting,with ahalf-lifetimeofabout two days,after the useofastock diet.
In hyperinsulinaemic diabetes, contrasting to the non-diabetic state, a positive relationship mayoccur between plasmainsulinandplasmatriglyceride levels(Nikkilä 1969,
Olefskyetal. 1974), presumably inconnection withtheinhibitionof lipolysiswith insulin
inadiposetissue.
Tomake it possiblealsofor the lean controlsto participate inthisexperiment, ashort
fasting period ofonly four dayswaschosen.ForobeseZucker ratsmuch longer fasting
periods,of upto 80days,can beappliedwithout deleterious effects ofanyserious kind
(Zucker 1967,Bray etal. 1970a,Zucker &Antoniades 1 972,York &Bray 1973a).
7.2 Methods
Forthisexperimentthesecond halves(theyounger series)ofallgroupsof rats involved
intheinvestigationswere used.Theywerefastedforaperiodoffourdays,intwoseries,
with atimespace betweentwoseriesofoneweek.Theywereweighed beforeandafter
thefasting period.Theageof allthe ratswasapproximately 200days.
On days 1, 2, 3 and 4 blood was drawn (by orbit puncture, under slight ether
anaesthesia) for determination of plasma cholesterol and triglycerides, and on days 2
and4blood glucose andplasma insulin levelsweredetermined.Thefirst bloodsample
wastakenapproximately 3hafterthelastmealandthesecond,thirdandfourthsample
24,48and 72 hlater.
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7.3 Results
7.3.1 Body weights
The mean body weight of the obese rats at the start of this experiment was nearly 500 g
(standard error of the mean 5 g. n = 45), and their weight loss during the period of four
days fasting was, on average, 34 ± 0.8 g, n = 45, without any significant difference
between the groups of obese rats. This implies a loss of body weight of approximately
7%. The lean rats, with a mean initial body weight of 330 ± 10 g (s.e.m,, n = 5), lost on
average 32 ± 0.6 g (n = 5), which makes approximately 10% of their body weight.
Thus, although the absolute weight loss of the lean rats was similar, they lost proportionally more weight than did the obese rats.
7.3.2 Plasma cholesterol concentrations
The plasma cholesterol concentrations, measured on the first day of the experiment
after anight's fasting,showed some differences with respect to thefindings presented in
Chapter 5(Table 9), regarding their absolute concentrations aswell asthe ranking order
plasma cholesterol concentration (mg/100ml)
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Figure 12. Mean plasma cholesterol concentrations of the groups of rats during 4 days of fasting
(cf. Table22).
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of the groups. As was also observed in the other subgroups used for the turnover study
(Chapter 6, Table 1 7), these concentrations were now higher in the groups fed on the
high-saturated-fat diets (groups III and IV) than in those fed on the low-fat diets (groups
I and II). It must be kept in mind that the Huang procedure as used in Chapter 6 gives
approximately 10% higher values for cholesterol than does the enzymatic method used
in Chapters 5 and 7
On the second day of fasting a significant rise of the plasma cholesterol levels of
approximately 45% was found in all groups of obese and also in the lean rats. During the
following days, however, agradual decrease was observed,which in some of the groups
led to plasma cholesterol levels near to those measured on the first day of fasting, as
shown in Table 22. These findings are also indicated in Figure 12.
Table22. Meanplasmacholesterolconcentrations (mg/100 ml,withstandarderrorsofthemean)
of the groups of Zucker rats,onfour consecutivedaysoffasting.
group numbe

day 2

day 1

proportional
increase with
respect to
day 1

day 3

proportional
decrease with
respect to
day 2

(%)
I
II
III
IV
V
VI
VI
VIII

6
6
6
6
7
6
7
5

174
155
183
198
148
147
128
68

±
±
±
±
±
±
±
±

22
8
8
25
10
14
12
1

256
252
235
238
215
209
185
100

±
±
±
±
±
±
±
±

24
12
16
28
14
8
18
5

51
64
29
21
46
46
44
47

± 10
± 7
± 8
± 7
± 4
± 10
± 6
± 5

day 4

(%)
224
239
216
207
192
181
194
97

±
±
±
±
±
±
±
±

16
10
16
20
11
7
22
5

11
5
8
12
10
13

±
±
±
±
±
±

3
5
2
3
2
2

—
-

218
217
196
171
149
146
198
106

±
±
±
±
±
±
±
±

The rise in plasma cholesterol concentration on the second day appeared to differ
significantly between the groups of obese rats fed onthe semi-synthetic diets ( p < 0 . 0 1 );
this was caused by a significant difference between the groups fed on the low-fat diets
(groups Iand II) and those fed on the high-saturated-fat diets (groups III and IV).
The plasma cholesterol levels on day 1 (three hours after the last meal before the
fasting period had been provided) were found to be somewhat lower than those
observed in the first part of the investigation (Chapter 5). On day 2, on the other hand,
the cholesterol values were higher than those measured in part one. It seems that the
levels observed during fasting overnight, as had been the case in part I, had already
somewhat increased in comparison to those found in these rats when in the fed state.
7.3.3 Plasma triglyceride concentrations
The plasma triglyceride concentrations behaved differently. Inthis part of the study they
were significantly higher ( p < 0 . 0 5 ) inthe groups with saturated fat intheir previous diets
(groups III and IV), than in those with poly-unsaturated fat (groups V and VI). They
diminished considerably already during the first day of fasting, and appeared to decrease more or less exponentially, that is to say more rapidly as the initial levels were
higher (Nikkilä 1 969). The figures for the plasma triglyceride concentrations measured
during the four days of fasting are given inTable 23. This form of lipid clearing contrasts
with that of plasma cholesterol. The inverse relationship may be connected with the
metabolism of lipoprotein; chylomicrons and very-low-density lipoproteins, relatively
poor in cholesterol, are transformed in cholesterol-rich low-density lipoproteins.
Nevertheless, the plasmatriglyceride levelsdid not reach the low levelsof the lean rats

15
13
17
12
8
7
13
5
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Table 23.

Mean plasma triglyceride concentrations ( m g / 1 0 0 ml,with standard errors of the mean)
of the groups of Zucker rats after four consecutive days of fasting.

group

number

I
II
III
IV
V
VI
VII
VIII

6
6
7
6
7
6
7
5

day 1
513
350
1459
1448
442
776
527
44

±
±
±
±
±
±
±
±

day 2

172
58
170
256
84
170
85
5

226
108
647
689
220
279
259
17

day 4

day 3
179
114
413
360
128
158
239
11

± 78
± 13
± 199
± 197
± 45
± 35
± 38
±
3

± 42
± 17
± 108
± 84
±
9
± 17
± 24
±
2

188
92
249
243
89
113
158
9

±
±
±
±
±
±
±
±

39
11
57
53
6
7
19
2

within the short experimental period. Inthis group, asignificant drop intriglyceride levels
could also be observed. As a consequence of the exponential fall of the plasma triglycerides, on the last day of the experiment the highest levels were found in groups III and
IV (previously fed on the high-saturated-fat diets), which at the start of the experiment
had by far the highest levels. The data of all the groups are given graphically in Figure
13. In this experiment no significant differences were found between the effects of
sucrose and starch, neither with respect tothe absolute concentrations nor to the slopes
of the decreasing plasma triglyceride levels.
plasmatriglyceride concentrations(mg/100ml)
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Figure 13. Mean plasmatriglyceride concentrations, semi-logarithmically graphed, ofthe groups of
rats during four days of fasting (cf. Table 23). For symbols see Fig. 12 (page 58).
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7.3.4 Blood glucose and plasma insulin concentrations
A striking observation was the tendency of the blood glucose levels to increase significantly between the second and the fourth day of the experiment. This was found
particularly in the groups which had been fed on the high-fat and on the control diets.
The relevant figures are given in Table 24, and are presented graphically in Figure 14.
There was no obvious influence related to the presence of sucrose in the diets provided
prior to the period of fasting.
Table 24. Mean blood glucose concentrations (mg/100 ml,with standard errors of the mean)of
the groups of Zucker ratsafter twoandfour daysoffasting.
group

number

I
II
III
IV
V
VI
VII
VIII

6
6
7
5
7
5
7
5

day 2
84
88
87
87
89
98
79
74

±
±
±
±
±
±
±
±

4
2
2
4
4
5
6
6

day 4
86
88
99
102
95
107
96
86

± 4
± 6
± 4
± 3
± 2
± 12
± 5
± 9

increase
2
0
12
15
6
9
17
12

±
±
±
±
±
±
±
±

4
6
4
6
3
9
7
9

blood glucose (mg/lOOml)
110 "

days
Figure 14. Mean blood glucose concentrations of the groups of rats during four days of fasting (cf.
Table 24). For symbols see Fig 12 (page 58).
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Innocasedid the group means show any decrease inthe blood glucose concentration. Also inthis part ofthestudythehighest averagevalueswereobserved ingroupVI.
Thelean ratshad,onaverage,the lowest blood glucose levels,buttheytooshowedan
elevation during the experiment.
The plasma insulin levels were also assayed on the second and fourth day of the
fastingexperiment. These levelsdidnottendtodecreasesignificantly inthecourseofa
few daysoffasting.
7.4 Discussion
7.4.1 Plasma cholesterolconcentrations
Aswasalready indicated inshort inChapter 6,theplasmacholesterol concentrationsof
the subgroups usedfor the study of the cholesterol turnover (Table 1 7) andfor that on
fasting (Table 22) differed to acertain extent fromthose presented inChapter 5(Table
9). Whenthefigures inTable 9arecompared withthose inTables 1 7and 22, it canbe
seenthat they differ not only inanabsolute sense — which ispartly duetothe different
method(Huangetal. 1961)usedintheturnoverstudy(Table17)— butalsowithrespect
totheir mutual rankingorder. InTables 1 7and22higher (initial)valuesarepresentedin
the groups fed on the saturated-fat dietsthan inthose fed onthe low-fat diets. As both
subgroups participating ineithertheturnover study orinthisexperiment onfastingwere
formed from the total groups as used in part Iof the study (Chapter 5, Table 9), this
change in ranking order will not be due to a deviant randomisation, but will possibly
represent a time effect and may even be related to an improvement of the fat
absorption ofthegroupsfedonthe high-saturated-fat dietswith age.Thefinal outcome
isinagreementwithfindings inother animalspecieswith regardtoeffects ofdietaryfats
on plasmacholesterol concentrations (Viesetal. 1964, Hermus 1975).
The increase of the plasma cholesterol concentration on the second day of fasting
can be explained by the liberation of this compound from the decreasing fat stores
during this period (Angel &Farkas 1974,Swaner &Connor 1975, Kovanen etal. 1975,
Kudchodkar etal.1977).Thedifferences intheriseoftheseconcentrations seemtobe
related tothe massof pool B,which wasfound to besignificantly larger ingroup Ithan
theother groups investigated intheturnover study (Table 18).
No information was obtained on analtered synthesis of cholesterol which may have
occurredintheliver asaresult ofthedeprivation ofdietary cholesterol duringthe period
of fasting (Grundy et al. 1969, Quintào et al. 1971). Thissupposition, however, cannot
explain the high plasma cholesterol levels on the final days of this experiment (i.e.
relativetothoseonthefirstdayoffasting)inthecontrolgroups,whichhadonlytracesof
cholesterol intheir previousdiet.
7.4.2 Plasma triglycerideconcentrations
Themoreorlessexponentialdecreaseoftheplasmatriglycerideconcentrations(Nikkilä
1 969) was inaccordance with previous data(Barry &Bray 1969, Bray et al. 1974). No
significant differences were found with regard to the slope of the plasma triglyceride
levelsexpressedlogarithmically (Figure 13).Thefinalvalueinthisexperiment, however,
did not reachthenormal levelsthatwereobservedinleancontrol rats.Thisisinlinewith
former observations,accordingtowhichittakeslonger periodsthanwereappliedinour
experiment to reachnormality intriglyceride levels(Zucker 1967,Barry &Bray 1969).It
mayalso beconcluded that over-production ratherthan impaired removal islikelytobe
thecauseofthehypertriglyceridaemiaintheserats.Thedecreaseinplasmatriglyceride
levels during fasting probably results fromadiminishing supply of substrates, nowthat
thealimentary routewaseliminated.
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As a consequence of the exponential character of the reduction of the triglyceride
levels, the high initial values in groups III and IV decreased more than those in the othegroups. Apart from the difference between obese and lean rats and that between the
groups fed on the high-saturated-fat diets (groups III and IV) and the other groups of
obese rats no significant differences were found, probably because of the large variability of the triglyceride levels. Nevertheless, there is some tendency of the rats fed on
the low-fat diet with starch to show slower decreases of the triglyceride levels
Kerpel et al. (1971) observed, in addition to a fall in triglycerides during fasting, no
significant change intotal cholesterol concentrations of the plasma. This may be due to
their making use of normal (lean) rats without large lipid depots as compared with those
of obese rats. In man an init&l rise of plasma cholesterol concentrations during rigid
dieting may also occur, probably as the result of the emptying of fat depots. This would
be in accordance with the findings of Angel & Farkas (1 974), who observed cholesterol
mobilization during starvation in mice; they reported the proportionality of the adipose
cholesterol pool and the degree of adiposity.
7.4.3 Blood glucose concentrations
The increase of the blood glucose concentrations on the fourth day. relative to that on
the second day ofthe fasting period, isdifficult to explain. However, it isknown that there
are animal species, such as dogs (Steele et al. 1968), pigs (Swiatek et al. 1968) and
spiny mice (Wise 1977), which do not show a decrease in blood glucose during fasting.
The supply of glucose must have been derived from gluconeogenesis. It might be that
because of the large supply from the fat stores there was a preference for fatty acid
utilization above glucose utilization. Free-fatty-acid concentrations were measured by
Zucker & Antoniades (1972), who found an increase of free fatty acids in the blood of
both obese and lean rats after four or five days of fasting and in both cases similarly
decreasing plasma insulin levels. They observed, however, adecrease in blood glucose
levels. On the other hand, their values for blood glucose of lean rats were, as in our
experiment, slightly lower than those of fatties. They used rats of approximately fifteen
weeks of age at the start of the fasting period, whereas our rats were nearly twice as old
at that time.

