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ABSTRACT

The object of the present study was to

investigate the effeet of isocalorie substitution of

dietary carbohydrate by protein and various sourees of

fat on G-6-PDH and malic eilzyme activities in liver and

epididymal adipose tissue, aud on hepatie fatty acid

composition of restricted-refed rats" The effect of

diet composition on blood glucosee sêrüm chol-esterolø

and serum free fatty aeids also was examined" .{dult

mal-e rats (225-J0aÐ were restri"eted. to Jg daily for B

days of a high carbohydrateg fat-free (FF) diet, The

res'bricted rats were then refed 20 g daily of the FF

diet, or a diet with lZfi eoconut oil (C0)u lard (f,¿) ,

rapeseed oil (nSO) ' or safftower oil (SO) u or 27%

casein (fnO¡ substituted isocalorically for glueose for
periods of 3, 5s or ? days" Hepatic dehydrogenase

activities increased 9- to 10- fold in rats refed the

FF díet¡ 6* to 7- fold in rats refed the C0 diets and

1"2* to 1J* fold in rats refed the PRO díet for J to 7

days, Enzyme inductiotl was suppressed to a 2- to Ll,*

fotd increase in rats refed the LAo RSOp and S0 diets'

Although a sÍmilar pattern prevailed i-n adi.pose tissue

the effect of dj.et was less pronouncedu Ma1ic enzyme

activity increased 3- to 8* fold j-n rats refed the FF
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dj.ets 3* to 5- fold in rats refed the COu LA, RSO' and

S0 dietss ai:d B- to 10- fold in rats refed the PRO diet"

G*6-PDH activity increased only 2* to 5* fold imespective

of diet refed" Composition of the diet also had air

appreciable effect on the fatty acid composÍ-tion of
liver lipid,Eícosatrienoic acid was observed i-n ]j-ver

lipid of rats refed the PRO diet for 3 ' 5u and" 7 days"

Eicosatrienoie acid also was present in the liver lipid
of rats refed the FF, CO, and LA diets for ? d.ays" A

marked reductiorl was observed in linoleic aird araehidonÍc

acid levels in rats refed the FFu CO, and PRO diets when

these rats were compared to restricted ratso No

eicosatrienoic acid was observed in the liver lipid of
rats refed RSO or S0 diets for 7 days" Furthermoree

linoleic and, arachidonic acid levels increased slightly
in the liver lipid of rats refed S0 diets, Neither

dietary restriction nor refeedj-ng was found to have an

effect on blood glucosee sênlnr cholesterole or serum free

fatty acid leveLs, These results suggest that diet
composition has a marked effect on the metablic response

to refeeding in restricted-refed ra-bsu especially on the

actÍvities of NADP-linked dehydrogenases in liver and

adipose tissueø âfrd on the fatty acid compositj.on of li.ver
1ipid"
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I" GENERA], INTRODUCTION

Starvation and subsequent refeeding of a high

carhohydrate diet results in a marked hyperlipogenesis

and an associated 'uovershoot'r of NADP*Iinked dehydro-

genases in the liver and adipose tissue of ad libitum

fed rats, Recent evidence suggests that during the re-

feeding of a high-carbohydrate diet after starvation¡

new RNA is formed and thís RNA persists so that during

subsequent starvation refeeding episodes an even greater

enzyme inductíon results than would occur after one

starvation-refeeding cyele (Szepesi and Moser, 1977) 
"

The composition of the refeeding diet may have

a profound effect on the enzymatic response to refeeding

following starvation. Dietary fat has long been known

to prevent erlzyme induction. In additionu it may be in-
portant in the prevention of the 'ometabolic memory of

starvatj-on'o responsible for the increased enzyme induction

with repeated starvation-refeeding cycles (Szepesi et al. o

tg72) ,

In the ca6e of mane where liver is believed to

be the major site of fatty aci-d productione j-ncreased

inducibility of G-6*PDH and malic enzyme due to meal-skip*

ping or periods of severe caloric restriction could lead
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to an increased ability to synthesize fatty acids and

thereby possibly lead to obesity, Evidence of such a

res1)onse in malr would be of importanee in contributing
to increased ln'rowledge of etiology of major health pro-

blems sueh as obesity and cardiovascular disease"

The present study was undertaken to further
clarify the effect of diet on the rnetabolic response to

refeeding following severe dietary restriction"
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I]. STATUS OF THE PROBLEM

The respollse to a starvatiolr-refeeding regimen

appears to be ar1 interesting example of the compli.cated

regulatory mechanisms that occur in mammalian systems"

The suppression of lipogenesis caused by fasting and the

subsequent increase upon refeeding has been correl-a,ted

with concomitant changes in the activities of various

enzymes related to fatty acid s¡mthesise notably G*6*PDH

and malic enuymeø

The nature of the refeedi-ng diet markedly in-
fluences the response to refeedi.ng following starvation"

A high fat diet has consistently been shown to suppress

the hyperlipogenic response in both li.ver and adípose

ti.ssue (Young et a]. s L964E Levej-lle u 196?a and l-967b).

The effect of dietary fat souree on lipogenesis is not as

well documented. The results of some studies suggest that
the effect of the fat on lipogenesis is not related to the

source of dietary fat (Dr¡poirtu 1"966E Bottino et aL-" o 1965) ,

whereas other studies would suggest that unsaturated fatty
aeids especially línoleice'as well as arachidonic and"o<-

linolenies exert a speeial regulatory effect on lipogenesis

and enzyme induction (Altmann, 1.9659 Chu e_t al, , 1969) 
"

Furthermoree dietary fat may affect lipogenesis in a d"if*
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ferent manner than dehydrogerlase activity dependi-ng upon

fat source " Hepatic lipogenesis was found to l:e as low

or lower in airi-mals fed saturated fat when compared to

animals fed unsaturated fat whereas NADP-línked dehydro-

genase activity was higher in at.rimals fed saturated fat
(Teppermau aird Teppermau, t965) ,

In additionu much coirtroversy surrounds the

effect of dietary protein ot'I enzyme activity and lipogenesis'

Adequate dietary protei-n is necessary for G-6-PDH iirduct-ion

but not hyperlipogenes-is in rat liver (lvlcDonald aird Johu-

soÌ"r, L965). Malic ei'Izyme, however, was found to be olrly

partially suppressed when a proteilr-free diet was refed

foltowiirg starvation (Tepperman et 4!.u 1.968), Neverthe-

Iesss dietary protein is essentíal for rnalic enzyme in-

duction in adipose tissue (Jomain and Hattson, 1969) " Thus

there appears to be a dissociatiou in the respollses of the

two dehydroge.nase etlzymes iu the two tissues coilsidered

primarity respotlsible for the biosynthesis of fatty acids,

Although matly of the control mechalrisms invol-ved

i1 the synthesis of fatty acids are known atrd understood¡

there are matly gaps -irr the present understanding of this

process" The object of the present study was to attempt

to contribute to the utrderstanding of lipogenesis and the

relationship of the dietary factors involved ín this process.



I]I. REVIEW OF LITERATURE

A. BIOSYNTHESIS OF FATTY ACIDS

t . Rel-ations,hip of. Enzyme Activity +nd Lipogenesis 
"

The fact that fatty acid biosynthesis depends

upon a variety of nutritional and hormonal factors is
well established, Because of the dependence of fatty
acid biosynthesis on the reducing power derived from

NADPH and the reeognition of the peutose pathway as an

important source of this reducing power, the two NADPH

generating enzymes of the pentose pathway have received

considerable attention" 0f these enzymese the activity
of glucose -6- phosphate dehydrogenase (G-ó-PDH) has been

shown to be most critical (LeveiLleu 1966) " It has also

been demonstrated, however¡ that the pentose pathway

could not generate more than about J0/" of the NADPH re-
quired for high rates of lipogellesis in rat adipose tis=
sue (Flatt anA Ball¡ 1964), This led to a search for an

alternative system of generating the necessary reduci-ng

power to support lipogenesis, Young et al" (r96Ll'), Wise

and Batl (1964)' and Pande et aI" (t96Lt') presented evid-

ence suggesting that oxaloacetate derj-ved from citrate
cleavage could be converted to malate then to pyruvate as

a result of the combíned action of malic dehydrogenase and

malie enuymea thereby effecting a transfer of hydrogen



from NADH to NADP+ as shov¡-n by the following reactions s

OXALOACETATE + NADH MAüATE + NAD+

MAIATE + NADP+ @PYRUVATE + NADPH 'rC,O1"

The subsequent demonstration that pyruvate carboxylase

was present in the eytoplasn of rat adipose tj.ssue

(Ballard and llansone t96?) ted to the proposal of a

"transhydrogenation cyele" ín which hyd"rogen would be

transferred from NAÐH to NADP+ with ATP suppS-ying the

neeessary energy" These reactj.ons are d"escribed else-

where in more detail (I"eveiLle, 1970 ar,rd Leveí1leu 1.9?2),

Thuss beeause of their relationship to the bios¡mthesis

of fatty acids, G*6*PDH and malie enzyme (meOp-malate

d"ehydrogerlase) are of particular interest to thís review"

The rate of lipogenesis is significantly reduced"

in the fasted and diabetic statess and is markedly i.ncreased

by refeedÍng following a fast (Tepperman and leppersuLrìe

1958a Wise and BalIu t96tt,s FreedLande f967E Leveilleu 1969),

Refeeding rats a balanced. d.iet after a prolonged period of

starvation eauses an increase in J-ipogenesis in both adi-pose

tissue and liver (Masoro et A-L, u 1962s Allnann gjÞ g¿,, u t965s

Jansen et al. , tg67),

2"

The eonsequences of fasting and refeeding follow-



ing a fast on the activity of those enuymes associated.

with lipogenesS.s have also been investigated, In the

rats the activities of hexose monophosphate shunt dehydro-

geixasese rnalÍc enuyneø ând citrate cleavage enzyme are f,€*

d"ueed by fasting and return to above normal levels upon

refeed"ing (tepperman and Tepperman t 1958; Tepperman and

Teppermane t96l+g Kornacker and Irowenstein, 1965A McÐonald

and" Johnsorre 1965) 
"

The enzyrnatS.e ad.aptations that occur d.uring

hyperlipogenesis are due to i.ncreased activity in the

glycolytic pathway aild" citric acid cyele" As a resultø

citrate synthesis inereases such that citrate d.iffuses in*
to the extramitochondrial compartment where increased. citrate
cleavage enuyme acti-vity eleaves citrate to oxaloacetate

and acetyl CoAe thus providing for a rapid tranBfer of

mitochondrially generated acetyl CoA into the eell cytoplasn

where fatty acid. s¡mthesis oceurs" lhe details of these rê*

actionss âs well as the sBecific roles of liver and adipose

tissue have been summarized by Te¡rperman and Tepperman dL970),

and" Watt (t970) " The role of ç*6*PDH and malic enz]rme in
this serj.es of reactinns is to provide for de novo synthesis

of fatty aej.d.s by supplying NADFH,

Increased aetj-vity of the NADP-linked enzymes is

not believed to be the faetor responsible for the hyper*

lipogenic res$Ðonse observed during refeed.i.ng following



starvat-ioir" Rathers present evÍd.ence suggests that an

increased" rate of glucose conversion to fatty aeid"s

is the stimulus causing i-ncreased" activity of malie

enzyme and" ç*6*PpH (L,eveilleu 7966î Foster and Sreree

t96B; Yeh and Leveille, L9?a) 
"
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IfI. B. FACTORS RETATED TO ENZYME INDUCTION

1" De Novo. Eirzyne. Slr4tbe.sis

Reeentlye it has been shovrn that treatment of

starved. rats with 8*azaguani.ne prevents the 'oovershootuf in
G*6-FD}I and" malic eixzlrme d"uring refeed"inge but not the rê-
tunr of these enzymes to ad. libiturn values (Szepesí and.

