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This investigat on has attempted to find the primary biochem cal lesion
in obege and adipose mice by applying genetical criteria and elucidating
the consequences of these lesions.

The phpsiology and biochemistry of the obese mouse syndrome has been
reviewed, as has the theoretical and practical considerations
involved in the concept of rate controlling enzymes, as well as the
agents and mechanismg of the control of lipozenesis.

It has been found that the fatty acid profile of the triglyceride of
the fat pad was very similar in obese, adipose, and normal animals,
This indicates that there has been an ‘necrease 'n the synthesis of all
the fatty ac ds in the genetically fat mice rather than any particular
group of them,

The activity of several enzymes has been assayed in these aninmals,

ATP ¢ trate lyase, malic enzyme and pyruvate kinase have higher Vmaxs

in obese, adipose, and their phenocopies, caused by auro-thio-glucose
inject ons, than/the'r normal littermates, whereas there s 1 ttle
difference in the Vmax of isocitric dehydrogenase, lact'c dehydrogenase,
fumarase and mal ¢ dehydrogenase. By a.pplying genetical cr ter'a to these
results, 't is concluded that none of these enzymes can be the only or
primary les on in any of these an mals,

However, another enzyme, 2 monoglyceride lipase, has been reported to
have a lower activity in obese mice and possibly to exhibit other
properties that would make 't the s'te of the primary enzymic lesion
in these animals on genetical criteria,

It was not possible to assay the activity of this enzyme 'n this
investigation, but t was possible to exam ne one of the consequences of
this lower activity, the low amount of free linoleic acid that may be
ava.lable as a metabolic agent, in these animals,

The signif cance of free linoleic acid as an inhibitor of the activity
and as a repressor of the synthesis of the lipogenic enzyme was discussed.
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It was shown that linoleate was less able to reduce the activity of

the lipoienic enzymes in obese than in normal animals when 't was fed

as a supplement to a fat free diet. It was considered that this effect
m ght be due to the greater amount of linoleate being held 'n a glyceride
form n obese animals, due to the lower activity of 2 monoglyceride
lipase, Thus the low amount of free linoleate ava!lable in obese does
not reduce the lipogenic enzymes as much as the large amounts 'n normal
an 'mals,

Linoleate s also a powerful 'nhib tor of the activity of pyruvate
kinase, However, there was no difference 'n 'ts ability to inhibit
the activity of this enzyme taken from obese ATG or normal animals,

It was concluded, that, as the preliminary work on 2 monoglycer:de
lipase in obese, adipose and normal enimals has shown that this enzyme
might possibly be the primary lesion, in obese mice, then this enzyme's
behaviour should be studied in great detail in all these animals to
test the valid ty of these prelim nary observations.
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CHAPTER 1, L, INTROD

Obesity in man is a complicated social and medical problem, whose
nature is little understood. It is thought to be connected with an increase
in the appetite although other factors have been implicated. Very little is
known about the genetic basis of human obesity and one must presume that it
is of a polygenic nature, as no single gene effects have been reported.

In animal production obesity is a wasteful form of food utilisation,
a large proportion of fat in a carcass being undesirable, There has been
some attempt to control the level of obegity in farm animals, eapecially
in pigs, by selective breeding. As with humen obesity no single gene effects
have been reported in farm animals and again the obesity is presumably
polygenically determined,

In mice, however, three distinct single genes causing obesity are
known., The f{irst of these, the "obese-hyperglycaemic" mutant, has been
known since 1950 and has been the subject of much phyeiological and biochemical
study which ie reviewed in chapter 2 part (a)s The second obese mutant, known
as "adipose", was found in Edinburgh in 1959, and the third one, known as
"diabetic", was found in the Jackson lLaboratory in Bar Harbor in 1967.

Since the names "obese", "adipose" and 'diabetic" used to refer to
these genes also have common physiological and pathological meanings, the
following terminology will be used throughout this thesis to distinguish
these different meanings. When underlined, obese, gdipose and disbetic will
refer to animals homozygzous for these mutant genes whieh display the
observed syndrome, When not underlined, obese will refer to an excessively
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fat animal, however caused, adipose will refer to fat tissue and disbetes
to the condition of disbetes mellitus, The genes will be deseribed by the
symbols ob, ad end db.

Obege mice, illustrated in fig.l, have been particularly useful
because of thelr gross obesity and their similarity to the forms of human
obesity associated with maturity-onset disbetes. Adipope, illustrated in
fig.2, resenbles ghese phenotypically, but prior Lo this investigation no
blochenical work had been done on this aninal. Disbetes seems to differ
from the other two syndromes in showing an earller onset of hyperglycasmia
and perhaps less severe obesity. The differences, however, mijht be |
just due to the genetic background, Breeding tests which were carried out
at Edinburgh prior to this investlgation proved all thesé genes to be non-
allelic, Further details of the breeding of ghbese and gdipose animals will
be found in chapter 3 part (a).