7 5 Summary
1. During four days of fasting the weight losses inall groups of Zucker rats studied were
almost identical, which means that the proportional weight loss in the lean rats was
approximately 1.5times as high as in the obese rats.
2. At the start of the experiment on fasting the ranking order of the plasma cholesterol
concentrations of the rats was different from that observed in the first part of the
study (Chapter 5, Table 9). These concentrations in the subgroups used for the
present experiment were now higher —as they were also in the other subgroups
used for the turnover study (Chapter 6) —inthe groups fed on the high-saturated-fat
dietsthan inthose fed on the low-fat diets, which isin linewith earlier findings in other
animal species.
3. Also the initial plasma cholesterol concentrations already differed somewhat from
those presented in Table 9 (Chapter 5). Now they were generally lower than in part I
of the study, presumably due to the shorter time lag between food deprivation and
the first blood sampling in the present experiment.
A clear rise in the plasma cholesterol concentrations occurred on the second day
of fasting in the obese as well as in the lean rats, with a particularly significant
increase ( p < 0 . 0 1) in the groups fed on the low-fat diets, which will probably be re-

64
lated to the higher mass of pool B in group I (see Chapter 6). After day 2 the
concentrations decreased gradually. Neither the type of fat nor the presence of
sucrose in the previous diet influenced significantly the course of the plasma cholesterol levels during fasting.
Plasma triglyceride levels decreased more or less exponentially from the first day of
fasting. From their different initial levels, the values found inthe obese rats did not yet
reach, after four days, those normally found in lean rats.
Blood glucose concentrations tended to rise between the second and the fourth day
of fasting in lean aswell as in obese rats without astatistically significant effect of the
diet consumed previously. The plasma insulin levels, in general, did not change
significantly between these times.

Chapter 8

Activity of the enzyme lecithin :cholesterol acyl-transferase (LCAT)
in blood plasma

8 1 Introduction
Another way to obtain more knowledge of the dynamic balance of lipid metabolism was
thought to be the assessment of the enzymatic activity of lecithin|: cholesterol acyltransferase (LCAT) inthe blood of the rats in the various dietary groups.
Cholesterol as a polar substance is metabolically active in its free form in cellular
processes, e.g. in cell membranes, on the borderline of the fat and the water phase. In
the blood it iscirculating and transported,as part of the lipoproteins, in predominantly an
esterified form. In man, and also in rats, approximately two-thirds of the cholesterol in
the blood is present in the form of its esters, and one-third, consequently, in the „ f r e e "
form (Goodman 1965).
8.1.1 The role of LCAT
The esterification of cholesterol in blood plasma takes place under the influence of the
enzyme LCAT. According to Glomset (1968) almost all the cholesterol esters in the
blood are formed with the help of LCAT, bytransposing afatty acid from the 2-position of
the glycerol moiety of lecithin (liberated from lipoproteins) which is then left as lyso-lecithin.
On this place we will go into the lipoprotein pattern of the blood plasma somewhat
deeper, because of the significance of the division of the lipoproteins with regards to
atherogenesis (see Chapter 10, p. 86). The lipoproteins can be roughly divided, on the
basis of their properties in the ultracentrifuge, in high-density lipoproteins (HDL),
low-density lipoproteins (LDL) and very low-density lipoproteins (VLDL). This subdivision covers to a large extent their behaviour in electrophoresis, which distinguishes
them in alpha-, beta- and ,,pre"-beta-lipoproteins respectively.
Additionally, chylomicrons, the very large lipid particles with a still lower density, can
be present inthe blood where they arrive via the lymph, after having been formed in the
intestinal wall subsequent to the intake of the dietary fat*). These particles mostly are the
ones which give the plasma its cloudy appearance for several hours after a meal. In
cases of hyperlipoproteinaemia asexist inobese Zucker rats,the continuously very high
levels of very low-density lipoproteins are responsible for this cloudy or even creamy or
milky appearance of the plasma.
With respect to the distribution of free and esterified cholesterol in the blood it is of
importance to know the lipoprotein pattern of the plasma. There appears to be a
considerable difference between man and rats with regard to their lipoprotein patterns,
which we want to make clear by presenting the overall patterns inTables 25 and 26 and
in Figures 15 and 16 respectively.
However, this distribution of lipoproteins in humans differs from that in several other
*) Theoretically, thefreefattyacid(FFA)-albumen junctionswithastill higherdensity mustalsobe
reckoned amongthe lipoproteins.
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Table 25. General composition of plasma lipoprotein particles inman (%).
particles

triglycerides

chylomicrons

93

VLDL(d<1.006)

55

L D L ( d 1.006-0 .019-)1.063)

10
2

H D L ( d 1.063-1.210)

phospholipids

cholesterol

proteins

3

2

15 (esterified 5)

20

10

45(esterified30)

25

20

20 (esterified 15)

45

33

2

Table26. Compositionof plasma lipoproteins inrats(%), onachowdietand, inparentheses,with
addition of 1% cholesterol.
triglycerides

cholesterol

phospholipids

VLDL(d < 1.006)
LDL(d 1.006-0 030-)1.055)
HDL(d 1.070-1.210)

57(31)
8 (4)
5 (4)

11 (49)
34 (52)
28 (44)

24 (8)
32 (27)
35 (23)

contents inwholeserum(mg/100 ml)
(According to Lasser etal.1973)

49(77)

CHYLOMICRONS
ultracentrifuge:>400Sv-units

HDL
electrophoresis:alpha mobility

Triglycerides
Cholesterol

49(160)

proteins
8(12)
26(17)
32 (29)

52(117)

VLDL
electrophoresis:pre-beta mobility
ultracentrifuge:20-400 Sv-units

LDL
electrophoresis:beta-mobility
ultracentrifuge:0-(12-120Sv-units

WfWM Phospholipids
Proteins

Figure 15. Proportional composition of lipoprotein particles in blood serum of man, with some
physico-chemicalcharacteristics.
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VLDL

triglycerides
cholesterol

LDL

HDL

:&&%j phospholipids
proteins

(According to Lasser et al., 1973)

Figure 16. Proportional composition of lipoprotein particles in blood serum of normal
(Sprague-Dawley) ratsfedonapelleteddiet containing 0.05%cholesterol,
animal species. InTable 26 and in Figure 16 the values are given,asobtained by Lasser
et al. (1973), of the composition of lipoproteins in rats, without and (between brackets)
with 1 %cholesterol added to achow diet. As isseen inTable 26,there isa marked effect
of dietary cholesterol on this composition.
To the significance of the lipoprotein pattern will be reverted to in Chapter 10 (Aortic
atheromatosis).
Most of the cholesterol in plasma lipoproteins is derived from the liver and the
intestinal mucosa (Dietschy & Wilson 1 970), but the evaluation of the respective contributions of these tissues is difficult. The intestinal wall contributes the cholesterol of
chylomicrons and, during fasting, that of VLDL inthe blood (via the lymph), but the free
cholesterol inthe chylomicrons and VLDL can bederived from several sources: the diet,
bile, desquamated mucosal cells, intra-cellular biosynthesis and the blood itself (Glomset& Norum 1973).
Unlike free cholesterol, the cholesterol esters from the intestinal wall are mainly
present in the inner ,,core" of secreted chylomicrons and VLDL (Zilversmit 1965,
Zilversmit et al. 1967). Insome cases this contribution of cholesterol esters increases in
response to dietary cholesterol (Zilversmit et al. 1967, Zilversmit 1968).
Itisalso difficult to evaluate the contribution of the liver tothe cholesterol inthe plasma
lipoproteins; VLDL from the liver also contain „ c o r e " triglyceride surrounded by „surface" free cholesterol and lecithin (Sataetal. 1972) aswell ascholesterol esters formed
by the hepatic enzymes cholesteryl ester hydrolase (lysosomal fraction) or the microsomal enzyme acyl CoA :cholesterol acyl-transferase (ACAT), at least in the rat (Gidez
et al. 1967). As this latter enzyme seems to be lacking in man (Stokke 1972a and b), all
cholesterol esters in human plasma are resulting from the activity of LCAT (Stokke
1974), and no evidence has yet been furnished that cholesterol esters are formed by
human liver and secreted in hepatic VLDL (Glomset & Norum 1973).
In the liver, and also in other tissues which are rich in cholesterol, the quantity of free
cholesterol is fairly constant and apparently regulated, whereas the amount of cholesterol esters is strongly correlated with the plasma cholesterol level.
In liver diseases the percentage of esterified cholesterol in the plasma is decreased,
depending on the severity of the disorder. This percentage of esterification is not
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influenced under normal health conditions bydietary measures alone, but can inexperimental animals belowered byfeeding cholesterol (Glomset & Norum 1973).
Lipoprotein lipase may play a role in removing triglycerides from chylomicrons and
VLDL, leaving „remnants" rich in cholesterol esters, which can be hydrolyzed in the
liver; their further fate, however, is not clarified. LDL are probably formed fromVLDLin
the blood stream,HDL isat least partly directly secreted bythe liver.
Norum (1974) suggested that the liberation of lecithin from lipoproteins is facilitated
bythecontinuous impingement ofthe small HDLparticles onthepreponderantly larger
VLDL, which are abundantly present in the plasma of the obese Zucker rats. Indirect
exchange of HDL cholesterol esters for triglycerides from other lipoproteins is also
promoted inthisway (Glomset 1970,Glomset &Norum 1973).
8.1.2 LCATdeficiency
A hereditary disease is described in which, in addition to anaemia, proteinuria and
corneal opacity, a hyperlipidaemia occurs with a very low cholesterol esterification
percentage (and abnormally low HDL levels) of the blood, caused by a deficiency of
LCAT(Norum &Gjone 1 967,Norumetal. 1970).The patients havefoamy cells intheir
kidney parenchym and bone marrow, and show astrong tendency to atherosclerosis,
but commonly die after adolescence probably from renal involvement in the disease
(Glomset et al. 1973).
8.1.3 LCATandnutrition
ThereisanumberofreportsontheinfluenceofthedietontheLCATactivity.Gjoneetal.
(1972) made astudy ontwo groups of five human subjects, who consumed diets with
eitherasaturatedorapoly-unsaturatedtypeoffat(inbothcasesfatcontributing 40% of
the energy intake)for 21days. Inthepersons onthediet with poly-unsaturated fatthey
observed adecrease in LCAT activity from 47 jumolfree cholesterol esterified per litre
per hour to 35 /xmol.The plasma cholesterol and phospholipid values decreased from
219 to 183 mg/100 ml and from 215 to 156 mg/100 ml respectively, whereas these
values onthesaturated-fat diet did not change significantly.
Another studywaspublishedbyD'Alessandro etal.(1975),who reportedtotalaswell
asfree cholesterol levels and LCAT values inthe plasma of 61 normal, hypercholesterolaemic orclofibrate-treated subjects. Untreated hypercholesterolaemic patientsshowed higher LCAT activities than did normal and treated subjects, despite a lower net
esterification percentage. An increased LCAT activity could be regarded asadefence
mechanism against high levelsof freecholesterol.
Intheir comparative study ontheesterification rateofcholesterol, Lackoetal. (1974)
pointed to the occurrence of a negative relationship between the susceptibility to
atherosclerosis of animal species andthecholesterol esterification inthe bloodserum.
Ratsandmanwerefoundtobetheextreme representativesoneithersideofthebalance
with regard to the fractional rate of this esterification as well as to their proneness to
atherosclerosis: humans are very susceptible to this vascular process and rats are
almost resistantto it. Inarecent paper byWallentin &Vikrot (1976), onthe influenceof
fat ingestion onthe LCATactivity inthe plasma of normalsubjects, it issuggested that
anexcessof phospholipids stimulatesthe LCATactivity.
8.1.4 Designofthepresentstudyon LCAT
The LCATactivity oftheplasmaisthusestablishedto beavery intriguing and important
factor inlipidmetabolismandisregarded,inviewofthetransformationandexchangeof
VLDL into LDL and HDL,to bea link between triglyceride and cholesterol metabolism
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(Wallentin & Vikrot 1976). The determination of the LCAT activity in obese Zucker rats
might, therefore, offer valuable information to help explain the differences in plasma
cholesterol concentrations that we observed in the present groups of Zucker rats.
It might be possible inthis way to establish whether the differences in lipid metabolism
observed were linked to the rate of the LCAT activities of the lean and the obese Zucker
rats on their various diets.
8.2 Methods
8.2.1 The in vitro assay of LCAT; problems on substrate availability
In the LCAT assay of the plasma the quantities of the substrates for the biochemical
reaction: fatty acids and cholesterol, differ in the various blood samples. Therefore, in
the past problems have been sometimes arisen with regard to the availability of these
substrates, leading to unreliable results, because the outcome will inseveral cases have
reflected this substrate availability rather than the initial rate of the LCAT reaction, about
which we want to be informed (Glomset 1968).
The cholesterol to be esterified will bederived from the lipoprotein particles present in
the plasma, mainly from the smaller HDL, which on their turn obtain some of their
constituents, particularly lecithin, from VLDL and LDL by exchange (Norum 1974). So,
the lipoprotein pattern in the blood may also be of importance for the outcome of the
LCAT assay.
The use of pool serum for the in vitro incubation has equally ledtoconflicting results in
hyperlipidaemic states; sometimes a decrease and sometimes an increase of the LCAT
activity has been reported under this condition (Rose 1972). The specificity of the LCAT
enzyme in various species may be due to either the cholesterol/lecithin ratio or to the
composition of the apoproteins in the lipoproteins, or to a preference for the fatty acid
and the 2-position of the glycerides. In both rats and man the rate of acyl-transfer takes
place for approximately 40% via linoleic acid, with palmitoleic, oleic, arachidonic, palmitic and stearic acids further in deceasing order (Glomset et al. 1973).
Stokke & Norum (1971) improved the LCAT determination considerably, a) by using
the animal's own plasma for incubation; b) by using a shorter incubation time of sixty
minutes for the in vitro reaction; c) by applying temporary inhibition by 2-nitrobenzoic
acid of the LCAT enzyme for exchange of labelled cholesterol during pre-incubation
with the endogenous lipoproteins, with reactivation by mercapto-ethanol; d) by also
applying thin layer chromatography for rapid recovery of labelled cholesterol to be
counted in a liquid-scintillation counter.
We have followed their method in order to avoid the above-mentioned problems. The
only deviation of this method was the use in our case of a different cholesterol isotope,
namely 1«, 2a- 3 H-cholesterol*).
8.2.2 Execution of the in vitro assay of LCAT
Approximately 20 /tC 3 H-cholesterol dissolved in benzene (sufficient for about 50
samples to measure) is evaporated under nitrogen. Immediately after that the cholesterol is dissolved in 0.5 ml acetone. This solution is added, under slow stirring, to a
solution of 250 mgalbumin in5 ml phosphate buffer 0.2 M o f pH 7.1; theacetone then is
evaporated under nitrogen. This cholesterol emulsion can be stored for two weeks at
0°C.
The determination is carried out in duplo and with every sample a blanc is measured.
Instoppered glass tubes 100/il plasma, 30/il^H-cholesterol-albumin emulsion and 20 /il
*)