Freed"lande 1969), 8*Azaguar:ine appears to be incorporatéd"

into messenger RNA and rilrosomal RNA (Kwan and Webb u 196?) 
"

Only the translation of messenger RNA formed" d.uring anti*
biotic ad"ministration wouId, thereforee be affeeted., Thus

it has been suggested that recovery of a9 Libitr¡m * fed

values following starvat.ion is a process which is ind"epend-

ent of de novo RNA synthesise whereas increased dg novg RNA

synthesis is required. for the 'fovershootof.

Furthermorêe it has beer: sholr¡n that a second cycle

of starvation * refeed"ing can l-ead to an even greater "over-
shooto' i.n enzyme activity than a single epi.sode of starv-

ation and refeeding (Szepesi and Berd"aniere 1970) " In ad-

d"itionB Szepesi et 41" (19?t]o) have d.emonstrated rnaximum

actívity of ç-6-PDH and malic enzyme d.uring the third. star*
vation-refeed"ing eycle with no furlhher inereases during a

fourbh cycle" Because there is evidence to suggest that the

spee.ific RNA components responsible for the maintenance of

hepatíc G-6-PDH and. malie enuyme atre stable d.uring starvation



10

(Szepesi et e!, ' I97La) ' there is support for the sug-

gestion that successive episod.es of starvation and re*

feeding lead to d.ecreased" dependence on transcriptional

faetors in the d.evelopment of the enuyme ¡'overshooto'"

Consequently the contro3- of enzyme ind.uction shifts fron

transcriptional- to transLational control (Szepesi 93 a!",

tg?Ib) " It appears than that d"e novo RNA synthesis is
a nore critical factor in initiating enzyme j-nd"uctionu

especi-ally duríng the first three starvation-refeeding

cyclese than it is in rnaintaining enzlrme ind.uction once

ít has been established.,

2, Diqtary Carbohvdrate

Data presented by Szepesi et al" (1977 a) not only

suggest that the specific RNA components respoirsible for the

maintenance of hepatic C*6-pÐH and malic e]lzyme Levels are

stable d,uring starvatj-onB but that the expression of RNA

in terms of enzyme activity is influenced" by the díet fed""

There is cor:rsiderable evid.ence to suggest that enzymatic

"overshootro is strictly d"epend"ent on d.ietary carbohydrate

ar:d that if rats ane fed. a high proteine J.ow fate carbohy*

d.rate-free d"iet the @overshooto' in C*6*pDH and matic elxzyme

activitíes d.oes not occur (Potter and Ono, t96Tg Szepesi and^

Berdaniere t9?79 Szepesi and. Moser, 1977).
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Because glucose derived from dietary carbohy_

drate is known to increase insurin secretioi-r (curry,
1970; Pal-l-otta and Kennedy n L96B) u the possibility that
íncreased insurin release upon refeeding a high carbohy-

drate diet may be the signal for subsequent hyper-

lipogeuesis has been studied (l.anq¡ et al, , t9?OE

Szepesi and Berdanier, 19?t; Szepesi e! âI., I9?Z) 
"

Fabry et a1, (7970) suggest that i-nsulin .is
not the factor respoirsi-ble for induced hyperlipogenesis"

These authors also postulate that the high rate of
lipogenesi-s associated wíth refeeding high leveì.s of
dietar¡r carbohydrate can be attributed to the greater

demands o.r't the adipocyte during the refeeding of a high

carbohydrate diet" In this ilrstaitce the adipocyte must

synthesize i"lew enzyme protei-ns related to the synthesis

of triglycerides from carbohydrate precursors as wel_l as

synthesize those proteins requ-ired for cellular hyper-

trophy associated with the storage of increased amount

of triglyceride 
"

More recently, however, Szepesi and Berdanier

(197I) suggested that the controJ- of malic enzyme synthesis

may be regulated by insulin and that the requirement for
dietary carbohydrate is separate from the requirement

for ii'rsul-in. They also concluded that the control of
G-ó-PDH appeared to require factors otle r than oq it'l
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addition to, insulin" rn subsequent investígation of this
hypothesisr howeveru szepesi et ar" (rg?z) concluded that
insulin either is not the signal for enzyme overshoot or
that its effect can be completely overuiden by a high-fat
diet. This conclusion is supported by the observations of
Fabry et 4_" Q970) " It appears then, that not only de nqvo

RNA synthesis and dietary carbohydrate may affect enzyme

inductj-or: but that the cornposit.ion of the refeed"ång díet
may also be of importance in modifying the plrysiological

respollses observed 
"
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III" C. EFFECTS OF DIET COMPOSITION

1o Carbohydrate

The absolute requirement for dietary carbohy-
drate for the induction of G-6-PDH and malic enzyme dur-

ing refeeding followiirg starvation has been outlined above

(Sec"IILB"2), It appears that dietary carbohydrate is
essential for erlzyme induction apart from any effect it
ttøy Føve on insulin secretion" In factu L,eveille (t970)

has suggested that the observed depression in enzyme act*

ivity associated with feeding dietary fat or protein is
due to a reduction of glucose rather than an increase of

fat or protein in the diet" More recentlyø howevere it
has been demonstrated that when the level of dietary carb-

ohyd"rate was maintained constatrt and levels of fat and pro-

tein were varied¡ a low-protein*high-fat diet resulted in
a greater decrease in lipogenesis than an isocaloric high-

proteS-n-1ow-fat diet (Allee et aI, t tgTt) , These results

suggest that dietary protein and dietary fat have speeific

effects on lípogenesis unrelated to the amount of carbo-

hydrate with which they are fed" In other wordsB the de-

pressing effect of dietary fat or protein is not simpLy due

to the removal of glucose from the diet,
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2, Fat

Feeding a high fat diet has been shown to depress

fatty acid s¡rnthesis in rat liver and ad5-pose ti-ssue (Hill
e_t aI", 1958r Hitl et aI, s L960; Leveilleø 196Z a and b),
Jansen et al. (1966) found^u however, that hepatíe fatty aeidr

s¡mthesi-s in mi.ce rvas depressed to a much greater extent by

dietary fat than was s¡rnthesi-s outside the liver" Further-
more the same authors reported that elevation in liver
lipogenesis duri.ng refeeding was greatest on a d"iet contain*

íng tF' of corn oilu whereas in extrahepatic tissues the iu:
crease in }ipogenesis was greater when the mice were refed

a diet containing 20% of conr oil (Jansen et a!" ø Lg6B) 
"

From these results, it appears that the control of induced

hyperlipogenesis during refeeding may be different in ríver
than that in extrahepatic tissues"

The effect of source of dietary fat on fatty acid

synthesis isu howevere less clear" There is some evidence

to suggest that all long chain fatty acids are equally ef-
feetive in depressing lipogenesis in the rat and pig (¡LiIl
et gl" e 1958; Hill et_ al" , !960; Bottino et al 

" s tg65a Du*

ponte 1966â A,Llee g:E aI" u L9?2). Allmairn et al" (f965)

fou:rd that refeeding starved rats a fat*free diet resulted

in increased activity of l-iver fatty aeid s¡mthetase and

G-6-PDH" There was also a decrease in the amount of

linoleic aeid relative to other liver fatty aeids" these
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chailges are essentially the same as those observed in
early linoleic acid deficíency, By usir,rg fasting and

refeeding as a method of decreasing hepatic linoleic
acid concentration, Inkpen et f. (1969) were able to
demonstrate that the capability for 9 desaturation of

long ehain fatty acids by microsomes is suppressed by

dietary linoleate. 0n the basis of this observatioir

these authors suggest that hepatic linoleate is a key

factor in the cellular cont¡rol mechanism for lípogenesís"

In addition, Chu et al. ß969) found that tinoleie acidp

arachj-doiric acidp and o( -linolenic acids had a regula-

tory effect on fatty acid synthetase and G-6-PDH activity"
These authors suggested that hepatic linoleate concentra-

tion p-eq- se is not a critical factor in the regulation of

these enzymel-activities because the effect of arachidonate

and o( -linolenate was observed without air i.ncrease in liver
linoleate,

Moreovere research eonducted by Tepperman atrd

Tepperman (1965) has added another dimensj-on to the effeet

of fat source on enzyme activity and hepatic lipogenesis,

They found the aggregate hexosemonophosphate dehydrogenase

activity was higher in the livers of rats fed a diet eon-

taining saturated" fat (hydrogenated coeonut oil) than it
was in livers frorn animals fed a corn oiã, diet" Lipogenesis

as measured by the incorporation of acetate -L- C1+ into

fatty acids by liver slicess wâs âs low or lower in animals
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fed saturated fat as it was in those fed a corn oil d.iet.

It was suggested that the increased hexosemonophosphate

shunt dehydrogenase actívity is due to the desaturation

and chain lengthening that occurs when animals are fed a

saturated. fat d.iet"

The effects of dietary fat and in particular
the source of dietary fat on lipogenesis and the activity
of enzymes associated with this process require further
research before they can be clearly explained"

3" Protein

The effects of dietary protein on the activity
of NADP-linked. dehyd.rogenases and. lipogenesis have not

been clearly d"ocumented, There are many eontradictory

reports in the literature concerreing the role of dietary
protei.n in the hyperlipogenie response.

Many ínvestigators have found that dietary pro*

tein is essential for the 'fovershoot'o of G*6-PDH (Potter

and" Ono, I96U Vaughan and" Winderse 1964s McDonald and"

Jolnrson, L9653 Tepperman et ê!, u 1968; Jomain and Hansons

7969) n In fact, Vaughan and Winders (L96t+) postulated. that

dietary protein was the limiting faetor in the rapid re*
geireration of hexosemonophosphate shunt dehydrogenase o

Potter and Ono, (t96L) found that induction of G*6*PDH
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in starved-refed animals did not occur unless the díe¡

corrtained adequate amounts of both carbohydrate and

protei-n. No resporrse in G-6-PDH activity was obtained

with either 2/" proteinz 89% glucose or with )7õ/" proteinz

0/o gLucose, Although the optimum resporlse occurred with

J0/, proteíns 6I/, gLueose' the o'overshoot" in C-6-PDH act-

ivity was not significantly lowered unless dietary protei-n

levels fell- below or exceeded 7B/" and 60/, respectively,

The decrease in dehydrogenase activity observed on low

protein diets was not associated with a decrease in hepatic

Iipogenesis (Mcnonald and Johnson' 1.965; Tepperman et_ al-",

1.968) , but was associ-ated with low rates of fatty acid

syirthesis in adípose tissue (Jomain and Hanson, 1969).

In addition the response of malic enzyme to

protein deficient diets has been found to differ from that

of G-ó-PDH. Tepperman e_t aI" (1968) found a partial sup-

pression of malic enzyme acti-vity when a zeto protein

diet was refed." Oliver and McDonald (196? ) found no

depression in hepatic malj-c enzyme activity with a diet

deficient in proteín. Furthermore wheu diets contaiuing

75% protein and tf/" al.aníue, )0/" proteinu 75% protein and

tl/, gLutamíc acids and zero protein hi-gh-carbohydrate

were fed to rats following fastingø hepatic malic ellzyme

was stimulated only by the zeyo proteín high-carbohydrate

diet (Vaughan and WindÊrsr 796+). Dietary protein appears
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to be esseutíal for malíc etlzyme ínductíou i-n adipose

tissueu however, since refeedi¡g starved rats a proteip

deficient diet does not produce the elevation of malic

el'ìzyme that is characterisiic of animals refed a bal-

anced diet (Jomain and Hanson, 7969).