Chese and gdipose thus provide two genetically differsnt exasples
of & similar physiologleal condition, From the genetics of these two
syndrowes it is possible to establish eriteria that can be used to test any
blochemical abnorzalities in these animals for:the site of the primary
lesion. The object of this investigation was to find the primary biochenical
lesion in gbese and gdipose animale, and to elucidate the consequences of
these lesions, 1his wap done by using genetlical eriteria o compsre the

biochemistryy and specifically the ensymology, of gbese and ]
LU Racl, olKer amd Wil Rlewocopit= produced . novnal LilGer aadie
sad their normal littermates)by suro-thio-glucose injectiions, (as will be






Fig. 1. Obese and normal litter mates.

OBESE .NORMAL
(72.7 gms) (37. 3 gms)



Fig. 2. Adipose and normal litter mates.

ADIPOSE NORMAL
(74.2 gns) (45.6 gus)
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deseribed later), The known nature of genstic determination can provide
eriteria to pinpoint lmportant stages of biochemleal control, ifrom cwreat
genetical theory, which holds that there are structural and regulatory
gones, genetical eriteris for the primary biochemical lesion can be
established as follows. Struetural genes code for one polypeptide and 1%
is known that noneallelle genes, at separate loel, code for differeat
polypeptides, although the polypepiide might be an ensyme or part of an
enzyme, Mutational chenges in a structural gene will procduce an altered
poly eptide and hence an sltered enzyme mctiviiy, On the other hand
regulatory genes are sald to specify a substance which acts to alter the
level of a polypepiide produced by another locus., FEnsymie activity may
therefore be altered in various ways and normal asssys do not distinguish
betuesn: these.

Firet, it may be observed that the genes gh snd gd are non-allelic
which lsaves the following poseibilities open. The genes ob end gd may
code for different polypepiides which may ¢. ' = (1) eatalyse different
setabolic steps or (2) combine to form an ensyme complex eatalysing one
step, (compare haesoglobin)s (3) (f both ob and gd are regulatory genes
these may alter the quanilty of differeat ensymss., If (1) is correet we
should find differences &t some enayme levels beiween ghgse and gdipose
mice, if (2) is truo both ghage and gdipoge should have sim!lar alteration
in the same ensywe. It may be noted that the expectation from (1) and (3)
are similar when the specific asctivities of ghese and gdipose only are
seasured, [n fact, evidence will be presented below which eliminates the
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diffieulty in distinguishing between (1) and (3). (4) The last
possibility 1s that both gb and ad are involved in the metabolism of a
general signal which acts in the control of one or several ensywes.

Secondly, the genes gb oand ad are recessive, This means that both
the heterogygote and homoaygote wild type animals appear the sawe, If
both genes are strusctural, then in each case, al the primary enayuic
lesion one should be able to differentiaie between these Lypes and the
apparently normel anismels should fall into two classes, the heterosygote
closs having twice as many animals in il as the homozygote wil! type class.
As will be seen no such differentiation is possible for any of the enzymes
studied in this investization and so it ig possible to eliminale these
ensymes as the site of the primary blochemical leslon,

Thirdly, we have an expectation from the recessivity of the genes
and the position of the enzymes in the biochemical pathway. If the produet
formation or flux (i.,e. ths rate of formation of product at steady state),
is a positive function of the ensyue then the relationshlp between the
flux and enzyme activity will be of the gemsva. shape indlcated in £ig.3.
A11 m:i}::a in the "direct" pathuway to lipogenesis fall into this £lass
and so do those that contribute simple co-factors to this direct path. The
reagon for the non-lin:arity of the relationship in fig.3 is to be found in
the fact that all such engy-es contribute positive terms in the net flux
expression of the whole pathway. Zero activity elearly results in sero
flux, (classical biocheni cal bloek), whils very large activity tends to a
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Fig. 3. The theoretical relationship between genetical alterations in the
Vmax of an enzyme, which do not change the Michaelis constant,
(Km), and the flux.
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limiting value determined by other ensymes in the pathway, (Kaeser, 1965;
Kasser, 1968, personal communication).

Now, consider two homozygote genotypes aa and bb having different
activities of the same enzywe, due to either changes in ensyme quantity or
Vmax, the flux will be determined by the shape of the curve in fig.3. The
heterozygote will be half way in activity between the two homosygotes. It .
can be seen that the flux of the heterczygote is nearer the higher homozygote
than the lower one. liowever, in cases where the higher homoszygote is further
along the flat part of the curve, the heterosygote may be indistinguishable
from the higher homosygote. From this example we can see that the lower
homozygote will alwaye appear recessive to the higher one (Kaecser, 1968,
personal communication), If, therefore, the enzyme allegedly responsible
for the syndrome ghese and adipose is being looksd for, the recessivity of
the ob and gd genes gives the expectation of a lower activity of the ensyme
responsible. Hone of the ensymes investizated in this thesis show a lower
activity in gbese or adipose animals,