Radiochemical CentreAmersham,Buckinghamshire, England;seethefootnote onpage45.
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of Ellman's reagent (4 mg 2-nitrobenzoic acid in 1 ml phosphate buffer 0.2 M at pH 7.1)
are pipetted. After 4 h of incubation in a shaking water bath at 37°C 20 fi\ mercaptoethanol is added to reactivate the enzyme. To the blanks no activator is added.
After 60 min the reaction is stopped by the addition of 4 ml Folch mixture I (chloroform-methanol 2 : 1 ) . The tubes are then heated for 5 min in a heating block of 60-70°C.
The tubes are left for 30 min, during which time they are shaken three times. Then 0.9 ml
saline is added and the tubes are vigorously shaken. After centrifugation for 5 min at
4000 routes per minute the content of each tube is transferred to another tube leaving
behind the protein membrane. These tubes are also centrifugated and the top layer is
sucked off. After addition of 2 ml Folch mixture II(methanol-water-chloroform 43 :47 :3)
the tubes are again shaken and centrifugated. The top layer is sucked off and the tubes
are placed into a water bath of 40-50 °C and the remaining chloroform phase is
evaporated under nitrogen. Finally, 0.2 ml hexane is added.
The lipid extract now is transferred to a plate for thin-layer chromatography (5 x 20
cm; layer thickness 0.5 mm silicagel H, Merck, without binding agent). The plates are
developed in a mixture of petroleum ether : diethyl ether : acetic acid 85 : 15 : 3 (at
40-60 °C) and the bands are made visible by placing the plates into a developing tank
with some iodine pellets. A standard solution of cholesterol and cholesterol esters is
used to identify the bands. These bands of cholesterol and cholesterol esters are
transferred quantitatively in glass counting flasks. To each flask 3 to 5 ml distilled water
and 10 ml instagel (Packard) are added. Counts per minute are determined with aliquidscintillation counter.
The percentage of cholesterol which is esterified per hour by the LCAT is calculated
as follows:
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8.3 Results
The results of the determinations of the LCAT activity in the plasma of the rats in the
different groups is given in Table 27, together with the corresponding levels of free and
total cholesterol.
The plasma cholesterol concentration of the lean control group was again very much
lower than that of the obese control group. The latter group had a lower plasma
Table 27. Freeandtotal cholesterol concentrations, cholesterol esterification and LCATactivities
inthe blood plasma of the groups of Zucker rats fed on the different diets (means and
standard errorsofthemean).
group

number

free
cholesterol
( m g / 1 0 0 ml)

total
cholesterol
( m g / 1 0 0 ml)

esterification

(%)

LCAT activity
(cholesterol
esterified/h)

LCAT activity
(jumol cholesterol
esterified/l/h)

(%)
I
II
III
IV
V
VI
VII
VIII

6
6
7
6
7
5
7
5

70.0
66.8
57.3
63.2
63.7
49.6
55.1
25.0

± 3.0
± 4.4
±11.3
± 13.6
± 5.6
± 4.0
± 2.9
± 3.4

252
241
231
256
214
182
165
85

± 18
±12
± 25
± 26
± 20
± 13
± 14
± 7

71.7
72.4
76.5
76.7
69.5
72.9
65.4
71.1

±
±
±
±
±
±
±
±

1.6
0.9
2.2
2.8
1.1
0.6
3.3
1.9

5.16
4.33
5.05
3.81
5.05
5.36
5.14
11.80

±
±
±
±
±
±
±
±

0.60
0.47
0.63
0.51
0.53
0.60
0.39
1.52

93.5
73.1
66.3
56.7
82.2
68.6
74.8
72.2

±11.1
± 5.1
± 8.6
± 8.2
± 10.8
± 9.6
± 8.9
± 4.0
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cholesterol level than the groups fed on the high-poly-unsaturated diets. These on their
turn had lower levels than the groups I-IV, which appeared to have more or less similar
levels. The variability was largest in the groups III and IV fed on the high-saturated-fat
diets, because of some hyperresponders in these groups with respect to the free and
total cholesterol levels.These groups also showed the highest proportions of cholesterol
esterification.
As can be seen from the table, there are clear variations in the LCAT activities
measured. The results obtained for the obese and lean control groups are similar when
expressed inabsolute amounts of cholesterol esterified, but —because of the nearly two
times higher plasma cholesterol concentrations of the obese rats —the relative esterification of cholesterol is approximately twice as high in the lean as in the obese rats.
By two-way analysis of variance there appeared to be statistically significant differences between the groups fed on the semi-synthetic diets, with regard to the dietary fat
( p < 0 . 0 5 ) as well as to the type of carbohydrate used ( p < 0 . 0 5 ) , without an interaction
between these two factors.
The low-fat diets(Iand II),gave higher LCATactivities (in relativeaswell as in absolute
sense) than didthe high-saturated-fat diets (IIIand IV)( p < 0 . 0 2 , two-sided), which result
can partly be explained by higher levels of supply of free cholesterol. There was no
significant difference between the groups fed on the high-poly-unsaturated-fat diets (V
and VI) and those fed on the low-fat diets (I and II).
The feeding with poly-unsaturated fat apparently had an enhancing effect on the
LCAT activity compared to that with saturated fat ( p < 0 . 0 5 , two-sided).
The sucrose containing diets gave a decrease of the LCAT activity in the plasma. In
groups IIand IVthis activity was lower in both absolute and relative sense, ingroup VIthe
decrease in absolute activity contrasts with an increase in relative activity. This may be
related to the lower plasma cholesterol concentration in this group with possibly a lower
ratio between the plasma cholesterol and phospholipid concentrations.
8.4 Discussion
Ingeneral, asufficiently high LCAT activity is needed for the lowering of free cholesterol
to normal levels inthe plasma. The groups IIIand IV(fed on the high-saturated-fat diets)
showed the largest variations in free and total plasma cholesterol values. The most
obvious hyperresponding individual rats were found in these groups; possibly the
balance between nutritional loading and individual sensitivity isthe most critical, notably
in these groups.
It may be that obese Zucker rats usually have a relative LCAT deficiency, as their
LCAT activities are scarcely higher than those measured in their lean litter-mates,
despite a two-fold increase in the plasma cholesterol levels of the obese rats. This
deficiency, then, is somewhat less marked when they are fed on low-fat or on high-poly-unsaturated-fat diets. The latter feature is in disagreement with the results of Gjone et
al. (1972), who reported lower LCAT values — and also lower plasma cholesterol
concentrations —with poly-unsaturated than with saturated fat. In our case this latter
effect seems to be the result of a higher LCAT activity, possibly due to some sort of
adaptation.
On the other hand, sucrose in the diet gave lower LCAT activities. This result may be
related to the blood lipid levels being higher than those attained with the starch-containing diets, asestablished inthe first part of our investigation (Chapter 5, Tables 9 to 12).
The tendency of the increased plasma lipid levels in rats fed on the sucrose-containing
diets, which will bear some relationship to changes in the lipoprotein composition, to
decrease after some weeks, was already discussed. The return of these changes in the
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lipoproteins (Nestel &Goldrick 1976) may beconnected with the LCATactivities measured inthis part ofthestudy.
The plasma cholesterol concentrations, tortherest, hadagain changedsomewhat in
thecourseoftime,comparedwiththosecontained inTables9(Chapter 5), 17(Chapter
6) and 22 (Chapter 7).The differences in these plasma cholesterol levels between the
groups of Zucker rats maywell bedueto different LCATactivities intheplasma.
8.5 Summary
1. Obese versus lean control rats had similar lecithin : cholesterol acyl-transferase
(LCAT)activitieswhenexpressed inabsoluteamounts,buttheLCATactivities when
expressed relatively to the plasma cholesterol concentrations were approximately
twice as high inthe lean rats. Obese rats maytherefore suffer from arelative LCAT
deficiency.
2. There were some statistically significant differences in LCAT activity related to
dietary treatment: the low-fat diets gave higher LCAT activities than the high-saturated-fat diets; these latter diets gave also lower values than did the high-poly-unsaturated-fat diets.
Sucrose appeared to give lower LCAT activities in comparison with starch. No
interaction wasfound betweentheeffects of dietary fatand sugar.

Chapter 9

Lipid content and fatty acid composition of liver and adipose tissue

9.1 Introduction
As one of the final parts of the study, the lipid content and fatty acid composition of the
liver and adipose tissue of the rats in the various groups were determined.
The lipid content of the liver, subdivided into the lipid classes, as well as the cholesterol content of adipose tissue and the fatty acid composition of both tissues, could be
measured after the rats had been sacrificed. The fatty acid composition of body fat is
known to be, in the long run, very susceptible to dietary treatment. An interesting point
could also bethe difference inthe cholesterol content of the large fat stores of the obese
Zucker rats.
9.2 Methods
For this part of the study the same rats were used asthose which had been participating
in the study described in Chapters 7 and 8. They were sacrificed, by bleeding, at least
ten days after they had been re-fed on their respective experimental diets, at an age of
approximately eight months, after overnight fasting.
The livers were removed and weighed. As the site of adipose tissue to investigate,
perirenal fat was chosen. Approximately 1 g of this fat was taken out for the lipid
determination.
9.2.1 Adipose tissue preparation
This tissue was weighed, homogenized in a top-drive homogenizer (Silverson) after
having been mixed with aquantity of chloroform-methanol ( 2 : 1 ) , and further extracted
by the method of Folch et al. (1957).
The cholesterol content was measured by the enzymatic method as mentioned in
Chapter 5.
The fatty acid composition was determined by means of gas-liquid chromatography
(Badings et al. 1975) of the methyl esters (Metcalfe et al. 1966) of the fatty acids in the
fat.*)
9.2.2 Liver preparation
The livers were homogenized vigorously in a Waring blender, and the fat of exactly
weighed portions of liver tissue was extracted according to Folch etal. (1957).
For the measurement of total fat, the extract then was dried and weighed. Total
cholesterol and triglycerides were assayed enzymatically (see Chapter 5). Free cholesterol and phospholipids were determined by means of thin-layer chromatography of the
fat extract from the livers (Van Gent 1968). The procedure for the determination of the
fatty acid composition was identical with that for the determination of the perirenal fat.
") Wethankourcolleague Dr.Ir.H.T.Badingsfor providingthefacilitiesforcarrying outthefatty
acid determinations.
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9.3 Results
9.3.1 Cholesterol content of adipose tissue
The cholesterol content of the perirenal adipose tissue of the groups of rats fed on the
different diets is given in Table 28.
Table28. Cholesterolcontent ofperirenaladiposetissueofthegroupsof ratsfedondifferent diets
(meansandstandard errors ofthe mean).
group

number

I
II
III
IV
V
VI
VII
VIII

6
6
7
6
7
5
7
5

mgcholesterol per gadiposetissue
1.02 ± 0.08
0.92 ± 0.05
0.92 ± 0.07
0.84 ± 0.06
0.97 ± 0.08
0.94 ± 0.11
0.90 ± 0.11
0.51 ± 0.11

mgcholesterol pergfat
1.16 ± 0.09
1.06 ± 0.07
1.01 ± 0.06
0.99 ± 0.08
1.13 ± 0.07
1.13 ± 0.14
0.98 ± 0.10
0.61 ± 0.14

In the obese rats of all groups the cholesterol values were significantly higher than
those in the lean controls ( p < 0 . 0 0 1). This is in agreement with the results obtained in
the cholesterol turnover study (Chapter 6), in which all groups of fatty rats, in contrast to
group VIII, were found to have reached their maximal cholesterol excretion.
Because of the enhanced fat mass of obese rats, the actual cholesterol stores in their
adipose tissue were calculated to be more than twelve times higher than those of lean
rats.
The group means of the obese rats did not differ significantly.
9.3.2 Liver weights
The mean liver weights of the rats are given, per group, in Table 29, together with the
corresponding percentages of their body weights.
Table 29. Liver weights and their percentages of the body weight for the groups of rats fed on
different diets(meansand standard errorsof themean).
group
I
II
III
IV
V
VI
VII
VIII

number
6
6
7
6
7
5
7
5

body weight

liver weight

(g)

(9)