The effect of increased dietary protein on the

metabolic respot1se to meal-feeding also has been invest-

ígated. Leveille (1967a) found that iucreasing the

level of dietary proteiu decreased fatty acid synthesÍs

i-n adipose tissue iir both nibbling aud meal-fed rats 
"

As the protei-n level of the diet was increased, there

was also a decrease i-n the activity of malic ellzyme '

Reynolds et al." (tgZt) also found that G-6-PDH activity

decreased when rats were shifted from a 7261 ptotein diet

to a 6ool protein diet" In additiolr, it was found that

-iircreasing dietary protein from L2/" to 24/" signíficantty

reduced in vitro lipogenesís ín pig adipose tissue (ellee

et aL, , I9?7) " Malic enzyme activity al-so was reduced in

the adipose tissue of these pigs, There wâs¡ however¡ i1o

significant reduction in G-6-PDH activity, In a second

experiment díetary protein had po effect ol1 any of these

parameters" The different responses of neal-fed or ad.

tíbitum-fed animals to íncreased levels of dietary pro-

tei-n as compared to starved-refed animals may be a result

of the greater physiological stress irnposed upon the

metabolic system of a starved*refed animal, Meal-feed-



iirg aird starvation-refeediug are kuown to cause mat-ty

adaptations in enzyme activity v¿hich are similar, Be-

yond this, however, these two situations may t'tot be

directly comparable. More research is required before

the effect of dietary protein otr lípogenesis aird enzyme

activity catr be defined"

4^
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III" D" FATTY ACID COMPOSITION OF LTVER AS
AFFECTED BY STARVATION AND REFEED]NG

In the rats as in other mammali-an speciese

changes in fatty acid metabotisrn begin to occur within

twenty-four hours of fasting" Among other thingss star*

vation-refeeding has been found to affect the total fatty

aci-d composition of rat liver (Allmann et al, t I965a

williams et 3I,, 1.967).

Allmann et al, (1965) found a smatl deerease in

the proportion of }j-noleic acid following starvation for

forty*eight hours in rats that were fed laboratory chow

prior to starvation. Refeeding a fat-free diet resulted in

the characteristic n'overshootu' in enzymes catalyzing fatty

acid biosynthesis" Coi.ncident with the rise in the activity

of these enzymes was an even greater fall ín the proportions

of hepatic linoleic and arachidonic acids" It was suggested

that this may have been attributable to the i-ncreased

accumulation of saturated and monounsaturated fatty acids

(palmitolej.cs stearj-c, and eleíc) rather than an actual

decrease in linoleate alrd arachidonate pg gs"

That the latter possibílity in fact was the case

was established by williams gi 4. (96?) who determined

the liver fatty acid composition in rats fed a purifS-ed

diet before fasting" They found that fasting increased the

relative proportions of linoleate and arachidonate in total
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liver fatty acids but that the absol_ute amounts remained
constant. Refeeding lowered the rerative proportions of
linoreate and arachidonate to one-third of fasting values"
Again this change was due more to rerative than absorute

changes in liver fatty acid cornposition" Generallye the
effect of refeeding on liver fatty acid composition was

similar to that observed by Alhnann et eI,, ( tg6Ð " It ap_

earsr howeveru that the pre-starvation diet nay affect the
response of liver fatty acids to starvation,

Reeentlys Rogers (tg?t) suggested that the
signifieance of the results of Al_l_mann et ar, (1g6il may

be in doubt in view of the row varues reported for
arachidonic acid and the apparent absence of czT polyun-
saturates. This may explain the apparent differences i¡r
proportions of liver fatty acids neported by Arlmann et al_.
(1965) and wilriams et al, (rg6r) as a resurt of fasting.

The changes in river fatty acid concentratio'
brought about by refeeding a fat-free diet are essentially
analogous to those observed in early rinol-ei-c acid defici_
ency (Allmann et ar. 196il. Due to the very brief periods
of linoleic acid restriction, howevere Allmann et al" (1965)
were barely able to detect eicosatrienoic aeid formation.
Further research i-s required to demonstrate the presence of
an essential fatty acid defi.ciency in rats refed a fat_free
diet.
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Rogers (t971) found that changes in,the fatty
acid patterns of phospholipids in response to fasting and

re-feeding differed from those discussed above which re-
present changes in the fatty acid composition of the total
liver lipid, These observations by Rogers (7977) suggest

that the fatty acid composition of liver triglycerides dif-
fer markedly from those of liver phospholipids. Fasting

resulted in a significant decrease in the relative proportions

of linoleic acid and a corresponding i-ncrease in arachídenic

acid in total liver phospholipid, Refeeding for forty-eight
hours had no effect on the relative proportions of these

fatty acids" Fastj-ng cane thereforeu affect the proportions

of major fatty acids in the phospholipid as weJ-l as in the

triglyceride fraction" The significance of such changes in
fatty acid proportions in the different lipid fractionso

howeveru is unknown"
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III" E" EFFECTS OF STARVATION AND REFEEDING ON B],OOD
GTUCOSE AND SERUM ]JIPIDS

1, Blood Glucoee

Insulin is thought to play a role in the main*

tenanee of the physiological activities of three key gly*

colytic enzymes in the liver; glucokinâsêe phospho*

fructokinaseu and pyruvate kj-nase" Insulin supposedly

acts as an inducer in the biosynthesis of these enuymes

(Sillero et al" e L969) " These enuymes woulde therefores

be expected to d.ecrease in activíty in states involving
hypoinsulinism such as d.iabetes or starvations and re*

turn to normal Ìn conditions of hyperinsulinism" Since

glucokinase is responsible for the first step in the

metabolism of glucose by livers the respollse of this
enzyme to d.iet has been a sBecial interest to many workers"

Lj-ver glucokS-nase aetivity has been found. to
decrease d.uring starwation and return to normal with re-
feeding (Weber et aÀ. tg66? BLr¡menthal et eI,, tg6l+) , In
ad.diti-one the type of d"iet refed" fasted rats had a pro-

nounced. effect on liver glucokínase activity (Blumenthal

et 4. s t96t+) ,

Coupled with decreased glycolytic activity dur*
ing starvation is an increase ín glueoneogenesi_s, This
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is promoted by the decreased insulin supply during star-
vation because insuli,n acts as a suppressor of the bio-

syirthesis of gluconeogenic erlzymes (weber et al-, t 1965),

Blood glucose leve1s, thereforee should tend

to remain within normal l-inits during starvation because

glycolysis is suppressed and glucotreogenesis iuduced.

In facts Braun et al" (t967) found that in meal-fed rats

the overall effect of insuliu on carbohydrate metabolism

was enhanced by meal-feeding. This enhanced action of

insulin would tend to maintain normal blood glucose l-evels

in the periods betweei: meals,

Mamrnalian systems maintaj.n homeostasis by their
ability to adapt to al-terations in the externaL or internal

environment by decreasing or increasing the rate of pro-

duction of various rate-U-miting metabolj.tes" One of the

key biochemieal parameters which the organism must maintain

at all costs is an adequate blood glucose level" The sign-
j.ficance of this is shown by the fact that low blood glucose

of a few minutes duration leads to loss of consciousness ande

if hypoglycemia continuesp to convulsj-oflSe coutâe and death

(lrTeber et a}" , 7965) "
Although eonsiderable research has been done on

key glycolytic and glueoneogenic enzymes littte iras beeu

done or: level of blood glucose per se as influenced by
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diet or starvation and refeeding" GLucose tolerance is
irnown to be decreased in diabetesu a situation often
compared to starvation" As wells glucose tolerance may

be decreased in obese humans (Morse et al. e tg6}) 
"

sinee the hyperlipogenic pattern associ.ated with refeed-
ing may pr.edispose to obesity, it would be of interes.u
to determine blood" glucose leve1s as affected by starwation
and refeed"iirg.
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2" Serum Lipids

The effect of diet, particularly dietary fat¡
on serum lipid patterns has been studied extensively because

of the implicatioir of cholesterol in cardiovascular disease

in mam" It is generally accepted that dietary fats having

a large proportion of saturated fatty acids wil-l elevate

serum cholesterol levels while dietary fats high in poly-

unsaturated fatty acj-ds will depress serum chol-esterol levels"

Neverthelesse Dupont (L966) found that there was very little
effect of agee sêxe or diet on the overall pattern of serum

cholesterol when weanling rats were fed diets containj-ng 4Z/"

corn oi-l- or l+A% beef tal]ow and Zft corn oit although there was

a trend toward increased serum cholesterol in rats fed beef

tallow for both sexes.

Although a tremendous volume of data has been

accumulated on the relationship of diet to serum lipid patterns

in the fed animals very tittle inforrnation has been reported

on the effects of fasting and refeeding following fasting on

blood }ipid patterns. Kerpel et aè" (t97t) found that fasting

caused a decrease in the l-evel of cholesterol ester" The level
of total cholesterol' however, remained unchanged, Refeeding

chow for one day restored serum lipid patterns to normal whereas

refeeding 20% w/w glucose in water for one day resutted i-n a

further marked decrease in serum cholesterolp especially

esterified eholesterol. By the fourth day of glucose refeed-

irgu howeverp serum tipid level-s had risen to pre-refeeding
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values, Kerpel et- A!. G97t) explained these observations

by postulating that as fastíng progresses the supply of
free fatty acid from adipose tissue is diminished so that

the liver cannot maintain normal levels of esterified
serum lipids" Hepatic lipogenesis which accompanies

refeeding of a glucose solution appears to be inadequate

to compensate for the reduced rate of fatty acid mobilization.

Serum cholesterol levels rnight be expected to be maintailred

during fasting but not after glucose refeediug because

adipose tissue is a storage depot for chol-esteroLø which also

is mobilized during free fatty acid releaseø al-though more

slowly than fatty acids.

This hypothesis may app1y, holvever" only when

fasted animals are refed a glucose solution" The glucose

refed animals did not have higher rates of lipogenesis than

chow-refed animals, If glucose were refed j-n a bal-anced

diet hepatic lipogenesis might be rapid enough to allow serum

cholesterol- levels to return to normal more quickly"

The effect of diet eomposition and nutrient
balance has not been extensively studied either j-n cardio-

vascular research or in the fasted-refed anímals. Kritchevsky

and Tepper (197t) recently reported studies wherein rats were

fed diets in which J0/, of tlne total calories were either carbo-

hydratep protein, or fat (corn oif). The high protein diet
resulted in the highest serum cholesterol levels" lVhen 0.5o/o

cholesterol was added to the dietø howevere the high carbo-
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hydrate di-et was as cholesteremic as the protein diet.
These findings suggest the need for further investigation
on the effect of carbohydrate-protein-fat j-nteractionsu

including the composition of dietary fat on serum

cholesterol l-evels 
"

Kerpel et al" (7971) also investigated the

effects of fasting and refeeding upon serum free fatty acids,

Serum free fatty acids inereased upon fastinge but after seven

days of starvation their concentration dropped to that observed

in the fed rats" When animals were fasted for three daysu

refeeding with glucose for one day decreased the free fatty
acid level- to less than Jlfi of tine fasted level, 0n the other

hande refeeding with chow for one day decreased the free fatty
aci-d level to onJ-y one-third of the pre-fasting levele and

free fatty acid levels did not return to normal- untíl the

fourth day. The increased level of free fatty acids that
occurs Lrpon starvation is a result of fatty acÍd mobil-ization

from adipose tissue depot sites. As starvation progresses the

supply of fat is decre.ased thus serum free fatty acids return

to normal. These findings are supported by the observations

of Yeh and Leveille (7920) who found plasma free fatty acids

in chicks increased with time of fasting when the fasting period

was relatively shorts and that these returned to normal upon

refeeding.
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the varying effects of fatø carbohydrates and

protein upon lipid metabolism have been studi-ed by a number

of investigators" The effects of diet upon serlim lipid
levels and serum glucose levels followi-ng starvation and

refeeding have received relatively little attention" F\;rther

research is required before a clear understanding of the

irature of changes in blood components is possible,
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IV, OBJECTIVES OF RESEARCH

The present study was undertakeir to determine

the effect of composition of the refeeding diet on the

metabolic response to realímentation following severe

di-etary restriction. An attempt was made to elarify the

effect of dietary fa-b source on the metabolic respotlse to

refeeding as well- as the effect of isocal-oric substi tution
of protein for glucose in the refed diet,

Malic erlzyme and G-6-PDH activity were measured

at three time intervals in both líver aird adi-pose tissue

in order to determine the effect of tíme on the activity

of these enzymes in both tissues.