The situation is more complicated, however, when changes in the
Michaslis constent (im), as well as Vmax are caused by the genetical alteration.
Situations can arise where a decrease in Vmax ig accompanied by a deorease
in im sueh that at low concentrations of substirate one ensyme is "better",
but & higher one is "worse", see fig.4s Ueneral predictions about
dominance in such situations are not possible as the appearance of dominance
will depend on the whole system, Possible allosteric interactions may
further complicate the picture, This third criterion is therefore a much
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The relationship between the substrate concentration and the Vmax of
an enzyme where the genetical alteration has altered the Michaelis
constant (Km) as well as the Vmax.
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weaker one and depende on the knowledge of changes (if any) in the km of the
enzyme., These values have not been determined in this investigation,

Thus, genetlcal theory gives us three eriteria with which to examine
potential prismary enzymic lesions in the gbese and gadipose phenotypes., First
the primary lesion is probably different in adinose to ghese. Secondly,
the primery blochemical lesion should exhibit segregation in apparently
normal littermates of gbege and adipoge animals, and thirdly, if the
lesion is a sismple alteration of the Vmax of a lipogenic ensyme, then that
ensyme should have a lower activity in gbese or adipoge animals,

If the primary genetie alteration, in both syndromes, is concerned with
some general condition, such as hormone balance, it would be expected that
raiher wide effecis on ensyme aotivitles would be manifested and no specifiec
identification with any one enszyme would be possible,

It is also possible to make phenocopies of ghese and adipose mice
by injeeting normal animals with surothioglucose, Animals treated in this
way become exfiremely hyperphagic and eventually obese enough, in some cases,
to be wuuii; iniistinguishable from obese snd pdipose animals,

A considerable body of information has been collected to show that
these animals are physiologically quite different from obese and adipoge
ones, (this work is reviewed in detall in Chapter 2, part (a)). The
obesity in these phenocoples, (referred to here as ATG animals), appears
to be controllsd by a different set of mechanlsms to those causing the
obesity in gbege animals, Thus, primary changes in the blocheaistry of
ohese (and for that matter adipose as well), should be at a different site






Te

to tiose that are primary in ATU animals, Thus comparisons with ATG

animals provide us with another method of checking potential biochemical
gites for the primary lesion in gbgse anisals,

In thie thesis, while assessing data that might help to elucidate
the primary lesion in gbgge and gdipose mice, many ensymes are referred to,.
For easy reference sach of these enzymes has been given a number which
refers to its position on the metabolic chart, (ig.5), which may be folded
out at the back of the thesis.

The general plan of this investigation was initiated by the reports
of lowensteln's group (Kormaker and Lowenstein, 1965; Spencer and lowenstein,
1967), which implied that the primary effect in gbess miece had been
identified, lLowenstein's group found that the enzyme ATP citrate lyase
(enzyme 18, in £ig.5) hes a two to four fold higher specific activity,
(referred to here as Vmax), when assayed in liver supernatant from gbege
compared with that from normel littermates, Despite the recessiviiy of the
gb gene these workers implied that this change in the activity of AIP
cltrate lyase, in obgse mice, is the primar, ~=ymic leslon which causes,
eventually, all other biochesical and physiological manifestations in these
anisals.

Bafore repeating the work of lowenstein's group or studying any of
the other ensymee lavolved in synthesising the amount of fat in ghese mice,
it was thousht necessary to examine the type of fat produced in these
anismals, as thie m ght indicate the area in which the lesion is situated. At






the start of this investigation I had not found sny reporte on the type of fat
deposited in these animale. The bulk of the fat in gbese mice is deposited
as an lhdauinul fat pad, in the form of triglyceride., The triglyceride is
formed by the esterification of & whole range of fatty acids with glycerol.
in triglyceride there are many types of fatty acid of varylng chalm length
and saturation, and the amount of each ons might be different in gbgse end
pdipose animals from that in their normal littermates. Thie would uean a
different type of fat is produced in these animals and would also Llllustrate
whether the primery biochemical lesion is in the synthesis of one, or one
group, of fatty aeids, or generally in the synthesis of all fatiy scide.

The type and amount of each type of fatty meid in the fat pad, can sasily
be assayed by gas/liquid chromatography.

The amount of the six main fattr seids from the triglyceride of the
abdominal fat pad, was measured in gbess and adipose mice and their normal
littermates. No striking differences were found betwesn any of the animals.
Thus sn alteration in the type of fat is not a significent indication of the
site of action of these g-nes., This section of the investigation is dealifwith
in detall in Chapter 4, part (a).