470 ± 14
439 ± 18
491 ± 9
471 ± 20
494+15
515 ± 12
447 ± 10
315 ± 14

21.4
24.0
19.4
18.3
17.6
17.6
18.4
8.6

±
±
±
±
±
±
±
±

percentage of body weight

(%)
1.8
2.0
0.8
1.1
0.9
0.7
1.4
0.4

4.54
5.44
3.96
3.93
3.56
3.43
4.16
2.74

±
±
±
±
±
±
±
±

0.33
0.29
0.15
0.30
0.15
0.16
0.35
0.08

The differences in absolute and relative liver weights between the control rats in
groups VII and VIII were highly significant ( p < 0 . 0 0 1 ) . The lean rats weighed approximately 1.5 times less than did the fatties, but the liver weights of the latter were more
than twice as heavy as those of their lean litter-mates.
The liver weights and their percentages of the body weight were statistically significantly different: they were higher inthe groups fed on the low-fat diets than in those fed
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on the saturated-fat diets ( p < 0 . 0 2 , two-sided) and than in those fed on the poly-unsaturated-fat diets ( p < 0 . 0 1 , two-sided).
The poly-unsaturated-fat diets gave slightly lower values than did the saturated-fat
ones, but the difference was not significant.
Sucrose caused a statistically significant difference exclusively in the rats fed on the
low-fat diets (groups Iand II,of which the latter had a very much higher percentage of
sucrose than groups IV and VI). This difference between group Iand II only concerned
the relative liver weight ( p < 0 . 0 1 , one-sided) as a consequence of the lower body
weights in group II(see Table 29).
With respect to the liver weights there was no statistically significant interaction found
between the effects of dietary fat and sucrose.
9.3.3 Lipid contents of the liver
A high percentage of the livers of the obese rats clearly showed afatty appearance. This
was particularly the case in the rats fed on the low-fat diets, and most extremely so in
group II, to which 60% of sucrose had been given in the diet. The results of the
determinations on the hepatic lipid fractions of the groups of rats are given in Table 30.
Table 30. Lipid fractions of the li
group number

I
II
III
IV
V
VI
VII
VIII

*)
)

ss

6
6
7
6
7
5
7
5

i/ers of the groups of rats fed on different diets.

total fat

phospholipids

(m g / g )

(mg/g)

133.3 s
244.8
103.0
71.3
66.7
44.6
87.6
18.0

±
±
±
±
±
±
±
±

18.9
19.7
13.7
8.6
5.0
2.4
16.8
2.0

17**
22
23
15
21
12
17
12-15

triglycerides
(m g / g )
75.2'
170.8
67.1
42.7
36.6
26.4
65.7
1.8

± 10.7
±11.5
± 10.9
± 5.7
± 2.7
± 2.5
± 11.9
± 0.2

total
choleste rol
(mg/g)
10.4*
15.9
6.1
3.8
4.5
3.1
3.2
0.9

±
±
±
±
±
±
±
±

1.1
1.5
0.9
0.9
0.5
0.5
0.5
0.2

free
esterificholestero cation
(mg/g)
(%)
2.8**
2.6
1.6
1.3
1.7
1.5
1.3
0.7-0.9

73
84
74
67
63
53
59
20 * * *

Vleans an d standard errors of the mean.
D
ooled samples, after thin- ayer chromatography.

begiven.
There are large differences between the groups with respect to the hepatic lipid
contents.
The figures for total fat, triglycerides and total cholesterol of the obese control group
are very significantly higher than those of the lean control group ( p < 0 . 0 0 1 ).
The highest figures for total fat, triglycerides and cholesterol are observed in the
groups fed on the low-fat diets (groups Iand II). These figures differ significantly from
those found in the other groups of obese rats ( p < 0 . 0 0 1 ).
Regarding the effect of the type of dietary fat, group III (high-saturated fat) did not
differ significantly from group I (low-fat), but group V (high-poly-unsaturated fat) did
( p < 0 . 0 0 1 , two-sided); this was true for total fat aswell asfor triglycerides. Inthe case of
total cholesterol it was not only group V which differed significantly from group I
( p < 0 . 0 0 2 , two-sided) but also group III ( p < 0 . 0 1 , two-sided). Group V differed significantly from group IIIonly with respect to total fat and triglycerides ( p < 0.05, two-sided).
The livers of the rats in group II with sucrose in the diet had significantly higher lipid
contents even than those of the animals ingroup Iwith starch ( p < 0 . 0 1 , one-sided). The
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same was found for triglycerides and total cholesterol On the other hand, the hepatic
lipid values in the groups fed on the high-fat diets containing sucrose compared to
starch were lower, but in neither case significantly so.
There was avery significant interaction between the effects of dietary fat and sucrose
on total fat, triglycerides and cholesterol of the liver ( p < 0 . 0 0 1 ).
The various levels of significance of the dietary effects on the hepatic lipid contents as
well as on the liver weights are shown in Table 3 1 , in a similar way as was done for the
plasma cholesterol and triglycerides in Chapter 5 (Tables 10 and 12).
The differences in free cholesterol and phospholipid content between the groups
appeared to be fairly small, in good agreement with what is already known e.g. about
free cholesterol, namely that any excess of cholesterol inthe liver occurs inthe esterified
form(Glomset 1968).
9.3.4 Fatty acid composition of liver and perirenal fat
The figures determined for the fatty acid composition of the liver and the perirenal tissue
are presented in Tables 32 and 33. Only fatty acids representing more than 1 % are
mentioned, but those given inthese tables make up over 95% of the total in both tissues.

Table 32. Fatty acid composition of the liver fat from the groups of rats fed on different diets, as
percentages ofthetotalfat(pooled samples).
group

palmitic
acid

palmitoleic
acid

stearic
acid

oleic
acid

linoleic
acid

arachidonic
acid

c

c

I
II
III
IV
V
VJ
VII
VIII

( C 16:0)

(C16:1)

(Ci8:0)

(C18:1)

(°18:2)

(c20:4)

36
36
35
31
29
31
34
29

12
13
7
7
5
4
8
3

5
4
7
9
11
13
6
24

40
42
42
41
26
25
36
16

2
1
2
2
16
15
7
13

1
1
4
4
7
7
3
9

18:1

c

18:2

16:0 Cl8:0
ratio
ratio

c

18:1
ratio

16:1

0.33
0.37
0.19
0.22
0.17
0.14
0.23
0.10

c

7.8
11.0
5.9
4,6
2.4
2.0
5.8
0.7

0.06
0.03
0.06
0.06
0.64
0.60
0.20
0.82

Table 33. Fatty acid composition ofthe perirenal fatfromthegroups of ratsfedon different diets,
aspercentagesofthetotalfat(pooledsamples).
group

palmitic
acid

palmitoleic
acid

stearic
acid

oleic
acid

linoleic
acid

c

c

I
II
III
IV
V
VI
VII
VIII

16:1

c

c

(Cl6:0)

(C16:1)

(Ci8:0)

(C18:1)

(c18:2)

16:0
ratio

26
26
28
26
25
24
29
27

10
11
6
6
5
4
8
5

3
3
4
4
3
3
3
6

54
53
57
59
35
37
44
36

5
5
4
4
30
29
12
18

0.37
0.44
0.20
0.22
0.18
0.17
0.27
0.18

18:1

c

18:2

18:0
ratio

c

18:1
ratio

17.5
20.4
13.2
15.2
12.7
10.5
13.0
5.5

0.09
0.09
0.07
0.07
0.86
0.79
0.27
0.52
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Marked differences were found in fhe fatty acid composition of liver and perirenal fat.
All values for oleic and linoleic acid were significantly higher in perirenal than in liver fat,
in contrast to those for arachidonic acid, which was scarcely present in perirenal fat.
Palmitic and stearic acid occurred in higher percentages in liver than in perirenal fat.
Regarding the differences between the two phenotypes, the lean rats had, in both liver
and perirenal fat, lower proportions of oleic, palmitic and palmitoleic acid, but higher
proportions of linoleic acid than the obese rats on the control diet. This is in agreement
with the findings of Wähle (1974); the arachidonic acid content of liver fat was also
higher in lean than in obese rats.
Also, the lean rats had, in liver and perirenal fat, lower ratios of mono-desaturation (by
microsomal A9-acyl-CoA desaturase) for palmitoleic and palmitic acids (C-|ß:1^ i 6:0)
and for oleic and stearic acids (C-|8:1/C-\ 8:o) t n a n the obese rats on the same diet. A
higher ratio as concerned here in the obese rats would be indicative not merely of an
increased A9-desaturation, but also of an enhanced lipid synthesis, either solely in the
liver (see Figure 17) or in general, as stated originally by Winand et al. (1968), from
studies in obese mice, and confirmed by Wähle (1 974) and York (1975b). On the other
hand, the ratio between linoleic acid and oleic acid ( C - | 8 2 / C i 8 : l ) w a s higher in the
lean than in the obese rats fed on the control diet.
With regard to the dietary effects, the rats fed on the low-fat diets showed similarities
aswell asdifferences with those fed on the high-fat diets. They had, in liver and perirenal
fat, similar proportions of oleic and linoleic acid when compared to those fed on the
high-saturated-fat diets, but higher proportions for oleic and lower proportions for
linoleic acid when compared to those fed on the high-poly-unsaturated-fat diets, and a
lower proportion of arachidonic acid inthe liver fat than the rats fed on the high-fat diets.
Further, they had higher ratios of mono-desaturation, in liver and perirenal fat, than the
rats fed on the high-fat diets (and the commercial ration).
The corresponding conclusions from these ratios of the fatty acids and the figures for
hepatic lipid contents given inTable 30justify the conclusion that the highfat contents in
the livers are the result of an increased lipogenesis in the obese rats.
The high-poly-unsaturated-fat diets gave very much higher values for the linoleic acid
content of liver and perirenal fat and a higher proportion of arachidonic acid in the liver
fat than did the high-saturated-fat diets — mainly at the costs of oleic acid —, as was
expected from the very high levels of the groups V and VI. The ratios of mono-desaturation were somewhat lower on the high-poly-unsaturated-fat than on the high-saturated-fat diets. Nevertheless, we observed that saturated fat in the diet of obese Zucker
rats reduced lipid synthesis, although to a somewhat lesser extent than does p o l y u n saturated fat. This latter effect was found already by Wähle & Radcliffe (1975), who
established this also for lean Zucker rats. The C i 8 : 2 / C i 8 : 1 ratios were very much
higher on the poly-unsaturated-fat diets compared with those of the saturated-fat diets.
Sucrose compared to starch exerted, in the low-fat diets (groups Iand II) only minor
effects on the fatty acid composition of both liver and perirenal fat, despite the large
differences in hepatic lipid contents between these groups; the ratios for mono-desaturation in liver and perirenal fat were somewhat higher ingroup II(with sucrose) than in
group I (with starch). In the high-fat diets, the presence of sucrose did not have any
significant effect as to the fatty acid composition and perirenal fat.
When viewing the Tables 32 and 33 on the whole, it appears that the linoleic/oleic
acid ratios of the groups fed on the high-poly-unsaturated-fat diets are more or less
similar to those of the lean control rats. The obese rats fed on the commercial ration—
being also a low-fat diet —had ratios for this which were intermediate between those of
the rats inthe groups Ito IVand inthe groups V,VIand VIII. From the scale of the ratios
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liver fat content (mg/g)

Figure 17. Relationship between total liver fat and the mono-desaturation ratios of the fatty acids
from liver fat (cf. Tables 30 and 32).