Finally, sitrce factors pre-disposing to human

obesity are believed to promote high serum choLesterol

levels and a decreased glucose tolerancep serum cholesterols

blood glucosey ârrd free fatty acids were measured in the

Serum of rats that had been subjected to a starvation-refeed-

ing regimen"
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\T EXPERIMENTAL PROCEDURE

A" DES]GN OF EXPERIMENT

Adult male Sprague-Dawley rats (Dept, of 0ra1

Bi-ology, Faculty of Dentistrys Univ" of Man.) weighing

225-300 g were used in the preseirt experiment. Three

groups of thirty rats each were purchased at two week

intez'vals ai'ld assigned at raudom to the various treatment

groups, Controls inclu"ded eight groups of four animals

each" One Group was fed lab chowl ad libitum for B daysu

síx groups were fed 20 g daily of one of the si-x experi-

mental- diets i fat free (nn¡, coconut oil (C0), lard (f.,¿),

safflower oil (S0) ' rapeseed oil (RSO), or high protein

(PRO)r for B days" The remainii'lg con-Lrol group was

restricted to 5 g daily of the FF diet for B days. Follow-

iirg restriction the rats were assigned to groups of J rats

each and fed 20 g daity of one of the six experimeutal

diets for 3s 5 or ? days" The rats were slaughtered at

the end of the respective refeeding peri-ods.

Eight anímals were slaughtered each day' Rats

from the same treatment were slaughtered on different days

i-n order to distribute the variation within treatments

over several- days 
"

Rat Lab Chow; Ralstou Purina Cona
St l-,ouisp Missouri, U"S"A.
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V. BN DIETS

The diets (tabJ-e 1) were similar to those pre-

v5-ously used in the Department of Foods and Nutritions

Unj.versity of Manitoba (watt, 1970) . Four fat sources

were used" (COr LA, S0' RSO) in an attenpt to determine

the effect of fat source on the metabolj.c response ts
refeeding. Substitution was made on the basis of ¿l Çal/g

for protein, 9 CaI/g for fate and 0 CaL/g for cellulose.

The d.iets were mixed. in a Hobartl ni-xer and stored in a

refri.gerator at 5oC"

1 The Hobart Manufacturirrg Co " ø

0ntarisø Canada
Itd. e
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TABLE I
COMPOSITION OF RAT DIETS

Amourrt (%)

INGREDIENT 0 Fat High Protein

Soybean Protein

Casein (Vitarnin Free)

DL-Methi-orrine

Vitamin mixl

Glueose

Alphacel
2lì/ll-neral- m1x

Fat eourcej

18.0

0,6

0.6

73 "0

3.8
l+ 

"o

18.0

0"6

0"6

46.0

].8 .8

4.a

t2 "0

LB"0

27.0

0"6

U"O

46 "o

3,8
Lþ 

"o

Composition of vitamin mj-x¡ vitamir-r A (ZSO.OOO IU/Ðu 3"6 gs

vitamin D (B50ro0o w/Ð p 0"0 56sE alpha-tocopheror succinate
(890 IU/g) u 5"62 gd menadiones Z,Z5 g, inositol, 5"00 gt

choline chloríde, 75.0 gå niacin, 4.sgs riboflavine 1,00 g,

pyridoxine"HCLe 1"00 gt thiamin"HCl-e 1"00 gt Ca pantothenates

3'00 g8 D-biotin, 20 mg¡ folic aeidu 90 mg; vitamin 812 r.35
ilBs and dextrose, B9Bg"

2.Composítion of mineral mixe NaCls 10B g; K3C6H5]?"H2OI

236.25 sa KrHPa4ø ??.25 ge CaHFO'4,2H2Qø 355 gs Ca}oy 168,9g"u

rnS COru 4Q,75 gs FeS04.?HZou l/l"BB gr CuS04,sízo, L|B mgs

it/inSO4,HZO¡ 1"38 gË KIe 4"5 mga ZnS04"/HZQ¡ I"BZ g.

3 Fat sources i.neluded$ coconut oil, safflolver oilrlard and

rapeseed oil.
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V"C" FEEDING AND MANAGEMENT OF
EXPERIMENTAL ANTMAIS

Rats were alloled to adjust to their new envj_ron-

ment before being assigned to the respective treatments"

During the pre-ercperimentar period the rats were housed

4 to 6 per cage in wire-froored cage.s measuring zt+x1.2 j-nches"

The rats were fed lab chowl ad ribitum and tap water was

availabre at all times frorn water bottles located at the

front of each cage, Room temperature fluctuated between

2o*21.oc' r,ighting was controLled so that it was dark from

7a00 P.M" until 7a0ç A"M"

During the exper-imental trÍals rats were housed

individually in wire*floor cages rneasuring Bxrz ínches,

All dietary regimerswere initiated at BeJ0 A.M. Restrícted
animals were fed 5,0 g daily; 2.5 g at BgJO A.M. and 2.5 g
at 4zJ0 P.M" During refeeding the rats were fed ZO g of
diet daily¡ 10 g at Bsj0 AoM, and t0 g at 4e)0 p"M"

Following the specifíed treatmentso rats were

anesthetized by an injection of Nembutal2 (o,B nl/xe)s ând

blood was removed by heart puncture, rmmediately folrowing
breeding the rats were decapitated using a guilrotine3 and

the tissue to be assayed rapidly excised,

Rat Lab Chows Ralston Purina Cons
St" Irouiss Missouriu U.S.å.

Sodium Pentobarbitals 6O mg/mLu
Abbott I¡aboratories, Ltd.e Montreals Canadau

Harvard Apparatus Inco p

Dover, Mass u U.S "Ao

3"
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V.D. PREPARATTON OF TISSUE FOR
CHEMICAL ANAIYSES

The bl-ood obtaÍned by heart puncture was col-

lected iir a heparinized 10 m} VacutainerL tubes atrd the
2

tubes stored in ice un-bil they were centrifuged- at 1000xG

for 10 minutes at 0oC" The plasma was removed with a

syr-inge and stored at *e0oC for subsequent aitalyses 
"

The livers and epídidymal fat pads were quíckly

excised fol-lowing decapitation of the rats" The li-vers were

rinsed with cold tap watere blotted with fí]ter papere and

weighed" Epid.idymal fat pads were carefu.Ily removed from

blood vessels and connective tissue and weighed"

Approximately 2,0 g of liver (a composite of a

piece from each lobe) was minced wíth scissors and homogen-

ízed in bufferrl zg w/vp (McDonal-d aird Johnson, 1965) usíng

a Potter-Elvehjem tissue homogenizer"3 Similarly the

epídidymal fat pad.s were weighed and homogenized ín 0 
" 
l-J

mol-ar KC1 solution c1-29 Wft, using a Virtis Non 23 tissue
lL

homoeeirizer ø

#3200 KA Becton, Dícki-nsotr and Co'p Canada Ltd"e
Clarksons Ontario

Model B-20 Centrifuge, fnternational Equipment Co"
Needham Hts. u Mass, r U "S "A n

Arthur H, Thomas Compauyu Phíladelphiag Pa'

Virtis Research Co's Model 23s
GardinerE New Yorkr U"S.A'

3

4
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Both homogenates were centrifuge d at OoC in a

refrígerated centrifuge,l centrifugation was carried out

for 10 mj-irutes at 101800 x G and Zo minutes at 45rgOO x G.

The superiratant fraction was removed with a syringe and used

for enzyme analyses" A portion of the supernatant was

stored at 2OoC for later protein determinatj-on.

The remainder of each liver was stored at -20oC

in three ouncee screw-cap glass jars for later lipid extr-
action"

1 Model B*20s International Equiprneirt Co,e
Needham Hts,, Massuo U"SnA,



3B

V. E. CHEiViICAL Ai'f ALYSBS

1 . protein Assai¡

Protein coirteut of the liver aud ad"ipose -bíssue

supernatants was meas,-tred by the methocl of Loviry et aI"
1

(1951) usi-ng commercial Fol -in Ciocal tealt Reageut' '' The

nrnnerìrrrr+s rsed. \^/ere ideutical to those outl ined. by St-it-

cherl- (1971) 
"

2 " Enz,)¿me Ass.a)¡s

The G-6-.PDH actir¡ity was assayed b)r -bhe rnethod of

Lohr aird Walter (1963) ald the malic ellzyme act-ivity by the

method of Ochoa (1 95il ^ The procedu-res used were identical

to those outl-ined by S-bitchell (1971) and -irrr¡olved a measure*

ment of the rate of formatior-l of NADPII at' J40 mp ill a Unicam

SPBOO A UV spectsopho-bometerp¿ equipped with a SP20 Ser'-ïes

¡aanrrlan

3 " -LiPLd Au4lyses

a" fotal hepatic lipid exlract-ion

FroT,en livez.s were thawed. at room temperatu.re

a.trd the total lipid extracteci foltowirrg the prgcedure clf

Btigh and Dyer (195Ð " The procedures used welre ident-icæl

to those outliired bY \\ratt (1970) 
"

I Fisher Screntifíc Co ' , . Toroirto s Ontari-o '

2 Pye Uiti cam Ltd " e Cambridge, Englaud-



39

b" Determinirti-o_ir .o_f fatly @_ff_¿iVe¿ f¿pr4g

Fatty acid methyl esters were prepared usiirg

boron triflu.oride as catalystu accordiug to the method of

Metcalfe et al-. (L966) " The methyl esters lvere d-issolved

in petroleu.m ether and fatty acids resolved wíth 2"7 rn by

2 mm i,d" stainless-steel columtts packed wíth 10% EGSS*Y

organosilicone polyester on 1.Oo/1.20 rnesh Gas Chrom Q's

using a Variau AerograpþZ model 1?t+O^l gas chromatograph

fíttecl with dual columnsohydrogeu flame detectorss a

Var-iair Aerograph mo deL 477 electronic digital iutegratore

and a Variair AerograpÌr model 20 strip char-b recorder,

Hetium flow rates were 3O-3J mL/min' Oven temperature

was isothermaL at }OO0C with injectioi"r port and d-etectors

at 2BOo aird 24ooC, respectively' Identifieatioir of the

fatty acid methyl esters was macle by conparisou with kirown
ô

stairdards,'

4 " Blood Auqlys-es

a, Blood gli-rqqse concqntration

The glucose eoucentratj-on of deproteinized

plasma was determirred by a modification of the procedure

1. Appl-íed iric-ience Laboratories, Il'tc"
State Collegee Pau

2 Variau Aerographu Ø58 Viscouirt Road
I\{alton, Ontario

3 The Hor"mel Institute
Austiiru Mitru"
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4of Raabo and Terkildsen (L960) as outl.ined iir Sigma, Tech"

Bulletin 510*5*69, Duplicate determinations were made

for each sample " Colorrinetric measurements were made i-n

a Coleman Junior Spectrophotome'cer2u model 6Au at a wave*

leirgth of 450 nli"

bu Serum total eholesterol

Total serum cholesterol was determined by the

method of Pearson et al. (L952) " Duplicate determinations

were macle for each sample, Colorímetric measurements were

made in a Colemair Juirior Spectrophotome ter}E model 6Au at
a wavelength of 550 ffiF"

cn Free fatty acids

Free fatty acid de'bermination was camied out

according to the method of Mosinger (7965). Plasma volume

vari.ed from 0,2-0.5 fllø depending on the amount of sample

availables whereas the original method call-ed for 1-"0 ml

of plasma, Four ml of heptane was used in the extraction

instead of J,O ml recommended in the method, Colorimetric

measurements were made iu a Coleman Juuior Spectrophoto*

meter?u model 6Au at a wavelength of 550 mp.