From these results we can conclude that genes ob and ad affect the
synthesls of all fatty acids and not just the synthesis of any ons= or class
of them, in
These findings resulte/d/the decision to investigate the general
synthetic pathway for all fatty aclds, starting with the reported rise in
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the Vmax of ATP alurate lyase in ohese animals that vas mentioned earlier,
At the time thie lnvesiisation waus started the Vmax of ATP eitrate
lyase had been determined from the livers of ghege and normal mice snd found
to be two to four fold higher in ghese mice, (the theoretical validity of
assusptions drawn from changes in Vmax, are discussed in Chapter 2, part
(b))e ATP cltrate lymse had been stuiied in ghese mice because for several
years the ensyme's biochesistry had been under lntensive study by Lowenstein
and his co-workers, They had previously assayed the Vmax of ATP elirate
lyase in rats that had been maintalned under a whole range of nutritional
and hormonal conditions and the results of this work had led lLowenstein to
postulate that the ensyne had a "rate controlling®” function with respect to
lipogenesis (& fuller disoussion of this work will be found in Chapters 2,
part (b) and 4, pert (b))s As the gbere mouse is a genetical example of
hyperlipogenssis, it was logieal, axiyill be described later, thai
lowenstein's group should investigzate the enzyme's Vmex in thess animals,
I have repeated the determinavion of the Vmax of this ensyme in liver
supernatants from gbege snd extended the investigation to gdipoge mice
and thelr normal littermates. The Vmax wes two to four fold higher in both
gbese and gdipose mice, Thus, if genetical theory is true, then the
similarity in Vmax between ghesg and gdipose mice together with thelr non-
allelism indicates that the alteration in AP citrate lyase activity in
ghese is possibly not the primary csuse of the obesity. Work with litters
from parents that were heterosygous for both the g and ad genss teaded o
eonfirm this, (See chapter 4, part (b))
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The theoretical basis for jwiging an ensyme to be rate controlling
with respect to the flux through the pathway it is lavolved in, is discussed
in chapter 2 part (b)s The details of the literature on the involvement of
citrate and ATP citrate lyase, in lipogenesis, are dealt with in Chapter 4,
part (b), as are the results of the experiments just mentloned,

Having concluded that the increase in the Vmax of ATP ecitrate lyase
in gbgse and gdipose mice is possibl; mot the prizary blochemical lesion,
I then looked for ways W show that this r'se was not the only cause of the
obesity in these anicals,

If it could be shown that the Vuaxs of several other ensymes,
numugaup-mupomu.mmuumummmm
mice, this would cast further doubt on the alteratlon in the Vmax of ATP
citrate lyase as the only cause of the obesity, A co-ordinated alteration
in the activity of several ensymes, in gbgge and adipose, would show that it
is improbable that any simple alteration in any of these enxymes is the
prizary lesion,

Yor this reason I determined the Vmaxs of some ensymes that reportis
had ideatified as important rate controlling enuymes, as well as others
identified as unimportant, The remsons for the enzymes chosen and the
results of the assays on them are discussed in Chapter 4, part (o).

The results of this section of the investization show that there is
an alteration in the Vmax of two other ensymes, (malle enzyme, ensyme 21
in fig.5 and pyruvate kinase, ensyme 3 in f1;.5), and little difference in



i
o

3




11.

the Vmax of fouwr others, There was agaln no maried difference between ghese
and gdinose animals,

Recently several reports have confirmed and extended these results,
so that there is now a range of known enzymic changes in ghese and adipose
mice, These are fully dealt with 'n Thapter 4, part (e).

At this stage the question arcse whether the range of enayme changes
in ohese and gdipoge animals, was peculiar to the special form of obesity found
in these smimals, or was general to other forms of obesity., If these szme
snsyse changes are present ia other forus of obesity, such &s in ATV animals,
then it is certaln that they are not the primary cause of the obssity in
gbess and adipose.

Thus the activity of these enzymes were assayed in ATU animals as well
as gbese and gdiposes Despite being obese, ATU mice appear 0 be a completely
different syndrome to ghgse and gdipose, &s they are extresely hyperphaglc and
have norsal blood sugar levels, whereas ghese and adiposze are oaly mildly
hyperphagic and generally hyperglycaemle,

The results of these experiments, dealt with in detail in chapter 4
part (d) show that the alterations in enzyme Vsax that oceur in obese and
adipose aleso occur im AT, mice, This confirms that none of the ensyms
alteratione so far studled, can be the oaly primary cause of these three
types of obesity, Therefore in these three forus of obesity some controlling
factor, other than the activity ormmofﬂ;u ensymes so far studied, must
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effect the co-ordinated rise in the Vmax of the lipogenic ensymes, Many
factors, ranging from hormones to metal ions, have been reported to affect
the activity of ensymes at different parts of lipogence sy the literature
on this subject ig reviewed in Chapier 2, part (e)s It is therefore
essential to examne all these proposed mechsnisms and gee 1f they can be
connected with the known physiological and biochemienl changes ln ghese
and gdipose mice.