of mono-desaturation we presented, because of the importance as to their relationship
with lipid synthesis, a graph in which these ratios for liver fat were plotted against the
total hepatic lipid contents of the respective groups as given in Table 30 (Figure 17).
9 4 Discussion
9.4.1 Cholesterol content of adipose tissue
The results of our study differ to some extent from those obtained by Angel & Farkas
(1970) and Farkas et al. (1973), who found, in normal rats, a range of 0.6 to 1.6 mg
cholesterol per g of adipose tissue (wet weight), approximately 90% of which was, as
part of cell membranes, inthe form of free cholesterol and made up approximately 0.1%
of the triglyceride content. We found levels in this range, making up also approximately
0 . 1 % of the fat, for all obese rats (which we regarded asto store cholesterol because of
a limited capacity for cholesterol excretion) but, for the lean rats, lower levels than the
minimum indicated by the above-mentioned authors.
Our finding of a clear difference in the cholesterol content of adipose tissue fat
between obese and lean Zucker rats, expressed in mg per g of fat, was in disagreement
with what was reported, for obese and lean Bar Harbor mice, by Angel & Farkas (1974),
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whoquotedalmostsimilar figuresinthisrespect.Thelargerstorageofbody cholesterol
occurring inabsolute amounts inobesesubjects, however, has beengenerally agreed
already for alongtime(Nestel etal.1969).
Angel & Farkas (1974), in astudy on male Wistar rats using 0.05, 0.1, 0.5 and 5%
cholesterol intheir diets,concluded to adependency of cholesterol storage ondietary
cholesterol. These workers, furthermore, observed (without any change in membrane
lipid composition) a linear relationship between the quantity of adipose tissue cholesterol and body weight (Farkas et al. 1973). Björntorp &Sjöström(1972) establisheda
positive relationship between adiposetissue cholesterol andfat cellsize inman.Nestel
etal.(1 969and 1973)confirmedsucharelationship of thetotaladiposetissue massof
humans with the quantity of cholesterol therein. Schreibman & Dell (1975) found, in
addition,that cholesterol synthesis isincreased inobesity.
The lack of any significant dietary effect on the cholesterol content of the adipose
tissue in obese Zucker ratswill be related to their similar cholesterol excretion capacities; as put forward in Chapter 6,these were regarded asto befixed to amaximum.It
must bekept in mind, however, that notably inthegroup fed onthe low-fat diet inthat
part of the study the mass of the slowly exchangeable pool B (being the average
between its maximaland minimal masscalculated) wasfound to besignificantly higher
than in the other groups. The cholesterol content of the perirenal fat from thevarious.'
groups did not provide a reflection of the different distribution of cholesterol over the
hypothesized, imaginary tissue pool masses. There will be, however, other sites for
cholesterol storage(Crouseetal. 1972,Greenetal. 1976),for instancetheliver(Tables
28-30).
Inanobeseratof500gwith40%bodyfat,adiposetissuecontaining 1 mgcholesterol
pergcanstoreabout 200mgofthiscompound,whereasaliverof20g,whichcanstore
an additional quantity of 10 mg cholesterol per g, will then contain a similar quantity
thereof; it looks that the liver can store aslightly larger quantity of cholesterol than the
adiposeorgan ofanobese rat(Greenetal. 1976). Inlean ratsnotmorethanonly 10mg
cholesterol will be present in their livers and approximately 15 mg in their adipose
tissues.
9.4.2 Liverweights andlipidcontentsofthe liver
The higher liver weights of the groups of ratsfed onthe low-fat diets are related tothe
increased hepatic lipidcontents.ThisisalreadyclearwhenthedatainTables29and30
are compared. The low-fat diet containing starch as provided to group Idid not cause
growth depression (see Chapter 4, Table 7), although it showed a clear tendency to
inducefatty livers(Table28).
Whereasthe liverfat content washigher inthegroupsfedonthe low-fat dietsthanin
thegroupsfedonthe high-fat diets,thesituation with regardtothebloodwas different.
In the plasma, the triglyceride levels (but not the cholesterol concentrations) of the
groups Iand IIwere lower than those of the groups on the high-fat diets. Apparently,
there is ashift in groups Iand II of triglycerides from the blood to the liver. This may
indicateaninability oftheliversinthesegroups(andtosomeextentalsoingroupVII)to
synthesize lipoproteins, possible as aresult of an impaired protein metabolism (Martin
1976).
Of thegroups fedonthe high-poly-unsaturated-fat diets,thefigures inTable 29and
thosefortotalfatandtriglycerides inTable30werealllowerthanthoseofthegroupsfed
onthe high-saturated-fat diets, butthedifferences were not statistically significant.
As confirmed by the calculated statistical interaction, the extremely high values of
hepatic lipids ingroup IIare apparently the result of the combination of sucrose witha
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low-fat diet(interaction).Thepoorer weight gainoftheratsinthisgroupmay havebeen
caused byan impaired liver function.Thisadverse influence of sucrose inalow-fat diet
hasalready been observed in obese mice by Winand & Christophe (1977). Theextremelyfatty liversofthese ratsmayberelatedtothelowplasmatriglyceride levelsofthese
animalsonthefourthdayofthefasting periodascompared withthatoftheratsingroup
I(Chapter 7,Table22),asaresult of aloweredfat mobilization fromthe liver.
Thatsimilar effectswere not observed ingroups IVandVImaybecausedbythelevel
of sucrose inthe diet, which in high-fat diets can never reach amaximum ashigh asin
low-fat diets. Aoyama & Ashida (1973), reporting a similar result, found that sucrose-induced lipogenesis was prevented even by feeding large proportions of lard, in
studieswith conventional rats,fedon repletion dietsfor three days,after proteindepletionforfourteen days;latertheseauthorsstressedtheroleof linoleic acidinthisrespect
(Aoyama et al. 1974). Thelinoleic acid content of thediets fedto groups I,II,IIIandIV,
however, was similar. Therefore it may bethat the proportion of sucrose inthediets is
critical, rather than the linoleic acid content. The level of approximately 39 energy %
(see Table 2, Chapter 3) in a high-fat diet was, anyway, apparently not sufficient to
produce suchfatty liversasto cause impairedgrowth.
Asthere is,onthe one hand,acombined effect of dietary fatandsugar (interaction,
seeabove),ontheother hand,there isadifference betweentheeffects ofeitherdietary
fatorsucrose,inthatsensethatalreadypartialreplacement ofsucrosebyanytypeoffat
in the diet apparently exerts amore beneficial effect on the condition of the liver than
doestotal replacement ofsucrose bystarch inalow-fat high-sucrose diet.
This conclusion drawn from our study in obese animals may not be valid for man,
because the genetically obese rodents (Zucker rats as well as Bar Harbor mice) are
known to have ashift of triglycerides from the plasma to the liver compared to normolipidaemic humans. Incontrast to man,these rodents have,whenfedon high-fat diets,
very much higher levels of triglycerides in the plasma —which are mainly of dietary
origin—thanonlow-fatdiets,asstatedbySchonfeld&Pfleger (1971),Lemonnier etal.
(1974)and Hunt etal. (1976). Humans normally have higher plasmatriglyceride levels
on low-fatthanonhigh-fat diets,sothatwell-established differences exist betweenman
andour animals with regardtofatmetabolism.
Winand (1968) as well as Olefsky et al. (1974b) and York (1975a) suggested that
insulin levels contribute to the increased fatty acid synthesis when low-fat diets are
provided.Thiscouldbethenbrought aboutbytheactionofacetylCoA-carboxylase,the
enzyme involved inthefirst stepsof lipogenesis (Maragoudakis etal. 1974).
9.4.3 Fattyacidcomposition
The differences between the fatty acid composition of hepatic and perirenal fat correspondwith differences inlipidcomposition betweenthesetissues.Liverfat consistsfor
approximately two-thirdsof phospholipidswith relatively highquantitiesof arachidonic,
stearic and palmitic acid, andfor approximately one-third oftriglycerides, relatively rich
in palmitoleic, oleic and sometimes linoleic acid.Adiposetissue contains almostexclusively triglycerides.
AfairagreementseemstoexistbetweentheresultsmentionedinTables32and33for
obese and lean rats fed on the commercial ration (groups VII and VIII) and those
reported byWähle(1974).
A number of abilities with respect to fat synthesis of liver tissue from obese Zucker
rats, in comparison with Wistar rats, was recently described by Chanussot & Debry
(1977aandb)and ismentioned broadly inChapter 2(liver metabolism) of our study.
The proportion of dietary fat as well as its composition influence the fatty acid
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composition of body fat. The similar tendency of both ratios for mono-desaturationof
fatty acids(C-|6:1/Cl6:0 a n c ' ^18:1/ C l 8:0)9 i v e n inFigure 1 7canbeexplainedbythe
relationship betweentheseratiosandlipidsynthesis,which latterincreasesasthedietis
lower infat content. Thiscould beduetotheinfluence of insulin(Wähle 1974);thiswas
alsosuggestedbyYork(1975b)fromstudieswithgenetically obesemice.Itwasalready
well-established in normal mice and rats that lipogenesis can be decreased by dietary
treatment inthefollowing order: fat-free,palmitate,oleate,linoleate(Bartley &Abraham
1 972).Therefore,weareallowedtoregardthehighfatcontents intheliversoftheobese
rats (see Table 30), in particular those ingroup Iand still more so in group II,asto be
clearly the result of increased hepatic lipogenesis.
Wähle & Radcliffe (1975) stated that supplementary linoleic acid, in the form of
sunflower oiladdedtothediet,decreasedtheratiosofmono-desaturation C-|6:1 /C-|6:0
andC-|8:1 /C-|8:0i n l' v e r lipidsfromobeseaswellasfrom leanZucker rats,indicatinga
decreased A9-desaturase activity. Wewereabletoconfirmtheir observations inobese
rats, but can also conclude that the same features, although to a somewhat lesser
extent, can be brought about byaddition of asaturatedtype of fattothediet.Thismay
be due to the presence of afair amount of oleic acid in the dietary fat (Triscari et al.
1 978). Theseauthors reported alower lipogenesis inthe livers of female Charles River
rats when fed on adiet with 20% corn oil containing, besides 46% linoleic acid, 32%
oleicacidthanwhenfedonadietwith20%hydrogenated(soybean)oilwith87%stearic
and 11 %palmitic acid.

9.5 Summary
1. Perirenal fat of obese Zucker rats was found to contain almost twice as much
cholesterol per gadiposetissueasthat of leancontrols, which will imply anapproximately 12times higher storage ofcholesterol inthetotal body of obese rats.
There was nodietary effect asto the cholesterol content of the adipose tissue in
theobeserats.
2. Obeseratscomparedtoleancontrols haveverysignificantly higher liverweightsand
hepatic lipidcontents (p<0.001).
They also have a different fatty acid composition of liver and perirenal fat, with
larger proportions of palmitic, palmitoleic and oleic acid, and lower proportions of
stearic, linoleic andarachidonic acid.
The ratios of mono-desaturation (C-|6:1 ^ i 6:0 a n d Cl8:1 ^ l 8:0) indicative of
lipogenesis, werevery much higher for theobesethan for theleanrats.
3. The livers of the groups fed on the low-fat diets were very significantly heavier
(p<0.001)with very significantly higher contents of total fat,triglycerides and total
cholesterol than those of the other groups (p<0.001), particularly and significantly
sowith regardtoalltheseaspects(p <0.01),whenthedietalsocontainedsucrose.
4. High-poly-unsaturated-fat diets compared to high-saturated-fat diets gaveasignificant difference, with regard to the hepatic contents, only for the triglyceride levels
(p<0.005).
5. The presence or absence of sucrose in the high-fat diets, given for a period of
approximately six months, did not have any significant effect, neither on the liver
weights nor onthe hepatic contents oftotalfat,triglycerides andtotalcholesterol.
6. Thequantity aswellasthetype ofdietary fat hadsignificant effects onthefatty acid
composition of liver andperirenalfat.
Ratsfedonlow-fatdiets,whencomparedwith ratsfedonhigh-saturated-fat diets,
showed higher proportions of palmitoleic, but lower proportions of stearic and
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arachidonic acidwerefound;theproportions ofpalmitic,oleic andlinoleic acidwere
similar.
Rats fed on the high-poly-unsaturated-fat, when compared with rats fed on the
high-saturated-fat diets, had higher proportions of linoleic and arachidonic acid,
mainly at the cost of oleic acid, whereas the proportion of palmitoleic acid was
slightly lower.
The ratios of mono-desaturation were very high for the low-fat diets, in particular
when combined with sucrose, with lower ratios for the high-saturated-fat diets, and
slightly moresoforthe high-poly-unsaturated-fat diets.
Thesefindings permitthehighlipidcontentsoftheliverto beregardedasbeingthe
result of increased hepatic lipogenesis.
Hepatic lipid synthesis, thus, can be diminished, not only by the addition of
poly-unsaturatedfat but,to alargeextent, also bysaturated fat.
Sucrose in the diet, in comparison with starch, had no effects on the fatty acid
composition of liver and perirenal fat.
A very significant interaction was found between the effects of dietary fat and
carbohydrate onthetotalfat,triglycerideandcholesterolcontentsofthe liver, inthe
sensethat sucrose hadanenhancing lipogenetic effect, leadingto hepatic steatosis
andgrowth depression,only when provided inalow-fat diet.
Evenpartial replacement ofdietary sucrose byfatseemsto haveamore beneficial
effect onthecondition oftheliver, inobeseanimals,thandoesthetotal replacement
of sucrose bystarch.

Chapter 10

Aortic atheromatosis
,,Agenerallessontobelearned...istheimportanceoflooking
out for a good experimental material when trying to tackle a
specificbiologicalproblem. "
Hans A. Krebs(1975),
J. Exp. Zool, 194, 227-226
10.1 Introduction
The oldest rats from groups II and IV, which had been excluded from the cholesterol
turnover study (Chapter 6) were kept alive for several months and were finally sacrificed
at the age of approximately nine months for an investigation of their aortas and main
arterial branches.
It was attempted to establish whether any degree of atherosclerosis had occurred in
these groups, which on the basis oftheir increased plasma cholesterol levels offered the
best chance of having developed vascular abnormalities of this kind. This concerned the
groups fed on the low-fat and the high-saturated-fat diets, both with sucrose.
10.2 Method
Immediately after the rats had been sacrificed, their aortas were taken out. They were
stored informalin 4%,and were subsequently stained with 3% Sudan lll/IV 1 :1 in equal
amounts of acetone/ethanol, and finally rinsed in dilution with distilled water and with
50% ethanol (Kloeze et al. 1 969). An evaluation was made by eye, and the preparations
obtained were photographed. These photographs are given in Figure 18.
Any final positive indication of fat deposition or of more advanced stages of atherosclerosis was intended to be represented by afigure ranging from 0to 4 (Hermus 1975).
10.3 Results
Neither in group II nor in group IV (final body weights 482 ± 18 (s.e.m.) g (n = 6) and
554 ± 29 g (n = 5) respectively) could any sign be observed of an atherosclerotic
process inthe aortas. The photographs that were made after the preparations had been
stained, do not show any vascular lesion which can be identified as being of an
atherosclerotic nature.
10.4 Discussion
Neither atherosclerosis nor fatty infiltrations of the large arterial vessels was observed in
the two groups of obese Zucker rats. Atherogenesis is not related to high-tissue cholesterol of the organs but to its plasma concentrations, particularly to the cholesterol in
low-density lipoproteins. The hyperlipoproteinaemia inZucker rats is mainly the result of
the increase of very low-density lipoproteins (Schonfeld & Pfleger 1971). Therefore, our
observation is not surprising.
It was already known that the conventional rat is not a suitable model for atherosclerosis research in general, although it may be a good experimental animal for studies on
lipid metabolism of various kinds. This is not due only to its low plasma cholesterol
concentration under normal conditions, as even after dietary manipulation to induce
hypercholesterolaemia vascular involvement isa rare phenomenon.
Atherosclerotic deviations have been described in the Koletsky rat, which is also
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hypertensive (Koletsky 1973 and 1975a and b*). In BHE rats (Berdanier 1974a) the
frequency of the occurrence of atherosclerotic lesions is positively related to the carbohydrate content of the diet (Berdanier et al. 1974b). The diabetic rat fed on high
sucrose diets, as it was used by Cohen et al. (1 972), showed disturbances only of the
small renal arterial vessels (Cohen et al. 1977).
The absence of atherosclerotic processes even under these circumstances may be
the consequence of the mode of distribution of the lipid classes over the lipoproteins
present in the blood plasma. In man, chylomicrons and very low-density lipoproteins
(VLDL) contain mainly triglycerides, whereas cholesterol occurs predominantly in
low-density lipoproteins (LDL), and phospholipids are typically the main representatives
of the high-density lipoproteins (HDL), as reflected already in Figure 15 and in Table 2$*
(see Chapter 8).
Even animal species within the same genus, as are the New World monkeys, may
show significant differences with respect to the above-mentioned metabolic balance:
the squirrel monkey (Saimiri sciureus) appears to resemble the human „ m o d e l " in its
proneness to atherosclerosis at high plasma cholesterol levels, whereas the cebus
monkey (Cebus albifrons) under these circumstances does not develop any vascular
lesion of this kind. This is thought to be related to significant differences in their
lipoprotein composition (Nicolosi et al. 1977).
This latter phenomenon observed inthe cebus monkey also occurs in rats, even in the
obese Zucker rat, as seems likely from our study which was made when our laboratory
rats were at the approximate age of 9 months and had been on a diet for about 71/2
months. This may be connected with the distribution of the plasma cholesterol over the
various lipoprotein classes which was not investigated in our study.
The same conclusion was drawn by Zilversmit et al. (1977) from a study on mink
showing plasma cholesterol concentrations similar to those in human subjects living in
industrialized countries, when the animals were fed on a commercial diet moderately
high in cholesterol or on acholesterol-free semi-purified diet. In contrast to the situation
in man, 80% of the plasma cholesterol in mink was in the HDL fraction.
Moreover, the estenfication of cholesterol has some relation to the type of lipoprotein
(see Table 26, approximating the situation in man).
In our opinion it is irrelevant to apply the ordinary system of phenotyping hyperlipoproteinaemias, which may have validity in human disease, in animals because of the
differences in lipoprotein patterns between man and animal species, e.g. the Zucker rat.
The composition of the food may, therefore, also have different effects between the
latter and man, not so much with respect to blood lipid levels asto atherogenesis.
There are indications from the literature that cholesterol in the HDL fraction does not
induce vascular lesions but that, on the contrary, HDL even has a protective function in
this respect (Gordon et al. 1977, N. E. Miller et al. 1976 and 1977, Stanhope et al. 1977,
Nicolosi et al. 1977 and Rösner et al. 1978), so that atherosclerotic processes do not
develop at sufficiently high levels of HDL, although considerable plasma cholesterol
concentrations may then be present. This effect may be related to the quantity of HDL in
combination with the LCAT activity (Glomset 1970). The separate measurement of
cholesterol in LDL (and possibly inthe other lipoprotein fractions) may beof significance
with regard to this, in particular when different species are subjected to investigation.
*)