Sigma Chemical Company' St, Louise Mo,

Coleman Instrumentsø Inc, p

Ma¡nvoodø Illinois, U,S.A '

7

L
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V.F. STATIST]CAT ANYATYSES

Statistical analyses were carried out ou the

data for G*6-PDH and malic enzyme ín liver aird adipose

tissu.e, A 1og transformaiion was performed on al-l- original

data and the trairsformed data was subjected to analysS-s of

variance and Duncanss Multip}e Range Test accordiug to the

method described by Snedecor and Cochratl (1967). Sign-

ificalrce was determined by the F*test at P(0"0J

(Appendix Tables Is T'I, III and IV) 
"
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VI RESULTS AI]D DISCUSSTO}]

A. GLUCOSE-6*PNOSPU¿TE DE¡IYDROGEI\ASE Ai{D MATIC ENZYI\iiE
ACTIVITIES

Restríctiirg food intake to 5 g daily of a fat-

free diet had iro effect otr malíc enzyme actir'-ity or

G*6-PDll act-ivity v¡heu erlzyme activ-ities iir the liver aud

epididymal adípose ti-ssue of ¡estricted rats were compared

to those of r.ats fed laboratory chow ad l-iþil]ir,n (restricted

vs, chow*fed coirtrolss Tables II to V) ' J{owevere ellzyme

activities of restricted rats tended to be coirside::ai;15'

lower thair those of nou*restr-icted rats fed 20 g cia:lly of

the FF or PRO diets for B days (restricted vs, fat-free aird

high proteiir controlse Tables II to VE Figr-rres 1- and 2) 
"

The exteirt of elevation in response to 20 g daily of these

two fat-free diets var-ied with the experimeutal diet fed;

in generale ei'izyme actÍvities were higher for rats fed the

PRO diet, Oir the other hands feedíirg uou-restricted rats

2og dailv of similar d-iets contaiiriirg 1.2/" added fat did irot
""t)

result iu air elevation i n el'Iu yme activities except for rats

fed the diet contai-ning cocoi'lut oil" These observatioirs

are not surprísi-ng because dietary fat has beelr fouud to

Suppress the activities of these two ellzymes, The laboratory

chowl contaì ned a m-iirimu-m of l+ 
" 5% crude fat which may

Rat Lab Chowc Ral-ston Puriira Co'p St" Louis
Missourí g U "S 'A "
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partially account for 'rthe fact that controls fed

laboratory chow ad liliturn had the same enzyme act-
ivit-ies as those restricted to 5 g of FF diet da.ily.

Another factor that may coirtribute to the relatively
low errzyme actívities observed for the chow-fed control_s

-is that these anímals were fed ad libitr-rm. Al I r.ats

receiving the experimental diets were fed twice daily,
resultiirg iir a sítuat-ion analogous to meal-feeding which

has been found to iircrease the activity of G-6*pDH and

rnalic enzyme in rat adipose t-issue (Leve-ille and Hairsonu

1966) . The meal-feed-ing effect was especially ev-iden"b in
restricted anj-mals who tended to eat the enti::e 2.5 g

allotment immediately upon being fed" Thus enzyme activities
j-n the líver and adipose tissue of rats fed laboratory chow

ad f-ibitum may not be directly compara'ble to erlzyme act-
ivities in liver aird adipose tissue of restricted controls 

"

If restricted airimals are compared to t1oi1-

restr-icted control-s fed 20 g of the FF díet dairyu then

restriction may be considered to have had a suppressing
effect on the activities of G-6*PDH and malic er.ìzyme in
both liver and epididymal adipose tissue " watt (r9?o ) also

found that dietary restríction depressed G-6-PDH ar.rci mal_ic

enzyme activities ír'l liver and adi-pose tissue when the

cornposition of the diet was icteirtical for restricted
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airi-mals aird acl libitum fed control-s " However, the

resul-ts of the preserrt study differ from those of watt

{1.970) for the non*restricted control- rats fed diets
coirtain-ing !2/" Lard, saffì-ower oitu and rapeseed oil.
Watt (7970 ) found that díetary restr-ictiorr to 5 g daily

of both a FF diet and diet containiirg IZ% corn o_i't

depressed G-6-PDH and mal-ic enzyme activitj-es in liver
and adipose tissue evell v¡hen enzyme activities were com*

parecl to coirtrol airimals fed the L2/, corn oil diet ad

f¡r-þ-rtqp for l-0 days, The results of the present study aree

howeveru in agreement with those of Jomain aird Hairsoir

(1969) who observed that fast,îng did irot su.ppress G-6-pD¡l

or malic eilzyme activities iir adipose tissue v¡hen er.ìzyme

act-iv.ities of fasted rats were compared to those of rats
fed a balanced diet contaíning g% corrl oir. rt appears,

therefore, that dietary restriction may have a depressírrg

effect on G-6-PDH and malic enzyme activities in river aird

adipose tissr-ie depending on the dietary regimerr of fed
coirtrols 

"

Refeeoiirg following diet restr-ict-ion resulted in
the characterist-ic fuovershoo-buu of c-6-pDH and mali-c ei.ìzvme

activities in both liver and epididymal ad-ipose tissue
(ta¡l-es IT to V¡ F-igures L anci Z) , The results of the

preseirt study suggest that the composition of the d^iet



has au effect oir the enzymatíc respotlse to refeedirrg

foll-owiug dietary restrict-ioir, The magnitude of the

response to refeedingr hower¡erc depends oit hoin¡ the

compar-isons are made, Wheir malic erlzylìe aird C-6-Pitll

actívit-i-es iir the liver and fat pads of air-ïmals refed

for J days followiirg dietary restrictiou are compared

to those of col'ltrol airimals fed 20 g da.ily of air

iderrtical diet for B days the extent of eirzymatic

o'overslìoot" is less prououuced than wheu dehydrogellase

activities in. l-iver and adipose t-issue of the restricted-

refed rats are compared to those of the restricted*control

rats fed 5 g of the FF d-iet daily,

For example, the u'overshoot" in hepatic mal.ic

erlzyme rair.ged from a loiv of approximately Z.2-fold in

rats refed the C0 diet to a high of approximately 3 " 9*fold

iir rats refed the PRO diet when the respoilse of the refed

rats ís compared to that of nou-restricted coirtrols fed

20 g of the same diet for B days" Similar1y the increased

activity of C-6-PDH in adipose tissue rauged from a low of

1-,3-fold in rats refed the PRO diet to a hígh of Z,5-fold

irr rats refed the RSO d"iet" IJowever, wheu the respoi-Ìse

to refeeding is rneasured. by comparing enzyme activities

of restricted-refed rats with those of rats restricted to

5 g of FF diet for B daysp a marked increase was observed
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for G-6-PDH and malic enzyme actívities of rats refed

the FFo C0, and PRO diets. The increase in hepatic enzyme

activitíes of refed rats over those of restricted rats

was g* to 10- fold i-n rats refed the FF diete 6* to ?*

fold in rats refed the C0 diet, and L2* to 1J- fold in
rats refed the PRO diet" This marked "overshooto' in

enzyme activities v¡as suppressed to a 2* to 4- fold
increase in rats refed the LAs RS0e and S0 diets.

Refeeding also induced an appreciable response in malic

enzyme activity in the adipose tissue. Mali-c enzyme

activity in the epididymal fat pads íncreased 3- to B*

fold in rats refed the FF diet for J to 7 days e 4- to 5*

fold in rats refed the C0 dieto 3* to 5* fold in rats

refed the LAe RSO, and S0 dietsB and 8- to 10- fold in
rats refed the PRO diet" The response of ç-6-PDH to

refeeding was less prorlounced in fat pads¡ howevera with

the increase in activity over that of restricted rats

being only 2- to 3- foldu ímespective of diets at'3 days

refeeding" At 7 days fat pad G*6-PDH activity had

j-ncreased 3"5* fold for rats refed the FF diet and 5*

fold for rats refed the PRO diete but only slightly more

than 2* fold for rats refed the fat containing diets"

The marked 'oovershoot'u i-n enzyme activity
observed when restricted animals were refed a fat-free
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diet has been reported by several other investigators
(Teppermair and Teppermarru 1.958; Potter and Ono, 796Le

leveille and Hansolr, 1.966å Fabry et Aï, , 1.9?0; and

Szepes-ì- and Berdani-er, 1.97I) , In additionu the results
of the present study support those of Allee et aT. (1.971)

who demonstrated that the hyperl-ipogeiric respot'lse to

refeeding fol lowing dietary restr-icti-on was not due to

the preserlce of glucose peq se in the refeeding diet"

In other respects, however, the results of the preseitt

study do not support those of Allee qt e!, (197t) " They

fouird that the add-ition of proteiir to the refeeding díet
suppressed the hyperlipogenic resporlse to refeediirg, Th-is

suppression was rrot as great as that observed when an

isocaloric amount of fat was substituted for glucose in

the refeedirrg diet aird, in a second exper-iment, substituiíop

of protei-n for gltrcose did not suppress the hypertipogeni-c

resporlse to refeeding" The results of the effect of dietary
prote-i-u on the hyperl-ipogenic respollse in their study are

therefore incoirclusive 
"

In the present studye both G-ó-PDH and malic

eilzyme activities in the l-iver and adipose tj-ssue of rats
refed the PRO diet were sigir-ificantly hígher (p(0"05) than

erlzyme activ-ities in rats refed IÁs RSOe or S0 diets
f^(Append-i:c Tables V to VIII), Act.ivitj.es of both dehydro*

gellases also were significarrtly higher (p<0,05) in the

fa-b pads of rats refed the PRQ d-iet thau in rais refed the
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C0 diet" Simil-arlyu hepatic G*6-PDH activity of rats
refed the PRO diet was s-îgnif-icantty h-igher (p(0"05)

than that of rats refed the C0 diet, and, although the

differences in hepatic malíc enzyme activ-ity between the

PRO- and C0- refed rats were irot signifícatrt (p)0"05) 
s

malic erlzyme activity in the PR0-refed rats tended to

be higher than in the c0- refed rats" rn factn activit-ies
of the dehydrogenases -iir li¡¡er and fat pads were higher

for rats refed the PRO diet thair for those refed any of
the other diets although differences between the pRO and

FF diets were not significant" These results al_so dis-
agree v¡ith those of Leveille (L96?a) and Reynolds et al"
(1971.) who found a decrease iir the activities of malic

enzyme and G-ó-PDHe respectívelyp when the rever of dietary
protein was increased.