In chaplers 2, part (¢) and 4 part (e), work is reviewed that
ind.cates the involvement of the fatly acids, especially the falty acid
linoleate, in the control of lipogenesis iu L:e gbege mouse, It is
suggested that, as there is a lover activiiy of 2emonoglyceride lipase in
gbesg mice, and that linolsate is held in an inert triglyceride form in
these anizals so that it is not able to 'repress' the lipogenic ennymes as
well as it does in normal animals,

Experlsents sre desoribed in Chapier 4, part (@) that ghow that
linoleic acid is & more powerful inhibitor of lipogenic enzymes, in normal
snimels, than other fatty acids,

Other experiments were designed to find out if ghese, ATG and norzal
animals, respond differently to variocus levels of distary linolcate under
different conditione, There was a tendency for ghese mice Lo show less
response in enzyme levels as a result of the actlon of dletary linoleate.
it is coneldered in Chapters 4 part (e) and 5, that this affect of linolsate
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might be made more meaning ful by further intensive sxamination of the
importance of 2-monoglyceride lipase, Using the genetic criteria, already
discussed, it ought to be possible to show whether the change in the
activity of the lipase is & primary biochemical lesion,

It is concluded, in Chapter 5, that the investigation in this
thesis has made it possible to rule out any one change in the lipogenie
enzymes as the primary lesion in the gbese and adipose animals, and has
ghowun the area in which research might gain an understanding of the
gimilzr effect that these genes have in mice.
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part (a): THE PAYSIOLOGY OF THE OBESE MOUSE

Sefore this .nvesti at en was started no biochemical or physiolog cal
work had been reporied on adipose animals, spart from the work of Batt and
Harrigon, (1963), on the ster lity of the wales, lHowever, & considerable
amount of vork has besn published on the phyeiology and blochemistry of the
obege mouse, whieh has been commonly referred io as the "obese hyperglyessmic"
syndrone. such a vide array of metabollic derangements have been reported ‘n
these animals that ihey are rev ewed here and must form a necessary hack round
to an exam natlion and dipouse on ¢ onzyme levels 'n these animals, pince a
ghanze in any snsywe sus ected to be the primary lesion must explain all the
M&m chan-es meni: oned W.

A considerabls amount of work has been done on the endoerinology of
the gbese mouse, This has Gentered on the activity of insulin and the
cond!tion of the pancreas in these animals. The gbese mouse (Mayer, 1960
rev.ew) exhibite pancreatic dysfunction with hyperplasia of the islets of
lan erhans assosiated with nereased insulln end jlucagon seeretion,

(Shull snd Mayer, 1956 Cnrictophe et al, 1959). Cbese snizals are
generally hyperglycaca e and woderately hyperphagic, the hyperglycaenmia

being generally inersaced w'wm:otmm, and Lhey have
ipereased resistance to mun- injections, (Mayer, 1960; Strauffacrer et zl,
19673 Satt and Mailhe, 19¢7). The increased resistance to .nsulin n
obgeg m' ght ho explained by the eight-fold greater destruction of ingulin,
IN VITHO, by fat pads from ghese compared with those from normal
littersates., The rate of ‘nsulin i ViU .& at present being examined by
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these workers (Westman, 1968), The sise of the adrenal glauds has been
exam.ned in gbese. When taken from obese m ce these are much larger than
those from normal animals, but this is considersd only to be a function of
the higher weizht of the obgese animals, (Hellman, 1965).

The state of lipogzenesis and lipolysis ‘n gbese animals has also
been intensively examined. One of the first observations was that adipose
tissue from obese contained more nitrogen than that from normal littermates
suggesting an increass in cytoplasm ¢ mass, (Mayer, 1965\3. The first
attempt to measure lipogenesis 'n gbese concluded that HE, was lower than
in normsl mice, as LN ViTHO uptake of 01‘ glucose was dcp#’esnd ‘n these
aninals, (Chritophe et al, 1961), wheress recently it has been reported
(Jansen et al, 1967) that 0115 glucose given as & single dose 1IN VIVO
was only converted !nto fatty acids 'n gxtra-hepatic t.ssue in ohegs
at half the rate of normal littermates, but in the liver the conversion
wag greatly elevated in obese, whether the labelled glucose was added %o
the diet or injected, This work has been confirmed by Schreeve's group,
(shrigata and Schreeve, 19643 Schreeve et al, 1967), who found that when
they sacrificed ghose and normal animals, 90 minutes after intraperiteneal
injections of trace amounts of carbohydrates labelled with tritium and
carbon 14, (including glucose, lactate and glycerol) these were
ineorporated inte liver fatty acids at five to eight-fold greater rates
in the livers of gbgse mice compared with norwal littermates, FHowever,
the incorperation nte total carcass fatiy acids was only 1.5 to 2
fold higher !n ghese animals, It can be seen, therefore, that although
early workers found lower uptaks of glucose n gbese animals, this was
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a part cular case for [N /ITRO cond/tions with adipose t!seue, whereas