After our studies were finished we became aware of the findings of Koletsky & Puterman
(1977),whoestablishedareductionoftheatherosclerotic lesionsintheir ratsastheresultofa
restricted food intake. The effect of changes in food composition on these lesions was not
investigated, norwasthe lipoprotein patterndetermined (Nutr. Reviews 1978).
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10.5 Summary
The obese Zucker rat, just like the conventional rat, does not appear to be a good
laboratory animal for atherosclerosis research,despite thefact that intheformer some
kind of hypercholesterolaemia can be easily induced. This is probably due to the
lipoprotein pattern of rats,which differs fromthat of specieswith agreater tendency to
vascular lesions.

Chapter 11

General discussion
Fromthe point of viewof epidemiology and, more particularly,
genetics,themainlessontobedrawnfromtheexistenceofthese
animalmodelsofadiposityisclearlyrelatedtothisgeneticmultiplicity, including entirely different modesof transmission (dominant,recessive, dominantrequiringoneormorerecessive modifiers, polygenic).
M. Berger,W.Muller &A. E.Renold,in: Diabetes, Obes., Vase.
Dis., Part 1(H. M. Katzen & R. J. Mahler,Eds.), Hemisphere,
Washington D.C.(1978)Adv.Mod.Nutr. 2,Ch.6,211-228.

11.1 Aim of the study
This study was undertaken in order to obtain more knowledge of the effects of certain of
the main constituents of food, notably fat and sugar, on the lipid and the glucose
metabolism of the genetically obese Zucker rat. This was regarded as an important
subject because of the nutritional problems occurring in man, which are related to food
composition, lipid metabolism, obesity and a tendency to diabetes mellitus. A better
understanding of these relationships might be useful for the prevention of atherosclerosis, the process which has been held responsible for the increasing frequency of a
number of vascular diseases during the past few decades.
Fromthe broad description of the genetically obese Zucker rat it isclear that there are
metabolic differences between this animal model and man, although it will be equally
clear that nutritionally these rats with respect to their obesity and plasma cholesterol
level show a better resemblance to man than do conventional rat strains. The obese rats
have higher insulin levels than their lean controls, as well as higher blood lipid concentrations which are also quite sensitive to dietary variations.
This rat type, therefore, as an animal model, can simulate to some extent the nutritional situation in man, also with respect to its physical activity (Simonelli & Eaton 1978).
However, with regard to atherosclerosis large differences exist: the rat, not being
particularly liable to this condition, was found to be at the other end of the scale in this
respect than man. Nevertheless, the detailed study on the obese rat, particularly with
regard to its lipid metabolism as influenced by some of the important dietary factors, was
thought valuable.
11.2 Dietary composition
In our study we were concerned with two types of dietary fat: saturated and polyunsaturated. For the latter type sunflower oil was used, and for the former a mixture of fats
was chosen which were also of vegetable origin, in order to avoid problems related to
the presence of cholesterol in animal food products. The proportion of cholesterol
absorbed from animal fats by the intestines may differ from the proportion absorbed
from a mixture of cholesterol and vegetable fats, because of a different particle size
distribution.
Inaddition to this qualitative approach a low-fat regimen was used,compounded on a
semi-synthetic basis similar to that of the high-fat diets. Commercial rations for rodents
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arenormally low-fatdiets,andinourcasethecontroldiet hadafatcontentsimilartothat
of the low-fat diets. Fromthe results of our study itwas alsoclear that there were large
differences inmetabolic effects betweenthelow-fatandthecontroldiets.Agreatdealof
attention tothese differences hasalready beengiven by Kritchevsky (1976, 1977aand
b). Also Hermus (1975) established that saturated fat added to a „chow" diet did not
lead to any elevation of the plasma cholesterol concentration, whereas it did in a
semi-synthetic diet.
The second dietary component studied was sucrose which in half of the semi-synthetic diets was substituted iso-energetically for starch. These two types of carbohydrate are known, in the human diet, to be the most important from a quantitative
viewpoint, and sucrose is under suspicion of exerting hyperlipidaemic and other adverse metabolic effects (see e.g. Macdonald & Braithwaite 1964), which are not attributed to starch.Thesubstitution of sugarfor starch inthethreetypes of diet described
above also gave aquantitative difference insucrose content, since low-fat diets (when
prepared on an iso-energetic and iso-nitrogenous basis) intrinsically contain a higher
carbohydrate content than do high-fat diets.
Thedifferences inthedegreeof purity between bothtypes of carbohydrate weremet
bytheadditionofcellulose.Althoughatypeofcellulosewasusedwhichhadbeenfound
in preliminary work not to affect plasma cholesterol concentrations, it may well have
affected cholesterol metabolism in general, as became apparent when we studied the
intestinal absorption of cholesterol (Chapter 6). It must be remembered that a small
amountofcholesterolwasaddedtothesemi-synthetic diets,atalevelof0.1 % byweight
inthe low-fat diets.
The problems relatingtotheconsumption of quantitiesthat were iso-energetic tothe
best possible extentandthose relatingtodifferences inapparent digestibility, aswellas
the food restrictions applied only to the groups fed on the high-poly-unsaturated-fat
diets, havealready beendiscussed (Chapter 4).
11.3 Dietary effects
Demarne et al. (1975) mentioned that no differences were observed in growth, body
composition,food efficiency and lipidand protein synthesis between ratsfed on either
saturated or poly-unsaturated fat containing diets. In our studies on obese rats clear
differences were found as regards plasma cholesterol, triglyceride and blood glucose
concentrations astheresultofdietarytreatment (Chapter 5),althoughthesedifferences
wereconsiderably smaller thanthose betweenobeseand lean rats.Theonly difference
in insulin levels observed wasthat these values of the lean ratsweresignificantly lower
than those of the obese rats, apart from atendency for these levels to be lower in the
obese ratsofthecontrol groupthanthose inthe ratsfedonthesemi-synthetic diets.
Thedifferences inplasma lipidconcentrations werefirst of alldependent onthetype
andthequantity ofthefatconsumed (seeTables9-12,Chapter 5).Itmaybementioned
that the plasma cholesterol concentrations of the ratsfed onthe low-fat diets (groupsI
and II),as reported in Chapter 5but not inthesubgroups asreported inChapters 6-8,
exceeded those ofthe ratsfedonthe high-saturated-fat diets (groups IIIandIV),which
will have been the result of the impaired intestinal absorption of the fat by the latter
groups.The ratsfedonthe high-poly-unsaturated-fat diets (groups VandVI)hadlower
plasma cholesterol levels than those ingroups Iand II— which isin line with what was
stated byVergroesen(1972)— ,buttheobeseratsonthe(low-fat)controldiet hadeven
lower levels. This was also found by others (Kritchevsky 1976 and 1977a and b); the
reasonsforthese resultsare notcompletely clear.
Secondly, the plasma lipid levelswereaffected bythetype of carbohydrate used.No
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interaction was found between the effects of sucrose and dietary fat on plasma lipid,
insulin and blood glucose concentrations. The effect of sucrose on plasma lipid levels
wasestablished inthe beginning inthetriglyceride part and laterduringthe experiment
inthe cholesterol fraction, whereas the differences in plasma triglyceride levels arising
from sucrose consumption had meanwhile disappeared.
This time effect is infull agreement with the known facts about thetransformation of
chylomicrons and very low-density lipoproteins, being rich in triglycerides, into
low-density lipoproteins, which contain alarger proportion of cholesterol (Schonfeld et
al. 1 974). We confine this reference to Zucker rats, but it has been found inall animal
speciesstudied,andafurther exchangeto high-density lipoproteins isalsoacceptedas
occurring. It would have been very interesting also for us to study the lipoprotein
patternsofour rats,butthiscouldnotbeundertaken inthisinvestigation.However, from
preliminary studies weknow that these patterns deviate considerably fromthoseobtainedfrom human plasma(seeTables 25and26) and,inaddition,are age-dependent.
Theoccurrence ofadependency ofthe lipoprotein lipase activity onthe composition
of the diet is suggested from the studies described by Schonfeld et al. (1974), but De
Gasquet & Péquignot (1974) did not find this in twelve month old obese Zucker rats,
using either a high-fat diet for seven months or a low-fat diet. A possible effect in this
respect, however, would probably be secondary to the increased lipogenesis found in
these rats(Bray et al. 1970band 1974, Martin 1974).
11.4 Cholesterol balance
Very intriguing results were obtained fromthecholesterol turnover study on six groups
ofZucker rats.Leanratswereshownto haveasignificantly larger excretory capacityof
cholesterol,whereasalldietarygroupsofobeseratsparticipatinghadsimilar production
ratesof cholesterol (PRA, Table 18, Chapter 6), indicating — under steady stateconditions — asimilar synthesis aswellasasimilar metabolic excretion ofcholesterol.
Theseresultsareinlinewiththoseobtained byCorey etal. (1976),whostudiedthree
speciesof monkeysandusedeither safflower orcoconut oilintheir diets(all containing
0.1 %of cholesterol). The authors attribute thisfinding, just aswe put forward from our
study, to a different distribution of cholesterol over the tissue pools (cf. Bieberdorf &
Wilson 1965,andGrundy &Ahrens 1970). Intheir studiesadifference wasfound inthe
intestinalabsorption ofcholesterol betweene.g.squirrel monkeysandcebusmonkeys,
but no such difference as a result of the dietary fat used. In our study, the difference
measured in this respect (Table 19, Chapter 6, groups III and V) must probably be
ascribed to the steatorrhoea occurring in group III (high-saturated fat with starch),
contrasting togroupV(high-poly-unsaturatedfat withstarch).
On the basis of the principles of cholesterol balance and its metabolic regulation
(Dietschy &Wilson 1970),confirmed instudies of, among others,Quintàoetal. (1971),
the adaptive synthesis of cholesterol may be taken to have been the factor that was
responsible forthenearly identical PRA-valuesoftheobese rats(seeChapter 6).These
animals may have,according to their excessive lipogenic properties (Bray et al. 1970b
and 1974, Martin 1974), alarge capacity for cholesterol synthesis but arestricted one
for its metabolic excretion, incomparison with that of lean rats.This may,generally, be
validforthedevelopmentof hypercholesterolaemiainobesity,alsoinman(Grundyetal.
1969).
Thecholesterol balancewasalsostudiedbyGreenetal.(1976)inguinea-pigs,which
were given lard or sunflower oil with or without 0.1% of additional cholesterol in their
diets.Theseauthors mentionthestorageof cholesterol inthe liver asanother compensatory mechanism intheregulation of cholesterol metabolism.