0n the other hand¡ the results of the present

study support those of Potter and ono (1.96r) aird McDonald

and Johirson (1965) who found that adequate amouirts of both

carbohydrate and proteiir \{ere requ-ired for inductj-on of
G-6-PDH activity in the lívers of starved-refed rats"
Potter and Ono (1.96f) fouird that 1-B/, dietary prote-in was

the miirimurn required for enzyme 'rovershoot'o in rats that
had been starved for 2 days and that the level of prote-ilr

requíred for maxi-mum el'lzyme j-nduct-îotl was 30% aLthough no

signif-icairt decrease in enzyme activity occurred until
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dietary protein exceeded 60%, Thus the trend- for
hieher ei'lZvme aCt-iVi'Cigg y¿han rl i o*aF\¡ n1.6tein WaSurv uqrJ I/

increased from 1.8% to +5% in the refeeding diet in
the present study coiircides with the observatioirs by

Potter alrd Orro (1-967) siirce r.estricti-on for B days

has been fouird comparable to starvatioir for 4 days

(Watt, 1970) , In fact it is poss-ibte that the 45/" tevej.

of dietary proteiir used in the present study was very

irear the opti-mum required for maximum eilzyme iirductir.ln

since it is reasonable to assume that a sl.îghtly higher

Ievel- of d-ieta.ry protei-n may be required for tissue

replacement after the longer and probably more severe

degree of starvat-ion in the present study than that of

Potter aird Ono (1.961.) , Even íf this postulate were not

true the level of 45/" aietary protein was still withín
the rarlge where Potter and Ono (1.961) found that dietary
protei-n d.id not significantly reduce the enzyme activity
observed at the optimum level of 30F" dietary protein"

The apparent d-iscrepallcy among experiments in
-bhe effect of dietary protein on erlz)¡me induction may

possíbly be explaíned by differences iir experimental

procedures, The observations of l-,eveille (L967a) and

Reyirolds et AL" (1.971.) were made orr 1-r.o1'r.-starved a-irimals

that were meal-fed" Iir the present study aird that of

Potter and Ono (L96t) tire resporlse to dietary proteín was

determiired with animals that had been severely restricted
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or starved" Thusg although many of the enzymatic

adaptations that occur with starvation-refeeding
regimens are similar to those that occur in meal-fed

animalse these ü¡¡o physiological states may result in
very dj.fferent responses to diet compositíon" The

enzymati-c adaptations that occur i-n meal-fed animals,

for exarnples are indicative of an increase in the

maximal capacíty for lipogenesis and represent the

increased effÍciency with which meal -fed animals store
energy in the form of fat (Leveillen tg?Z) " An

emaciated animals on the other hand, is not only re-
quired to handle the food presented to him in an effieient
manner but must replace almost completely its fat stores
as well as synthesize new protein requíred for enzymes

and body tissues which were depleted during starvation.
The faet that other body tissues as well as fat stores

must be replenished is illustrated by the data in
Table VI whieh shows that restriction to 5 g daily of the

FF diet for B days resulted in a considerable loss ín
body weíght (chow vs" restrj"cted confuols), Restricted
animals had smaller epididymal fat pads and livers than

r'ìon-rêstricted controls (Tab1es VfI to IX), The fact that
the proportional decrease in l-iver size ( g liver /tOOg
body weight) was less pronounced than lhe actuar- decrease

in liver weight (liver wt.i chow vs" restricted controlsu
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Tables VIII ancl IX) suggests thats although l-îver proteins

contributed to a large exteirt to gluconeogenesi s dr-rring

restri ctionu proteiir stores in other parts of the bod"y

also contributed to thís process,

Thuss the very high dehydrogenase activities
that occu"r upon refeediirg, espec.ially i-n the liverg also

may occur" .iir other parts of the body; especially the

increase in G-6-PDÏ{, the act-ivity of which increases r,vheir

rlew protein -is syirthesízed (Mahler arrd Cordes u 1971.) 
"

fircreased malic erìzyme actívity may be more directly
rel-ated to hepatic lipogenesis because the latter is more

dependent on nial--ic eilzyme activíty in period.s of refeeding
followiirg restruction particu-larly if it is assumed that
the NADPH generated bJ' the increased activity of G-6*PDH

is used for other bÍosynthetj-c processes,

The greater activity of malic ei'rzyme iir adipose

tissue also may be explained j-n a simirar manner, As out-
li-ned by Fabry et al, (19?0), wheir a h-igh carbohydrate

diet is refed the adipocyte must synthesize new erlzyme

proteiirs related to the synthesis of triglSrcerides from

carbohydrate precursors as well as synthesi-ze those proteins

required for cellular hypertrophy assocíated with the stor-
age of -increased amouilt of triglycerides" Thi-s would

explai-n why G-6,-PDH act-ivity is higher irr the adipose

ti-ssue of animal-s refed FF and PRO diets wheir cornþared" to
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those refed the fat-eontaining diets" In additj-on,

the fact that less protein biosynthesis would probably

occur in the adipocyte than in the hepatocyte during

refeeding may explain why G-6-PDH activity is lower

than malic enzyme aetivity ín adipose tissue whereas

in liver the reverse was observed" The results of

the present study are similar to those reported by

Young et al, (I96t+), Pande e-L al. (7961+) and Vtatt

(1970) ' who also found malic enzyme activity higher ín

ad5-pose tissue than livers and support the suggestion

that adipose tissue could play a more important role

than liver in lipogenesis j-n the rate especially during

refeeding,

As previously notede malic etlzyme activity
iir epididymal adipose tissue showed a more prouounced

resporlse to refeeding following dietary restriction¡
as well as greater vari-ation in response to composition

of the refeedilrg d.ietp than did G-ó-PDli ac'biv:-'i;'" 11r.

other words, mali-c enzyme activity increased to a greater

extent rel-ative to restricted. colrtrols thair did G-6*PDH

activity regardless of the composit.ion of the refeeding

díet,
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Both hepatic eilzymes increased to the same

extent relat-ive to restr.icted coirtrols" These obse::-

vations support the suggestion by Watt (L970) that

different mechauisms may exi-st for the control of

etlzyme activity -in tiver a¡d adípose t-issue silrce the

magnitude and patterir of respoilse to the refeediug

diet was dífferent ín the two tíssues.

Although there tended to be specifi-c treuds

in the pattern of metabolic response with tímeg the

results of the presetrt study suggest that the type of

diet refed was more importarrt in suppressing the enzym-

at-ic response v¡hich occumed iir líver and adi-pose tissr.e

duri-ng refeeding thair the length of time the diet was

refed. The effect of diet olr G*6-PDH and. malic enzyme

activities iir liver aird adipose tj-ssue was statistically
signifícant (p(t"05) whereas the effect of time was uot

(Appeirdíx Tables I to IV), Watt (1970 ) reported similar

results in liver lrut found that the effects of both time

aird type of diet refed were statistically signíficairt
(P<0,05) for malic enzyme activity in adipose tissue'

The apparent discrepancy betweetr these two studies may

be partially accounted for by the fact that Watt (1.970)

measured enzyme act-ivities at 48 u 72u 96e aird 120 hours

(?u 3u L+u and 5 days) whereas ellzyme act-ivities in the

present study were measured at 3, 5u a"nd 7 days' Szepesi
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and Berdanier (19?1-) observed maximum val-ues for G-6-PDH

and malic enzyme activities 3 days after refeeding follow-

ing a 48 hour fast" Watt (79?0) may have measured enzyrne

act.ivities du-ring the t-ime period when the greatest chauge

in enzyme activities was taking place whereas activ-ities
in the preseut study had probably reached maximum val-ues

and were teirding to plateau. Although the length of time

rats were refed followiirg restriction v¿as irot an important

factor in the preseirt study, hepatic dehydrogenase actíviti"es

had begun to decline at 7 days refeediirg whereas there was

a trend toward increased dehydrogel'ì.ase activies in
onirrirtr¡me1 qrì;*^ê^ -r-'ia^"^ at this time (tables rr to v;çlJILr-L\,r.Jrlrd.,r d,Lr-LjJL/ÞlJ u-LÞÞL¿E c

Figures L and 2) . These findiirgs support the suggestioir

by Janseir et AL, (t968) tnat the mechanisrn iirr¡olved in
the hypertipogenic resporrse i-ir liver during refeed-ing may

uot be the same as the mechanisms ilr extrahepatic tissues,

Iir fact, the treird toward decreased hepatic ei-lzyme act-

ivities in the present study suggests that much of the

iiritial activity iir liver following refeed-iug may be

associated with the syirthesis of new hepatic t-issue

other than lipid. This postulate is substautiated by the

observatioir that dietary restrictiotr resulted -iu a con:

siderable decrease in relative l-iver size (liver wt"
/. ^ ^/1.0og body wt, ) (ta¡le VIII)" Iir geireral , l-iver wei-ght

iircreased more rapidty than body weíght during the -iuitial



neriödS of reF^^.r;r^ñ Â't +\61¡.crþ rji fferei-rCeS WeI-e Smâl lylJçIJVUp v¿ rv-LUgU-Lfrós ãJ Ul!VUt)rl uJ¿¿ervr¡

the re-l ative li.,'er size at 3 alrd 5 days i:efeeding was

greater thau ai ? clays refeed-iug" llhus challges íir

relative liver s-ize teirded to paraltel cha.irges -iir hepatic:

eilzyme act-ïvities 
"

The fact that the decrease i-n hepati-c enzyme

activities with time was not statistically sigtrificaut

m¡r¡ he exnl a i rrarl }-x¡ tho nhservatioir (Jausen et al" y 1.968)llrqJ vv u^fJ¿ø-Lrrvu \ v Érr

-l-1¡a'l- *rna'larrryth nf -l .ìme ronll'ì rod for henatir:'jinOeteneSiSl¿!IO. V UlLç Iç11,ó Utl V¿ U¿llIç ! çL¡ u¿À vu rvr

to retu.rn to ilormal was directly proportiCInal 'bo the

"length of starrration." Siuce l:estrict-îoir. of rats to 5g

of diet daily for B daysp âs Llsed in the preseirt study,

has been found equ-ivaleut to 4 days starvatíou (wattu

1,9?O) u ellzyme activity would be expected to requ-ire a

longer tinie to return to l-lormal thair fo'llowiug 2 days

sta.rvatioi-1" Itr factg accordi-lrg to Szepesi alLd Berdatr.ier

(1.9?7) ' approximately 7 days were required before ellzyme

act"ivities returned, to tlormal in rats starved for 48 hours'

The trelrd towards iircreased act,ivities of the

d-ehydz'ogel'lases -in epididymat adipose tissu-e is uot as

easily explaiired.. Janseu et 4I, $968) found that lipo*

geitesis iir epididymal ad-ipose t:issue retltrned, 'bo lÌornal

loefore that ul hepat-ic tissue " This observatiou by Jalr.seir

ra ^/õ\er_ aL. \1y11o/ is j-n contrast with that of trriatt (1.97A ) an.d
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thO nTaêSêì,ìf cl-rrÄrr rr¡l¡ara 4 oy\2-fltle "l i rrnr-o- st,uuy lvJrei,'e ä o* _ase ]-i'l etlzyme

activities occurred betweeir J a:nd 7 days refeediirg. No

explailation cair be offered for th.is apparerlt di-screpancy

among investigations. 'l'hus fu-rther research is required

to determine the s-igiri-ficarrce of this observat-lon,

There is some disagreemerrt, as outliired iu

Section IILC.z"r r€Bârdiug the effect of the source of

dietary fat on elrzyme iirducti-o:r arrd li-pogenesis althou.gh

it is geirerally accepted that dietary fat will srippress

erlzyme induction d-uriirg refeed-iirg follo'¡¡ir1g starvation"

