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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.
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(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

20
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.