IN 7IV0 Llover itissus from these en mals was far more active n
ineorporat ng glucose Lhan that of normsl snimals, Both Schreeve's and
Jangen's groups concluded that the metabolie derangements, espec ally
the nereased lipogensels, of the liver sould be more fundemsntel to

the Cevelopment of the obes:ty in obepe an sals, than the changes ween

‘n the exira hepatle t.ssues, (Schreave et al, 19473 Jansen et al,

1967 )e

The incorporal!on of interwediates of carbohydrate motabolism ‘nto

Lipids bas aleo been studled ‘n shase m.ces layer ot al (1953), postulated
that the genet.c les on 0 ghege ¥ partial block ‘a the oxidation of
acetate, csusing mory pyiuiate to be converted to fatty weids, fughes
and Talbot (1958) also fousd a desresse ‘n the eonversion of injected
labslled acetate inlo 14 CO, 'n ohege snimals, lowever, Farsen and
Crispell (1955) reported that equal amounts of 14 0O, were produced from
the fat pads of gbgse snd normal mice after an 'njeotion of labslled
_mme. in contrest, an ‘noressed Imearporat.on of uu acetate :nio
fatly aeids in both liver und extra-hepat'c § gsues has baen found In
shege m oe 1N VIVO (Bater et al, 1955b) and N VITHO (Mayer et al,

19553 Christophe et al, 1901b) n the presence of glucose, however,

the [N (750 lipogenss ¢ waz lower !n obgeg than in normal an‘mals,

It appears, therefors, that ﬂaiu do show en '‘ncéreased .ncorporation
into fatiy aclde of Gl‘mhw althoush this might be masked by the
pressace of glucose, imyer (1955) nterpreted these findings to suggest
that ad pose tissue from ghese = ce motekolines an excess amount of
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substrate carbon to fatty seids and that fatty acid synthesis in this tissue
1s less dependent on the rlumultaneous ocourrence of accelerated glucose met~
sabolise than s trus for normal adipose tissue from rate and mice, Althouzh
.n any case, the rate-lim ting etep in normal animels does not appear %
be from glucose to acotate, as Flatt and Ball (1963), w th rat liver
sliees IN VITHO, have shown that the rate of fatty acid synthesis is 605
greater when both glucose and acetate ave preseni, than w th Just glucose
alone, Therefore, )i, r's ‘nterpretation of the higher acetate 'ncorporation
in ghege enizals ui it not be cormsel and therefore will not help o pin
polat the primary lesion ‘n these an'nals. |

Therefors, ‘n Qezg m'ce, there is a large rice 'n overall
lipogenesis as shoun by nersassd incorporatlon of glucose and acdtate
(and other carbohydrate intermediates) into fatty aclds, especially n liver
tissuve, As well as thsumnn;mmuinthommhﬂotnmuia
in ghege m'.ce, thece animals also exhibit decreased lipolysis. This has
been shown by the ncubetion of sdipoes tissue from gbese wlce and mml
animals, [N vV 190, w th a range of substances end measur ng the releass of
free fatty se.ds, as & measure of lipolys s. Ubege adipose tissue fa'led
to give a rise in the relsase of free atwmmhwum:m.
fat mobilising substance, or a 16 hour fesi, whereas normal littermates
gave the norsal rise ‘n ihe nm of free fatty ac'ds in respouss to all
these tromtments, (Marshell and Engell, 1900j leboeuf et al, 1961 Yen and
Allan, 19¢7)s
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Therefore, not only s there decreased lipolysis 'n ghese animals,
but there |s also increased resistance to factors which nereas:tlipolysis
in normal wice.

1t is with th s background of extens ve uwetabolic derangementis n
obgse animals, both in llpogenesis = lipolysis, that the work deseribed
later on ndividual ensywes, must be viewed. Any postulated primary
enzy= ¢ le-ion wust explain all these wide metabolic effecis,
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SHAVIRE 2.

Fart (b) 3 BNZYMES AND BATS CONTROL

Over the last rifty years, the sequence of react ons and the enzynes
that catalyse them have been ident! fied for the major pathways of metabolism,
So much information has been collected on these pathways that they are
often shown in the form of & map (see £ig.5).

Since !t hae been discovered that genetic control of metaboliem '8
mediated through ensymes there has been great interest in ensyme function,
For not only ls 1t known that many gross ‘nborn errors of metabolism are
due to the absence of an enzyme, but also th;? finer control of metaboliem
B . cht be exercised by alteration of the rate/s mthesls, or the efficienacy,
of an enzyme, or by ite interaction with other metabolites,

The dramatic effect, that the removal of some enzymes has on
metabolism has led to the bellef that the flow or flux of material through
a biochenical pathway may be determined by the actvity of a “key" or
"pace making" enzyme. Umbarger (1961), using enteric bacteria, has even
gone =0 far as %0 say thal the first step im the pathway might be the
rate determining one. This belief In the uxistence of "key" ensymes, has
given rise to an intensive study of individual ensymes to see to what
extent alterations n thelr activity, 'n eatalysing their specific reactions,
can control the flux through the pathway, fHowever, we can say an ensyme is
a "pace maker" only after its .mportance 'n controlling the flux of the
pathway has been compared with that of all the other ensymes in the pathway,
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If the change in activ.ty of an enszyme does signi.ficantly affect the
flux through the pathway, then it is important to know which other metabol!tes
interact with the enzyme, alterin: either its efficiency or its synthesis,
The activity of an ensyme might also be affected by & physical alterat . on n
ite structure by gene substitution,