For this reasorle the effect of four different fat sou.rces

on eilzyme activit-ies was investigated iu the preseut

study" The fats iircli-rded werîes coconut oil, r,vhich coutaítrs

a high level of mediu.m chain saturated fatty ac-idsi lard,

a" saturated animal fat; safflower oil, a vegetable oil

coirta-iirirlg a high level of polyunsatu-rated fatty acids;

and rapeseed oile which couta-iirs a very low level- of

satu.rated fatty acj-ds aird a high proportioir of long cha-it'l

morlourrsaturated fa'bty aci-ds" The fatty acid compositiot't

of these fats is provided -in Table X,

Comparisoir of dehydrogei-iase act-ivities of rats

refed diets contaiuiirg 1.2% fat with the act-ivities of rats

refed the fat-free diets (FF aird PRO die-bs) showed G*6-PD1-I

-iir both liver ¿i1fl ¿flipose tissuey âlld hepatic malic eilzyme

activit-ies to be s-îgnifica-ntly lower (p(0"05) in rats refed

the I-,4, S0, and RSO diets than ilr rats refed the FF and
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PRO diets " lvlali-c enzyme activit¡' iir epididyma)- adipose

tissue of rats refed the LA,p S0, and RSO cliets also l,vas

sisirïficautlr¡ lower thau iu rats refed the PRO diet"

However, malic ellzyme act-ivity 
"'ras 

not sigirificantly

lower (P)0"05) in ::ats refed the LA, S0 and iìSO d-iets

thair iu r"ats refecl -bhe FF diet (Appendix Tables V to VIII) 
"

Activities of both dehydrogei"rases also were signif-i-cantly

lower (r<0"05¡ iir the fat pads of rats refed the c0 die-b

thai'r -iu rats refec] the PRO diet" Similar1y, hepatic

G-6-PDä ac-bivit¡r iir rats refed the C0 diet was sigir-ifíc-

altly lor,ver (P<0,05) thau that iir ra-bs refed the PRO d-iet

a¡c}, althou,gh malj-c ellzyme activities iir the live¡s of

the PRO- and CO- refed ra-bs d.id not díffer sigrrificautly

(p)0"05), act-ivities rn -Lhe Co-refed rats tended to be

lower thair in the PRO- refed rats, No differences were

observed betweet'l FF- and C0- refed y'ats in the activ-ities

of either dehydroget'tase ilr liver or itr adipose tissue 
"

The observat-ioirs in adipose tissue give support

-bo the suggestion that a|l }ong chaiir díetary fatty acids

are effective iir suppressiirg lipogeiresis in the rat

(¡iilt gj at,, o 1958e Hírl g! at" 1960; Bottirlo 9I Ð",
1.9653 Dupontu 1.966), There is some evidence¡ howevere

to support the suggestioirs of lirkpen et- 3l-" ( 1-969 ) that

tinoleic acid-s âT'rd Chu et al" ç.969) that arachidonic aud

ê( - linoleuic acíds as well as linol-eic acidr play a
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regulatori¡ role -irr hepat-ic G-ó-PDrî activit¡r.

The results of the preseut stu-dy suggest that

source of d-ietary fat may a.ppreci-ab-ly -irrfluelrce the

nnl-'{-a¡n nf mataho I i c resrìoì^^^ -r-¡ -¡€^^.1 ; t'ìp. i tf the lì Vef 
"ui1 U t/(1!lI \Jl- lllU UaUUJJU I çÐpvlIÈ5 Uv ! çIççu-L--c\

Et^-J-n -;^1," ;r. ñ^-ìr'1 rrroo{-rrøo-l-nrl fo**.r onì¡ìo 'a.q uÐ ! ¿u¡r -,, polyunsaturated fatty acids appear parÌ;-

icularly effective -in suppress-it1g inductiotl of dehydro-

gerrase enzymes arld perhaps h¡rperlipogelles-is -iir respollse

to refeeding. Otr the other h.and., the medium chain sa-burated

fatty acids of cocol"lut oil appeaz' to be less effective in

su-ppï'essing ellzyme -incluction duritlg refeeding followiug

dieta:ry restr-ict-ion. Furthermoree althou.gh dietary fat

corrtaining a targe proportion of l-iiroleic acid appeared

to be somewhat more effective in suppressing hepatic

dehydroget'rase act-iv-itye espec-iatly G-6-PDH, all dietary

fats appeared sim-ilar -in their ability to suppress

eilzyme -induct-ion in adipose tissue,

B" FATTY ACID COMPOS]TION O¡- I,IVER LIPTDS

The fatty acíd compositioir of lipid from the

livers of rats fed the various diets is g-ivetr in Tables

XI to XIV" Dietary restríctioir had l-ittle effect on the

fatty ac-ïd conpos-ition of total liver i-ip-id (la¡te XI)'

There wâs¡ however, a slight decrease in ihe proportion

of linoleic acicl as a resu.lt of dietary restriction" A
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similar observat-i-on rvas reported by Allmann et al" ç965)
in rats as a resul-t of a for-by-e-ight hou.r fast,

Refeed-ing the fat-free diets following d.ì-etary

restriction effected a marked charrge in l iver fatty acid

composit-ioir (tables XII to XIV), An appreciable decrease

ir"l the proportions of linoleíc aird arachidouic acids

occurred in rats refed the FF aud PRO diets" Furthermoree

eicosatr-îeno-ic ac-id was found in the livers of rats refed

the FF and PRO diets " The levels of e-icosatr.ieuoic acid

i rr I i ver annear to be d-lrectl \¡ rel a ted t^ -r-r'a^ 'r ¡r- --F1^ of-Lrr ¿! v vr @j/yvaJ. UU Ug L¿-LI CU UlJ I u!4 Uvu uV UrIÇ Jç1Ió Ulr i

t-ime the fat-free d-iets were refed" Furthermorês the

leve]s of eicosatrienoic acid also anTlear to be related
'bo the magi'ritude of dehydrogerrase resporlse whi ch, irr turnu

appear,s to 'be related to the type of diet refed", Rats

refed the PRO d.i-eto which was fou,ird- to produce the highest

G-6-PDH and malic er-lz]¡me activj-ties, al-so showed the largest

accumulation of eicosatrienoj-c acid in liver lipid" It'l

additioirs refeed-ing a fat-free diet resulted iir a large

-încrease in palm-itoleic and oIe-ic acíds" E-i-cosatr-ienoic

ac-id also was fou.nd -in hepatic l-ipid of all rats refed the

C0 and LA diets for 7 days. In fact, the fatty acid cofü-

position of liver lipid from rats refed the C0 diet teuded

to co-incide with the higher G-6-PDH activity observeci for

rats refed this diet com'oared to rats refed the S0 diet"

Hepatic mali-c erlzyme activity also was sign-ificarrtly higher
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(P<0"05) for rats refed üre co diet thair for. rats refed

the S0 or RSO diets" Tepperrnalr and Tepperrnan (1965) also

foturd that hepatic dehydrogellase activ-ities i¡rere higher

-iir rats refecl a c0 diet tharr in rats refed. a corn oiL
d-iet" Howeveru hepat-ic lipogenes-is -in an-imars refed the

c0 diet was not erevated overî tha-b i¡r auimars refed, the

corir oil diet, 0n the o-bher hairdo the results of the

present study sriggest tha-b Ìroth hepat-ic lipogerres-is (on

the bas-is of liver lipid concerrtrat-iorrs Table xv) and

dehydrogen.ase ac-biv-ities tended to be elevated -irr rats
refed -bhe C0 diet"

There v'rere 1-lo appreeiable decreases iir linoleic
ancl arachidolr-ic acíds in hepatic lip-id of rats refed s0

aud RSO diets " Iir factu l _iiroleic arrd arachidonic ac.id

levels írr -bhe liver I:lpicl of rats refed the so d-iet actualry
iircreased over -bhe levels fourrci in the l-iver. lipid of chow-

fed controls. These high levels of linoleic aird arachi-
douic acids may account, in parte for the l-ower activ-ities
of hepatic dehydrogel'rases in rats refed the SO diet. It-r

rais refed -i;he RSO diet, the proportions of linoleic alrd

arachidorric acids \,vere olrlV sl-ightly lower than iir re-
stricted or chor,v-fed. coirtrol s, Moreov€rs eicosatr-ieno-ic

acid. was not present -in the livers of anímals refed the

S0 or RSO die'bs,

The resu.lts of th-is s-Ludv appear tc colrfi-rm and-
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exterld those of Allmairn et aJ, (1965). The appeararlce

of e-icosatrienoic acid in the l-iver"s of rats refed fat-

free d-iets su.pports the suggest-ioir that the pattern of

changes observed iir early linoleic acid deficieilcy appear'

to be the same as those accompanying fat-free refeediirg.

Furthermoree the results of the preseut study are not

subject to the criticism that has beeu directed at i;he

results of Allmann et al, (1965) (Rogers, 1971). In

the pr"esent stud¡r C22 polyuusaturatess âs well- as fa-irly

h-igh i-evels of arach-idon-ic acide were fouird in the I-ivers of

control animals, The very long cha-i-ir polyunsaturated

fatty ac-idsr such as C22 polyu.rrsaturatesu are reported

for control airimals only -in the present study" These

fa-tty acids were preseirt in the liver l-ipids of rats fed

the other diets but they were not measured due to the

length of tirne required to resolve these fatty acids be-

cause isothermal coirditior'ìs were used in the G0 analyses

carried out -iir this experiment" In add-itioir, unl-ess the

sample irrjected was reasonably }arge these peaks were

rather badl-y spread and difficul-t to quairtitate " Thus

most chromatograms were terrninated with the appearallce of

arachid.onic acid " All fatty ac-id composition tables were

cal-culated assuming that 1.00/' of the fatty acids had beeir

resolved wíth the a'o'oearatlce of arach-idoi'ri-c acid so that

the fatty acid compositioir of control- rats woul d be
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cÕmnârabl e to that of exnerímelrtal_ rats 
"

As noted earlier, the resul ts of the preserrt

study al so give some support to the suggestioir of Chu

et aI, (1969) that hepatic l-inoleate and arachidouate

concentratioirs may have a special regulatory effect oir

hon¡*i n ê-Á-ÞTlli ¡¡nf ir¡i fr¡ l-Ianr*i ¡ áohr¡do 'vyø v4\/ *-..¿ *fo8e}-ìase

activitíes were lowest in rats refed the S0 d.iet" Ii'r

add-ition, the h5-ghest levels of línole-ic aud. arach.idoir-ic

acids occu.rred iir the liver tip-id of these rats" It
appears, thereforeg that higher lilroleate and arachi-

douate concentrat-ions mâ¡r be importaut -in suporessiÌlg

hepatic dehydrogetì.ase activity"

C" BLOOD CLUCOSE AND SERUM trIPID LEVELS

There was r1o ev-iderrce -in the present study to

suggest that glucose tolerairce was affected by dietary

restr-ictioir fo].l-owed by refeedirrg. Díetary restrictior-l
appeared to have a sl-ight depressing effect on blood

glucose levels (ta¡le XVI)but upoil refeedinge bl-ood

glucose levels generally returued- to normal-" The -bype

of d-iet refeci d-id not appear to have any effect on lol-ood

3l u.cose levels " These resul-ts wou'l d be expected when

the importance of maintaiiriirg adequate blood. glucose

leveIs is conside::ed"
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TABLE XVI

Effect of refeediug
restrictioir oir blood

follorn¡ilrg cìiet
,c'l lreose I eve Ls

Blood Gl ucose
m9,7"

Diet Refed Days lìefed
35

Fat-free

Co conurt o il

Lard

Safflor'ver oi-l

Rapeseed oil
'f-tr'ì o'h nr^n -ha ì t'li!-LbÁr

-t 37 ,B+l Lv.81

132,3!23 .5

12g "3j19,tç
l50.o+15"8

137 .6!1 2 .4.

1.1.? "L''t1.7 " 6

')
181. "0+27 , -1.'

r50 . sl, ç.03
?