11.5 Metabolie stress and reactivity
We did not study to any extent the discrepancy between the amazing tolerance of the
obese Zucker rats to fasting and their great sensitivity to cold exposure, but only made
some measurements during a few days when they were fasting. Despite the considerable decreases in the plasma triglyceride levels of the obese rats (Table 23, Chapter 7)
these values were still several times higher than those of the lean rats (even when the
latter were being fed), which is in agreement with the findings of Zucker & Antoniades
(1 972), This would imply — in combination with the losses in body weight which were
similar to those of the lean rats —that the large lipid stores of the obese animals allow
metabolic energy conversion for avery long period ata low thermogenetic capacity. The
decrease inthe plasma triglyceride levelsfrom the start of the period of fasting disagrees
with the initial rise found by Stout et al. (1976) in man.These authors established, on the
other hand, a clear decrease in free fatty acid concentrations in the plasma, which
decrease would reflect utilization of these substances for metabolic purposes.
However, we observed an initial rise inthe plasma cholesterol concentrations after the
rats hadfastedfortwo days, which would indicate the utilization of lipidstores ofthe rats.
This finding is in line with the view held byAngel & Farkas (1974). Our results with regard
to glucose and insulin metabolism did not provide uswith aclear picture which we could
discuss on any broad basis.
11.6 Fatty livers: the role of low-fat diets and sucrose
Finally we want to come back once more to the finding of fatty livers inthe rats fed on the
low-fat diets (Table 30, Chapter 9). It can be postulated than an increase in the fat
content of the diet (and somewhat more so in high-poly-unsaturated- than in high-saturated-fat diets) protects obese rats from the development of hepatic steatosis to a
certain extent. However, the control ration, being also a low-fat diet, exerts this protective function too for reasons which are not completely understood but which should be
related to some food component(s) or other (Kritchevsky 1976 and 1977a and b). The
hepatic steatosis, however, was much more pronounced in the animals fed on the
high-sucrose diet provided to group II, which isinagreement with the findings of Winand
et al. (1977) and of Tuovinen & Bender (1975). From the figures inTable 30 (Chapter 9)
it can be concluded that the sucrose content of the high-fat diets did not attain a level
sufficiently high to give rise to fatty liversto adegree higher than that found inthe rats of
the corresponding groups which had been fed on the starch-containing diets. Also in
this respect a high fat content of the diet seems to exert a protective effect on the rats as
regards the development of fatty livers. A sucrose-containing „ c h o w " diet was not used
in our studies.
The development of a fatty liver was deliberately attempted, for the purpose of
experimentation on hepatic steatosis, by Novikoff (1977), who described a dietary
regimen, being a high-sucrose, low-fat diet, for obese Zucker rats. This diet, however,
also contained 1 % of orotic acid, which is known to cause, under certain conditions,
fatty livers within 3 days even in rats fed on a chow diet (Creasey et al. 1961). We
showed that, also without the addition of orotic acid, a low-fat high-sucrose semi-synthetic diet leads to the development of fatty livers in obese Zucker rats to a very
pronounced degree, although perhaps less rapidly.
11.7 Possible implications regarding human nutrition
The study described was concerned with a number of metabolic events taking place in
obese Zucker rats under the influence of some dietary factors, and with the comparison
of these events with those in lean rats of the same strain. The results are, anyhow,

92
valuable whether they confirm or not the data already known from studies which had
beencarried out onvariousanimal species, but notyetonZucker rats.Mostofthedata
point to similarities between these rats and other animals, although quantitative differencesdidoccur. Ourresultsdealt mainly withthe lipidmetabolism ofobeseZucker rats
as influenced by their diets. These differences, however, appeared to be fairly small
when compared with those observed between obese and lean Zucker rats. They are
discussed broadly inthisThesis,andarealsosummarised.
Despite confining our attention to Zucker rats inthesestudies,it might be worthwhile
toanswer somequestionsastowhat extent ourfindings — inconnection withwhatwas
already known—wouldbeapplicabletoman.Ofcourse,oursuggestions inthisrespect
are given with great caution, as extrapolation of such findings to the development of
human atherosclerosis isalwaysfraught with errors (Lacko et al. 1974).The nutritional
situation of man has for that matter, from the beginning of our study formed the
background of our concern withthis subject.
11.7.1 Dietaryfatandthetypeofdiet
Itcanbestatedthat,inpurifieddiets,thepresenceofalargeamountofpoly-unsaturated
fat results in a lower plasma cholesterol concentration than that resulting from similar
diets with saturated fat or from alow-fat diet. Although this is presumably not duetoa
higher excretion of cholesterol (at least not in the long run) but to a redistribution of
cholesterol over the tissue pools (as can also be concluded from our study), the
lowering of the cholesterol concentration will be of interest from the viewpoint of
atherogenesisaslongastheinfiltrationtheoryontheoriginofthecholesterol inthefatty
streaks inthevascular wall is held. According to thistheory, the lipidcompound of the
atheromas isessentially derivedfromthe blood circulating inthevessels concerned,to
an extent which will depend on the cholesterol concentration and, in addition, on the
lipoprotein pattern oftheplasma.
The control diet, however, results in a plasma cholesterol level that is still lower, in
spite ofthefactthatthecontent of poly-unsaturated fat inthisdiet islower. (The weight
gain on this type of diet was also somewhat less.) Even additional saturated fat in a
,,chow" diet does not leadto any increase of plasma cholesterol concentrations (Hermus 1975). The biochemical mechanism of this effect has not been sufficiently elucidatedandwould repay considerable attention inthe nearfuture.
The tendency to a lower insulin level that we found in rats fed on a chow diet in
comparison withtheinsulin levelresultingfromthe intakeof purifieddiets, maygivean
indication ofthenutritionalsignificanceofthistypeoffeeding.Eventhesmaller capacity
forthedigestionofprotein,asobservedintheratsfedonthecontroldiet,mayberelated
tothis effect.
Interest mayalsobepaidtotheintestinalabsorption ofdietary cholesterol,which has
been suggested not to exceed a level of about 400 mg per day in man (Kaplan et al.
1963, Wilson & Lindsey 1965, Connor & Connor 1972). Also in 1972, Lutton &Chevallier already came to the conclusion,fromtheir studies on cholesterol turnover rates
measured byan isotopic equilibrium method,that dietary cholesterol,andcertainly not
when provided at a high level, is not a main determinant of the plasma cholesterol
concentration, asthis concentration is more dependent onvariations inthe synthesis,
biliary flow and intestinal absorption of cholesterol, (see also Chevallier 1977 and
Glueck &Connor 1978,mentioned insection6.4.3, p.54).
11.7.2 Sucroseinthe diet
Theeffect of sucrose on plasma lipids isapparently only atemporary one. Most of the
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information fromthe literature isbasedon short-term studies, andsomeother workers
havealready mentioned itstemporary nature.
However,sucrosemaycauseoraggravatethedevelopment offatty livers, particularly
inobesesubjects,when itisconsumed inlargeamounts inlow-fatdietssuchasmaybe
used inorder to avoid problems of elevated blood levels. Inthosecircumstances some
limitation of the sucrose consumption (or alower level of purity of the carbohydrate in
the diet) would be preferable. We do not know precisely to what extent the sucrose
intake should be restricted (we did not try out a „chow" or control-type diet with
sucrose), butsomeindication canbegivenfromourstudy: inthehigh-fatdietssome40
energy % ofsucrose didnotaggravatethedevelopment offatty livers,incontrast tothe
70energy %ofthissugar addedtothe low-fat diet.
11.7.3 The significanceofobesity
Obesity is aseparate factor inthe various abnormalities which are related to lipid and
glucose metabolism.Thequestion whether obesity should be regarded asa „disease"
maybeansweredasfollows:obesity isa„state" inwhich regulatory mechanismsoflipid
metabolism are still functioning, although to a different level of metabolic equilibrium,
with regardtoadiposetissue(Winandetal. 1977)aswellasto hepatic lipid metabolism
(Jeanrenaud et al. 1977); however, it may lead to diseases, among other things via
hypercholesterolemia. Olefsky et al. (1975) experimentally found, in man, that an
additional intake of 2000 kcalories (= 8.3 Mega-Joules) influenced lipidand carbohydrate metabolism.Bloodglucoseandplasmacholesterol concentrations increasedtoa
lesserextentthandidplasmatriglycerideandinsulin levels.Inourstudytheprovisionof
„slimming diets" was not attempted. Also inastudy on human obesity, atendency to
steatosis ofthe liver hasbeen reported(Kraietal. 1977).The hereditary typeof obesity
aspresent intheobeseZucker rattransfers thebalance offood intaketoanother level.
Arestricted food intake infatties willdecrease body weight aswellasplasma lipidsand
insulin levels, but it may interfere with the protein balance and may fail to override the
tendency to obesity. Under circumstances of abundant food supply, therefore, the
prevention orthetreatment ofobesityanditsadverseeffects,atleastofgeneticformsof
this condition,will remain adifficult matter.

Summary

The nutritional problemwith regardtofatandsugar consumption inrelationto lipidand
glucose metabolism,andthe ultimate goal of the study are generally outlined inChapter 1. The obese Zucker rat was chosen as being likely a suitable animal model for a
study likethis.Chapter 2isareviewoftheliteratureontheZucker ratstrain,of restricted
size but aimedto becomplete.
In Chapter 3 the design of the study is provided with regard to the grouping and
dieting of the rats involved. To six groups of at least 12 obese rats per group, of
approximately 6weeks of age, semi-synthetic diets were given, being either low-fat or
high-fat diets;thegroupsfed onthe high-fat dietswere providedwith either asaturated
(consisting of two partsof cocoa butter and one part of palm oil) or apoly-unsaturated
(sunflower oil)typeoffat. Eachofthethreetypes ofdietary fat (low-fat, high-saturatedand high-poly-unsaturated-fat) wascombined witheither sucrose orstarch.Onegroup
ofobeseandonegroupofleanZucker ratsfedonacommercial rationservedascontrol
groups.Only male ratswereused.
Chapter 4 deals with the results of the body weight gains, food consumption and
digestion as obtained during the first part of the experiment, at an age of the rats of
approximately 6 to 22 weeks. There was a large similarity in body weight gain of the
group of obese rats. Onthe high-saturated-fat diets asteatorrhoea was observed; the
food intake of the rats fed on the poly-unsaturated-fat diets had to be somewhat
restricted. Inthe ratsfedonthecommercial ration adecreased apparent digestibility of
protein wasfound.
In Chapter 5the results are given for the plasma levels of cholesterol, triglycerides,
insulinandthebloodglucose,asmeasuredafter 2,4,9and15weeksoftheexperiment.
Theleanratsshowed,asexpected,byfarthelowestplasmacholesterol concentrations.
The low-fat diets gave the highest plasma cholesterol levels, even higher than did the
high-saturated-fat diets (which latter, however, gave rise to steatorrhoea). The
high-poly-unsaturated-fat diets gave lower levels, but the lowest values for obese rats
were seen on the commercial ration. The plasma triglyceride concentrations were
significantly higher on all high-fat diets than on the low-fat diets. Again, the values
observed in the lean controls were by far the lowest. Sucrose in the diets had an
elevatingeffect particularly duringthefirstweeksofdieting,firstlyonthetriglycerideand
somewhat later on the cholesterol levels of the plasma, but this effect gradually disappeared.Therewas nointeractionfoundbetweentheeffects ofdietaryfatsandsugaron
the plasma lipidlevels.
The high-poly-unsaturated-fat diets gave significantly higher blood glucose concentrations (after the rats had fasted overnight) than did the other diets (p<0.001). The
presence of sucrose inthe diets had no significant effect on the blood glucose levels.
Theonlytendencytoasignificant difference betweentheplasma insulin concentrations
of the obese rats was aslightly lower level in the rats of the obese control group; this
level, however, wassignificantly higherthanthatofthe leancontrols (p<0.05).
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Chapter 6 gives a description of the cholesterol turnover study carried out on half of
the rats from most dietary groups, with the help of two cholesterol isotopes provided.
This turnover was higher in obese than in lean rats. The obese rats had larger pool
masses and higher values for the transfer from the rapidly to the slowly exchangeable
pool. The most striking result was the observation that all groups of obese rats, in
contrast to the lean rats,appeared to have reached their maximal capacity for excretion
of cholesterol. This leads usto the conclusion that the differences in plasma cholesterol
concentrations observed between the groups of obese rats are the result of a different
distribution of the cholesterol over the tissues.
Further, a positive correlation was found between the mass of the slowly exchangeable pool and the intestinal absorption of cholesterol. Of the significant differences
found in the intestinal absorption of cholesterol between the dietary groups ( p < 0 . 0 5 ) ,
the higher value for this on the low-fat vs. the high-saturated-fat diet and that for the
starch vs. the sucrose containing diet must supposedly be ascribed to the concomiting
lower cellulose content of the former respective diets (cf. Table 19 with Table 2 in
Chapter 3). The lower cholesterol absorption from the high-saturated-fat diet than from
the comparable high-poly-unsaturated-fat diet will be related to the impaired fat absorption from this former diet.
The excretion of 3-/?-OH-sterols inthe faeces (pooled samples) was somewhat higher
in the obese control group than in that of the lean rats. It was also higher than in the
groups fed on the semi-synthetic diets, with the exception of the groups fed on the
high-saturated-fat diets which gave the highest values for this, probably connected to
the steatorrhoea observed inthese latter groups. Since the ratsfed onthis type of fat had
shown to have almost identical figures for the cholesterol turnover (= the production
rate) as the obese rats in the other groups, a different synthesis of cholesterol will
presumably have compensated for this difference in sterol excretion with the faeces.
Chapter 7 reveals the data obtained on the blood parameters mentioned (vide supra)
during a period of four days of fasting of the second half of the rats from all groups
participating in the study. Body weights decreased similarly in all groups, plasma
triglycerides fell almost exponentially, whereas the plasma cholesterol levels showed an
initial rise, with highest figures on the second day, and the most pronounced in the
groups fed on the low-fat diets,to befollowed by agradual decrease. The blood glucose
concentrations tended to increase between the second and the fourth day of fasting,
whereas the plasma insulin levels did not change significantly.
Chapter 8 isdevoted to the measurements, inthe blood plasma of half of the rats from
all groups, of the enzyme lecithin :cholesterol acyl-transferase (LCAT). A relative LCAT
deficiency might be involved in the development of the increased plasma cholesterol
concentrations of obese Zucker rats. Significant differences (p < 0 . 0 5 ) were found asto
a decreasing effect on the LCAT activity of the high-saturated-fat compared to the
low-fat and the high-poly-unsaturated-fat diets, and a decreasing effect of sucrose
compared to starch. There was no interaction found between dietary fat and sugar
regarding the LCAT activities.
In Chapter 9 the results are presented of the lipid determinations performed in liver
and perirenal fat of the same rats as were used in the preceeding latter two chapters,
after their sacrifice. The perirenal fat of obese rats contained twice as much cholesterol
as that of lean rats, without a dietary effect measured. The livers of the obese rats were
very much fatter than those of the lean rats and had a different fatty acid composition.
Very pronounced fatty livers were found in the groups fed on the low-fat diets, particularly inthe combination with sucrose. There was astatistically very significant interaction
( p < 0 . 0 0 1 ) between dietary fat and sugar with regard to the total fat, triglyceride and
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cholesterol content ofthe livers.The hepatic fatcontent oftheobese ratswaslowest in
thegroupsfedonthehigh-poly-unsaturated-fatdiets. Inthehigh-fatdiets,thepresence
ofaproportion ofapproximately 39energy % ofsucrose hadnoincreasingeffect onthe
liver lipids,contrastingtothesteatotic effect ontheliverwithapproximately 70energy%
of sucrose in the low-fat diets. Lipogenesis appeared to correlate negatively with the
degree of mono-desaturationofthefatty acids present inthetissuefats.
Chapter 10ontheaortic atheromatosis pointstothelackofatherosclerotic processes
occurring inour Zucker ratsdespite adietary induced hyperlipidaemia during aperiod
regarded assufficiently extended,of morethan seven months.This negative result will
be related to the different lipoprotein composition of rats in general, making them not
particularly pronetoadevelopment of atherosclerosis intheir largearteries.
InChapter 11the combined aspects of thefat andsugar metabolism asarising from
the respective parts of the total investigation are discussed. Although the differences
between obese and lean Zucker rats exceeded by far those observed between the
dietary groups of obese rats, a number of significant differences was found between
thesegroups,which resultedfromdietarytreatment.Thesedifferences concern plasma
cholesterol andtriglyceride levels aswell asblood glucose concentrations, cholesterol
pool masses, LCAT activities of the plasma, hepatic lipid metabolism and fatty acid
composition of both liver and perirenal fat. Further, these differences are relatedtothe
quantity and the type of dietary fat aswell astothe type of carbohydrate usedand,in
addition, tothedegree of purity ofthediet.
Thedifferences indietary composition, however, apparently didnotaffectthehepatic
excretionofcholesterol,whichwasfoundtobesimilar,andnearly maximal,inallgroups
of obese ratsstudied.
Intheendaninvestigationwasmadetodeterminethesignificance oftheseresultsfor
humannutrition.