Unfortunately, to get this apparently simple information to deseribe
an enzyme's rate controlling abllity, 's not easy., There are serious
methodological problems, Although it ig easy to extract an enzyme from
something like liver or adipose tissue, saturate 't wi.th substrate and co-
factors and measure (ts maximum eoti®lty (known here as Vmax) in lsolation
IR VITRO, we do not know whether the substrates and co-fuctors are at
saturation level IN ViV0, If they are not, the /max cannot tell us much
about the ensyme's activity in the eell, bucause there is a specific none
linear relationship for each enzyme between enzyme activity and substrate
concentration, Unless this relationship, specified by the Michaelis
constant, (&m), is known, the enzyme activity &t substrate levels below
saturation, cannot be predicted from the Vmax, Another diff eulty in
imrrinx_ IN 7iVQ activity from IN VITRO determ'mation, ls that saturation
of the enzyme with the substrate will remove any competitive 'mhibiters
that may alier ensyme activity ‘n the cell,

Even if we do know the substrate and co-factor pool sise in the cell
we do not know the importance of cellular localisation on enzyme activity,
Besides gross cellular isolation, for example inside or outeide the
&itochoniria, the substrates or co-factors m ght heve to be in the ciome
physical prox mity of the ensyme to be able to react or the reactants might
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have to be located at a gpecific cite on the menbrane surface, lNorsover,
the situation im the cell is probably even further complicated as we
undoubtedly do not know all the co-factors that .nflusnce the activity
of any one ensyme DN VIVO,

n order to interpret enzyme activity determinations we must know
the size of the ¥ /IV0 substrate pools, and the relevant Em values. In
very few cases is one able to measure substrate pool sizes in mammelian
systems and thers has never been any mtinathnpttommm
pool sizes in one pathway.

Thus there are great difficulties in looklng at the igolated max
of one ensyme IN V.THO and trying to relate it to the enmgmes activity IN
VIiV0. mmiammmmmmtmmtm
substrate and product of ome reaction are only two metabolites 'n an
integrated chain of reactions, which govern the flux of the system. Other
metabolites in the pathway might alter this one enzyme's sctivity and indeed
the substrate and product of the engyme !tself might affect the activity
4 V1V0 of other ensywes, ohang ng the flux eand possibly altering the
activity of the original ensyme. Thus the behaviour of an ensyme m ght
be quite different in the system outside it. In fact the complicati.ons
and permutations that can be envisaged are emormous: for & system with even
a short list of coe-factors and subsirates,

However, £ 1t ig possible to get a rough estimation of IN V. VO
enzyme activity then, to meke mesningful statements about the rate
eontrolling ability of the ensyme in its pathway, we must exam.ne the






effuct of & change in ensyme activiiy on the flux. Th s means we have to
find some way of mesasuring the flux,

In sammallan systems this is often done by defining a beg'nning and
an end to the pathway. Then to masure, for erampie, the 'ncorporat.om of
the labelled imitial substrate .nto labelled final product, mainly IN
JITRO ¢t ssue slices, which it is hoped represents the IN /IV0 situation
more closely than tissue-free supernatants, Th's is .th-n taken ag the
flux throuszh the pathway and used as a basis of comparison with enzyme
sotivity, This measurement of the flux ‘s unsatisfactory because the
arbitrary classification of one metabolite as the "nitial" substrate
of the pathway ignores the fact that this substrate .tself is an
internediate in a larger chain of events and thus also bound by the rules
of the system, GSaturating tissue slices IN VITRO might again bs very
different to the (¥ /I/0 s‘tuation h-m the concentration of the lnitial
gubstrate [N V1/0 is not known,

Having attempted as closely as possible to £ nd the [N /1i/0 enzyme
activity and the [N /iV0 flur, we can investigate the effect of changes
in the setivity of each enzyme in the pathwsy on the flux, We need some
paraseter which will measure th:s phenomenon. Kacser and Burns (19€8)
have doveloped one in the form of & Sensitivity Coefficient of the flux
with respect to the enzyme, Th s simply relates the percentage change in
flux $0%the pereent-change ip activity of the ensyme, for small values of
the chan e,
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-

sensitivity coeffistent or ¢ = 3E /§8

= % change 'n the flux divided by
% change in ensyme act vity.

Thus & coeff clent with the value 1,0 would be ‘dentif.ed w th absolute
rate control, Unfortunately, once again this relationship ls non-linear,
0 for each ensyme we will have to establ sh the relationship between 3
change in flux and 3 change in ensyme activ ty for each level n enayme
activity, before we can use the parameter in a prediot ve capacity.