1.53 .B+1 1. ,7.-

1 59.5;18.62
.>

164."2-F33 "8)
3

1.52 "7!1 1 .1'

-1.UO]lTTOIS

Fed chol, ad

Restricted,

f -ibitumy I d,ays

- -- /" ^5gFF/day,Sdays

1?4 
" 5!t+g.3

L l8. 4!t+ "B

iviean -J- S,D, of 4 rats"

I\'lean j S"D. of 2 rais"

l\{ealr + S,D, of 3 rats,



BO

Di etary restrictiou fol-lov,¡ed b)' z'efeeding

also haC tittte effect r:n serum lipids (ta¡les XVII aird

XVIII)" Serum cholesterol levels aÐpear somewhat lower

-in restricted ai-iimals 'bu-t because of the marked variation

amollg rats within treatment groups i1o differerlces v¡ere

found among treatmetrts,

Dietary restr'.iction appeared to have a depressÌi'rg

effect on serum free fatty ac.ids" Short peri-ods of

starvatiorr have beeir fouud. to íucrease Serum free fatty

=ni rls lKernel et âl-, e 1.971"; Yeh and Leveill-e n 1.970) ,øvr!¿Þ \r!vr.vv

Furthermore Kerpet et- e!, ß971.) found that after 7 da¡rs

starvatíoir Serum free fatty ac-ids had- returued to ltormal"

Thus the veï'y' l.or,v levels observed for Ëez'um free fatty

acids iu restricted alrimals in the presetr.t stu-d.y cauuot

be adequately explaiued. The method used for the dete::-

mina-bioir of seï"um free fatt¡r acids in the preseut study

l'/as not completety satisfactory as there rn¡as coilsiderable

variatíon between du-pticate aSSayS, Because of the smal-l

sampt s of blood availabte it was irot possible to use airother

method" Thus further research is required to deterrnine

the effect of diet :restri-ct-ioir fol.l-oweC. by refeeding ou

serum free fattY acids.

unfortunatel¡r not only \rere there limitat-ious

in the methods used for the deteriniiration of seru'm }ípids

l¡lit because of the d-ifficulty in obtai-uiug bl-ood by meairs
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TABLE XVIT

Effect of refeeCing followiirg c1-ie-b

restrictiou on seilu,rl choleste::ol I evels

Se::u,m Cholesterol
mg/l.oo rnl serum

Diet Refed Tlq r¡c r^a f a rlual p

3 5

Iiìq {:-f r^r: a

Cocoirut o-il

I¡arcl

Saffl o\^¡er c¡i1

Rapeseed oil
I-li a lr ^rn J-a i r¡
l!-Ló¡¿ }/!v uv¿f-

.'1

90,0!17 "6'
qR <-l- 

" 
A

""o): Jø"

95.5! 5"6

1.03,6+12,O

1 10 "O+1 6 "4
go ,3! 5.3

g4 "3! 3 "oz
g? .B+14.93

g3 
" 
6! s.13

87,0t35-62

B5, O: g,23

go 
" otl 2,33

1

ÇoiJtro ls_

l-ed. cho\ivr ad

Re s tri c'ce d n

lib-i-bume B clays

5gFl./da¡ruBdays

7 6 ,6+8 .7

6t,5¡1 5,6

1_

a
lYlg d.r r

?
llfnarr

+ ra-ts,

2 ï'ats 
"

? rq *c:
_) IØup6

n'F

of
nf
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TIIBLE XVIII

Effeci of refeedirrg followitrg diet
restric'cion ou serum free fatty acids

F'rêê F',2'î.]:\¡ AnaOSr 4 v v.J

ms, /l OO ¡r'ì serìlm

D-iet Refed tì4Irq K êTêrì

Fat*free

Coconu.t oil

Lard

Safflower o-il-

iìrno¡rco¿l n i 'l

lli crh nr n l:o i lr

48 "o!27 ,81

25 "2i t+,61

9? "3!10 " 62

88,o+ 8"83

5? "4-!22,51

?1 "Ot B"B:1

2
27 ,A-!1 5 "0*

'?
32.2!2Lþ "2'

?
BB"o¿- 8"7'

ô,/
65.7-F26,6'

+2. 5; 6 "83
ô

66 "+-F 6 "2-)

j
t-;ollÏro I s

I1o rì r, hnrr¡ - ¡ .l 1 i 'l,r i l-r rm - R
-L U u L, r rtJ vv S gi¿ :!:L lalu v:llf I "

Restrícted, 5g FF/day, B

drrrs

d¡r¡s

?+.9!26.3

B, B-l- 6.6

-t-

t-

-I

1

c
tYtç é.1r

l'{eatr

S"D"

S "D.

S.D.

4 rats.
2 rats"

3 rats"

of

of'

of
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of a heart puncture, blood samples were rn-iss-itrg itr

some treatmeirt gronps" I'levertheless, the resul-ts of

tho nreserri; q!r_,,-r,, a,.__^a{_ rhei the tr¡ne Of d-iet fefedurlu y! vÐvr¡ u u tJL¿L1J ÞL,lPoÈ;Cù U Ulra u urlv vJ -yv

ap'peared to have little effect on blood glucosev serlim

cholesterol, or serum free faity acid levels -in

::estricted-refed rats 
"
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VII" SUMMARY

The present study investigated the effect

of composition of the refeeding diet on the metabolic

response to refeeding following severe dietary restrietion"

Male rats weighíng 225-300 g when placed on experiment

were restricted to Jg daily of a high carbohydratee

fat-free diet" The effect of the composition of the

refeeding diet on the respollse of two NADP*linked

dehydrogenases in liver and epididymal adipose tissue,

and ou changes in the fatty acid composition of liver
was determined, Induction of the trss NADP-linked

dehycirogenases, G-6-PDH and rnalic enzyme was greatest in

both liver and adi-pose tissue of rats refed fat*free

diets iruespective of whether the diets were high in

carbohydrate (nn diet) or protein (PRo diet) " In factu

the ooovershoot'o of these dehydrogenases was more marked

in the PRO-refed rats which suggests that the resporlse

of these enzymes to the refeeding of a fat-free diet was

not due to high leve]s of glucose per se in the refeeding

diet"
The response of both enzymes to refeedj-ng was

more prououtrced in liver than in adipose ti-ssue ' In

addition, G-6-PDH activity in the Iíver was consistently

higher than rnalic ellzyme activity whereas, in adipose
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tissuee the opposite prevailed" There was also a trend.

for enzyme activities to decrease by the ?th day of re-

feed"ing in hepatic tissue, but to contiuue to increase to

this time in ad.ipose tíssue, These results suggest that

different mechanisrns may exist for the eotltrol of enzyme

activity in liver and. ad"ipose tissue "

Refeedi-ng diets in which 12/" coconut oiLs larde

rapeseed oile or safflower oil isocalorj.cally replaced

gh.lcose suppressed the rnarked" o'overshootot in ç-6*PpH and

rnalic enzyme activities observed^ in response to the fat-free

diets" Agai-n pattern of response varied between the liver
and adipose tissue, All dietary fa'bs appeared similar in
their ability to suppress the induction of these enzymes

in adipose tissue whereas coconut oil did not suppress the

induction of these etlzymes in the liver, In addition,

activities of these enzymes were lowest in the livers of

rats refed the safflower oil diet" These results suggest

that souree of d.ietary fat may appreciably influenee the

pattenr of metaboLic response to refeed.ing in the liver"
Refeeding the fat-free d"i-ets effected. a marked

ehange ín liver fa'bty acid cornposition" Eicosatrienoíc

acid was observed in the liver lipid of rats refed all

diets except those contaj.ning rapseseed oil or safflower
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oil as the source of dietary fat" The amount of

eicosatrienoic acid in }iver lipid appeared to be

related to the 'uovershoot" in dehyd-rogenase activity
suggesting that the pattern of change observed in
early linoleic acj-d deficiency may be the same as

that accompanying refeeding of diets 1ow i-n essential

fatty acids" These results also suggest that higher

linoleate and arachidonate concentrations in liver
lipid may be important in suppressi.ng the characteristic

'lovershoot" observed in G-6*PDH and malic enzyme i-n rats
refed fat-free diets"

There was no evidence on the present study to
suggest that blood glucosee serum cholesterolo or serum

free fatty aci-ds were affected by dietary restriction or

refeeding" The significailce of these observations ist
howeverp unclear at the preser:t time 

"

The results of the present study suggest that

diet markedly affects the netabolic response to reaLiment-

ation followilrg severe dietary restrictj-on" Further re-

search is requíred, to elucidate the manner in which diet
composition affects the rnetabolic response herein invest-

igated 
"
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VIII. APPENDIX TABLES
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ÀPPE\TDIX TABI,E V

Du-ircanos Multiple Range Test for' liver ntal-ic ei"lzyme 1

act-iv-ity fo I I owing log trausformat-ion of origitral data

High Fat-free Coconut Lard Rape s ee d Saf f'lolve r
-nnn *a i tryrv vv¿i¡ oíI oil

1 "6j+2

oil
t 

"JZB6
) 1A<". ) 1ct),-".-,r__,-".-*7_ 1"930? 1.6581

SE = 0.0974

APPENDIX TABLE VI

Duncarrss illul-t-iple Range Test to" f-irrer C-ó-POfl activity
i'off owing log; tra¡rsfoima-bion of original cla-ia1

fligh Iìat-free Coconut Rapeseed
prote-it'I

?.!B!ç z.zeþz

oíl oil
2,0972 -' 

" 9038

Lard Safflower
oil

.1, .B?3? t ,6857

SE = 0,1 048

Alt values u-irderscored by the same line are irot
si r"ni fi cantlr¡ differeut,

P

rp(5%)

l{p ( ivr¡;/

2

L,O¿

o,2746

)

2 .97

0,2892

0 "31.12

+

3 "07

0 "2990

^ ^^4ñU 
" )á, (

)

n anllÂv6Jv tv

o,3280

6

? 1Cl

o ,3107

o,3343np(c*6*Pru) a,2955
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APPtri\iDIX TABLE VII

DuÌlcanr's tvlultiple Range Test for malic
in anìÁidr¡maI qdi-nnqo iisstre fnl In¡n¡ìtrrt-Lrr çy-Lu-LuJ ura! qu+ìrvÐç u¿puv.v

of orieiiral. d.a'r,a

etiz)¡me ac-bi-vity
I no trairsfornrat-iou
-" fr

High
n-nn *o i rr
ìi! v wv-Lrr

Fat-free

2 "7868
¡ n¿ ¿lt
.) "v' '.^v_

Co conu-b "Lard
o -11-

2.6?gz 2.5363

Rencseed Sa ffl ower
o-il oil
2.5255 2,5097

SE = 0,0900

APPEI.iIDIX IL'AI]J,E VIII

IJuirca¡res i\¡iult-iple .Range Test for G*ó*PDH act-ivity in
^-;,ri,r-,-n l oÄi nnso ti ss¡a fOl I OtViilg I Oq tfaifSfOfmatignCIJ-LL,l-LLrJllld.I d.ulJy\-rPç u-LùÈuç rv¿+v

of original- data''

fiigh Fat-free Cocoirlit lìapeseed
pro te ir1 o il o il-

?"llJ:. _ 2-+,292 2 ,31 88 2 " 24'? o

SE = 0.0591

'i n r¡lyaL v

^ ^^r'^/ / 1\Vtuea)J/

Safflower
oíl
2 "2099

Alt values uilderscored b)t -bhe same line a:re l-'ìot
si ¡'ni fi cantl v clifferent,

P

¡ r -.t \rp\5"þ )

Rp (l/rE)

nn1c-Á-pnl+\

a

n 2<îRv e,JJ)'v

¡ ¿ ///u.l.ooo

3

2,97

0 "2673

0 "17 55

+

3.07

o "2? 63

0.:1814

5

0 "2817
rì 1 R¿rovcvt./

" 
1c)

0 "2Bl t

0"1995
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