Samenvatting

In het eerste hoofdstuk worden enige voedingskundige problemen uiteengezet met
betrekking tot de consumptie van vet en suiker, en wordt de doelstelling van het
onderzoek in het algemeen weergegeven. Als mogelijk geschikt proefdier voor een
onderzoek van deze aard viel de keuze op de vetzuchtige Zucker-rat.
Hoofdstuk 2 geeft een overzicht van de literatuur over de Zucker-rat, dat, hoewel het
beknopt is gehouden, aanspraak maakt op volledigheid.
In hoofdstuk 3 wordt de opzet van het onderzoek vermeld wat betreft de indeling van
de ratten ingroepen en hun voedering. Zes groepen van tenminste 12vetzuchtige ratten
van ongeveer zes weken oud kregen semi-synthetische voeders verstrekt die öf weinig
vet, öf veel vet bevatten; de groepen die met vetrijke voeders werden gevoerd kregen of
een verzadigd vettype (bestaande uit 2 delen cacaoboter en 1 deel palmolie) óf meervoudig onverzadigd vet (zonnebloemolie). Elk van de gebruikte typen voedingsvet
(vetarm of vetrijk verzadigd of vetrijk meervoudig onverzadigd) was gecombineerd met
sucrose of zetmeel. Er waren twee controlegroepen: één bestaande uit vetzuchtige en
één bestaande uit magere Zucker-ratten, die beide een handelsvoer kregen toegediend.
Er werden uitsluitend mannelijke ratten gebruikt.
Hoofdstuk 4 behandelt de resultaten van het onderzoek, wat betreft lichaamsgewicht,
voedselconsumptie en verteerbaarheid, die werden verkregen in het eerste gedeelte
van het onderzoek bij ratten die een leeftijd hadden tussen ongeveer 6 en 22 weken. Er
bestond grote overeenstemming tussen de groepen vetzuchtige ratten wat de toeneming in gewicht betreft. Bij de ratten waaraan voeder met veel verzadigd vet was
verstrekt werd vetontlasting waargenomen, terwijl de vetzuchtige ratten die het controlevoer kregen een verminderde schijnbare verteerbaarheid van het eiwit vertoonden.
In hoofdstuk 5 zijn de resultaten weergegeven van de bepalingen van de plasmaconcentraties van cholesterol, triglyceriden en insuline en het bloedglucose-gehalte,
die werden gemeten na 2, 4, 9 en 15 weken van het onderzoek. Zoals werd verwacht,
bleken de magere ratten verreweg de laagste plasmacholesterolspiegels te hebben. De
vetarme semi-synthetische voeders veroorzaakten de hoogste plasmacholesterolconcentraties; deze waren zelfs hoger dan die welke werden geconstateerd als
gevolg van de consumptie van verzadigd vet (dit vettype gaf echter aanleiding tot
vetdiarree). De voeders met veel meervoudig onverzadigd vet hadden lagere gehalten
ten gevolge, maar de laagste waarden bij vetzuchtige ratten werden gevonden bij de
dieren die het controlevoer kregen. Het plasmatriglyceridegehalte van de ratten die een
vetrijk voer gebruikten was significant hoger dan van die welke een vetarm voer kregen.
Ook hier werden verreweg de laagste waarden gevonden bij magere ratten.Suiker in de
voeding had een verhogend effect, vooral gedurende de eerste weken van de voederperiode, allereerst op het triglyceridegehalte en korte tijd later op het cholesterolgehalte
van het plasma. Inhet verloop van het onderzoek verdween dit effect geleidelijk. Er werd
geen interactie gevonden tussen de invloed van vet en suiker in de voeding op de
plasmalipidengehalten.
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De vetrijke voeders met meervoudig onverzadigd vet gaven significant hogere
bloedglucoseconcentraties (nadat de ratten 's nachts hadden gevast) dan de andere
voeders (p< 0,001). De aanwezigheid van sucrose in het voer had geen significante
invloed op de bloedglucosespiegels. De enige neiging tot een significant verschil in
plasma-insulmeconcentratie tussen de groepen vetzuchtige ratten was een wat lager
gehalte bij de vetzuchtige controleratten; dit gehalte was echter significant hoger dan
dat van de magere ratten ( p < 0 , 0 5 ) .
In hoofdstuk 6 is een studie over de cholesterol-turnover beschreven, die werd
uitgevoerd met de helft van de ratten uit de meeste groepen, en waarbij gebruik werd
gemaakt van twee radioactieve cholesterol-isotopen. Deze turnover was hoger in vetzuchtige dan in magere ratten. De vetzuchtige ratten hadden een grotere massa van de
,,pools" en hogere waarden voor de overdracht van de snel uitwisselbare naar de
langzaam uitwisselbare ,,pool". Het meest opmerkelijke resultaat was de waarneming
dat alle groepen vetzuchtige ratten hun maximale capaciteit voor de uitscheiding van
cholesterol bleken te hebben bereikt, in tegenstelling tot de magere ratten. Dit leidt ons
tot de conclusie dat de waargenomen verschillen in plasmacholesterolconcentratie
tussen de groepen vetzuchtige ratten het gevolg zijn van een verschil indeverdeling van
het cholesterol over de weefsels.
Verder werd er een positieve correlatie gevonden tussen de grootte van „ p o o l " B (de
langzaam uitwisselbare ,,pool") en de absorptie van cholesterol uit de darm. Van de
significante verschillen die werden geconstateerd in de absorptie uit de darm van
cholesterol tussen de voedergroepen ( p < 0 , 0 5 ) , moet de hogere waarde die hiervoor
werd gevonden bij gebruik van het vetarme voer ten opzichte van het voer dat rijk was
aan verzadigd vet, en die bij gebruik van zetmeel ten opzichte van sucrose, vermoedelijk
worden toegeschreven aan het lagere cellulosegehalte dat voorkwam in het bij deze
vergelijkingen telkens het eerst genoemde voeder (vergelijk hiervoor tabel 19 en tabel 2
in hoofdstuk 3). De lagere absorptie van cholesterol uit het voer dat rijk was aan
verzadigd vet dan uit het overeenkomstige voer met veel meervoudig onverzadigd vet
hangt waarschijnlijk samen met de gestoorde vetabsorptie uit eerstgenoemd voeder.
De uitscheiding met de faeces van 3-ß-OH-sterolen (gemeten in samengevoegde
monsters) was iets hoger in de groep vetzuchtige dan in de groep magere controleratten. Deze uitscheiding was tevens hoger dan in de groepen die met de semi-synthetische voeders werden gevoerd, met uitzondering van de groepen die de voeders kregen
met veel verzadigd vet; bij deze groepen werden de hoogste waarden gevonden,
waarschijnlijk verband houdend met de vetdiarree die in deze groepen was geconstateerd. Uit het feit dat de ratten die met dit vettype waren gevoerd een vrijwel even hoge
turnover van cholesterol (= de produktiesnelheid) bleken te hebben als de vetzuchtige
ratten uit de andere groepen, kan worden geconcludeerd dat het verschil in uitscheiding
met de faeces van sterolen moet zijn gecompenseerd door een verschil in synthese van
cholesterol.
Hoofdstuk 7 bevat de uitkomsten van experimenten waarbij de bovengenoemde
bloedparameters werden bepaald na een periode van voedselonthouding van vier
dagen bij de tweede helft van de ratten van alle aan het onderzoek deelnemende
groepen. Het lichaamsgewicht nam in alle groepen gelijkelijk af, het plasmatriglyceridegehalte daalde welhaast exponentieel, terwijl het plasmacholesterolgehalte aanvankelijk een stijging vertoonde (waarbij de hoogste waarden zich op de tweede dag
voordeden) die het meest uitgesproken was in de groepen dié een vetarm (semi-synthetisch) voer gebruikten, en die werd gevolgd door een geleidelijke daling. De
bloedglucosegehalten vertoonden een stijgende tendens tussen de tweede en vierde
dag van de periode van vasten, terwijl de insulinespiegels niet significant veranderden.
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Hoofdstuk 8 is gewijd aan de bepaling van het enzym lecithme : cholesterol-acyltransferase (LCAT) in het bloedplasma van de helft van de ratten uit alle groepen. Een
relatief tekort aan LCAT zou betrokken kunnen zijn bijde ontwikkeling van de verhoogde
plasmacholesterolgehalten van Zucker-ratten. Er werden met betrekking tot de
LCAT-activiteit significante verschillen gevonden ( p < 0 , 0 5 ) , en wel een verlagende
werking als gevolg van het gebruik van de voeders die veel verzadigd vet bevatten
vergeleken met voeders die vetarm waren of rijk aan meervoudig onverzadigd vet, en
een verlagende werking als gevolg van het gebruik van de voeders met sucrose vergeleken met zetmeel. Er werd geen interactie geconstateerd tussen voedingsvet en suiker
met betrekking tot de LCAT-activiteit.
In hoofdstuk 9 worden de resultaten weergegeven van de vetbepalingen die werden
uitgevoerd met leverweefsel en perirenaal vet van dezelfde ratten als die welke werden
gebruikt in de proeven beschreven in de twee vorige hoofdstukken, nadat ze waren
opgeofferd. Het perirenale vet van vetzuchtige ratten bevatte tweemaal zoveel cholesterol als dat van magere ratten, waarbij geen invloed van de voeding kon worden
vastgesteld. De levers van de vetzuchtige ratten bevatten veel meer vet dan die van de
magere ratten en hadden een andere vetzuursamenstelling. Zeer uitgesproken vetlevers werden waargenomen in de groepen die werden gevoed met vetarm voeder,
speciaal wanneer dit bovendien sucrose bevatte. Erwas een statistisch zeer significante
interactie ( p < 0 , 0 0 1 ) tussen voedingsvet en suiker ten aanzien van het totale vet-, het
triglyceride- en het cholesterolgehalte van de levers. Het gehalte aan levervet van de
vetzuchtige ratten was het laagst in de groepen die voer kregen dat rijk was aan
meervoudig onverzadigd vet. In de vetrijke voeders had de aanwezigheid van circa 39
energie % aan suiker geen verhoging van de leverlipiden tot gevolg, in tegenstelling tot
het vervettende effect op de lever met circa 70 energie % aan suiker in de vetarme
voeders. Er bleek een negatieve correlatie te bestaan tussen de vetsynthese en de
verzadigingsgraad (mono-desaturatie) van de in het weefselvet voorkomende vetzuren.
Hoofdstuk 10 gaat over athérosclérose van de lichaamsslagader en wijst op het
ontbreken van atherosclerotische processen bij de Zucker-rat, ondanks een verhoogd
lipidengehalte van het bloed als gevolg van de voeding welke werd gegeven gedurende
een periode die als voldoende lang kan worden beschouwd, nl. van meer dan zeven
maanden. Dit negatieve resultaat hangt samen met de samenstelling van de lipoprotei'nen bij ratten in het algemeen, welke verschilt van die bij de mens, en die hen weinig
gevoelig doet zijn voor het ontstaan van athérosclérose in de grote bloedvaten.
In hoofdstuk 11 worden de verschillende aspecten van de vet- en suikerstofwisseling
besproken zoals die in de diverse hoofdstukken aan de orde komen. Hoewel de verschillen tussen vetzuchtige en magere ratten veel groter waren dan die tussen de
diverse voedergroepen van vetzuchtige ratten, zijn er toch tussen de laatstgenoemde
groepen enige duidelijke verschillen geconstateerd die terug te brengen zijn tot hun
voeding. Deze verschillen betreffen zowel het plasmacholesterol- en het plasmatriglyceridegehalte als het bloedsuikergehalte, de grootte van de cholesterol-"pools", de
LCAT-activiteit van het plasma, de vetstofwisseling van de lever en de vetzuursamenstelling van het levervet en het perirenale vet. Overigens hangen de verschillen niet
alleen samen met de hoeveelheid en het type voedingsvet maar ook met de gebruikte
soort koolhydraat, en bovendien nog met de graad van zuiverheid van het voer.
De verschillen in samenstelling van de voeders oefenden echter geen invloed uit op
de uitscheiding van cholesterol door de lever, welke bij alle onderzochte groepen
vetzuchtige ratten nagenoeg even groot en ook vrijwel maximaal was.
Tenslotte wordt een poging ondernomen om aan te geven wat deze gegevens betekenen voor de voeding van de mens.
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