To caleulate a sens tivity coefficient for an ensyme wWe need %o be
able to alter the enzyme ecti.vity IN VIV0 without altering anything else in
the systems In micro-organ.sms '% is often easy to £ nd mutations that
alter the activity of one enzyme, In fact 1t is possible to obta'n large
numbers of mutat.ons that mror‘dlmmt act.vit.es on each ensyme in a
pathway, Thus we can estimate a sensiilvity coefficient fa rly accurately
in these ormlmm“mﬂhrmm'anm?tymmp
everything elge constant, In mamm:.i, 50 far, one rerely has mutations that
affect the activity only of the enayme under examinat.on and never does one
have mutat ons affecting the activity of each of a whole sequence of ensymes
in the vane pethwsy. The only way usually available to alter ensyme activity
ig to change the nutritionsl or hormonsl environment of the animal, Th s
csuses & whole range of complex alterat.ous in the syste= and therefore is
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most ensatisfactory, Although, .f these complications are always respected
and if the information collected to calculate the sensit.vity coefficient,
adheres as closely ss possible to the 1N /IV0 situation, then it might be
poes ble to make a crude investigation of the rate controlling ability of
an enzyme.

Furthsrmore, to be able to say whether an ensyme s & "key"™ or "pace
nker'muudhhwthminﬁ.w coefficients of every enzyme !n
the pathway. If one has a senpitivity coefficlent a lot higher than the
others, then !t m ght be called a "key" ensyme, but only under the conditions
in which the investigations were made.

There ieg a second sense in which the term "rate control” g used,
which is not necessarily relevant to the problem d scussed aboves This
refors to the physiological and biochemical mechanisns which are said to
operate !n maintaining the flux at some steady value or to adjust it to some
optimum ‘n the face of enviroamental variations, Even 1f it can be shown that
an enzyme is a "key" one, (i.es 't har a high coefficient), it does not
follow that the organisz 'tself 'uses' a mechanism to control the activity
of the enzyme. "Control”, i.es effective alteration of flux, might in
fact be mediated by & number of "non-key" enzymes pimultaneously, The
agsumption that "key" enzymes and actual control are always synonomous is
false.

Conversely, f !t can be shown that under some circumstances enzynme
activities are altered, (for example starvation, hormone treatment) this
does not entitle us to concluwie that such ensymes are "pace-makers", nor,
for that maiter, that the flux has '‘n fact changed,
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The apparently paradoxical situstion might be found that a particular
genetic alterat.on affects a "key" enayme and hence the flux and phenotype,
while eontrol, in the physiological sense, is exerolsed by a different
mechanism, Considerable confusion existe ‘n the literature on this point.

There is much literature reporting .nvestigations examining the way
individual ensymes might control the flux through & pathvay. uite often
these findings have been synthesised into a complete explsnation of
control of large areas of wetabolism, They include some work on the
engymic econtrol of the parts of metabolism that [ am interested n -
glycolysis, gluconeogenesis and lipogenesis.

Glyeolysis and gluconeogencsie are the over-all reversal of the
same motabolie process: pyruvate or lactate to or from glucose or glycogen.
krobs (1964) has summarised the two sets of reactions involved (Pig.6). He
says that it .e jenerally accepted that gluconeogenesis (lactate to glucose)
involves some reactlons of glycolysis n reverse and some additional
reaciions which overcome the energy barrlers, preventing the direct reversal
of glyeolys's, (i.e. the react.ons catalysed by enzymes 4,5,6 and 7 in figs. 5
and 6)s These remct ons that are specific to gluconeogenes's Krebs calls
"pacemaker" reactions, because the Vmaxs of the.r ensymes are low, whareas
the ‘maxs for the enzymes catalysing the other reactions are over 100 times
the aetivity expected from the known overall rate of gluconeogenssis. Krebs
says that two of these ensymes possess special characteristics that may be






Fig.6. Reactionsof Glycolysis and Gluconeogenesis (From Krebs, 1964).
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expected of pacemakers 'n that they are inhiblied by excess of their own
substrate, the imhibition being removed by precursors of gluconsogenesls
such ag lactate.

Thus Krebs deseribes ensymes as rate controlling either (a) :f they
catalyse alternstive routes to overcome thermodynamic barriers, (b) .f they
have low Vmaxs or (e¢) !f they suffer substrate inh bition, The evidence,
presented by Krebs, may well be conalstent with these ensymes having some
rate controlling funection, but it does not show that the other ensymes
involved in glycolysis have not, This is necessary before any ensyme
can be described as a pacemaker enayme, First, the thermodynamie
barriers, postulated by Krebs, just represent a free energy difference,

In fact one of the reactions (from fructose l.6-diphosphate to fructose
éwphosphate) the free energy difference (ireb's thermodynamie barrier)
appears from fig.t (taken from Kreb's paper) to be ‘n the opposite direection
to that needsd to postulate the reaction as a thermodynamic barrier for
gluconeogenesis, Unfortunately, as Krebs does not disouss the equilibrium
constants for these reactions in his paper, it is difficult to make a
conclusion on his pinpointing of the pacemaker reactlons for gluconsogenssis.
For exemple, the siep from 1,3 diphosphoglycerate to 3 phoaphoglycerate
involves AUP to ATP, Does this reaction constitute a thermodynamic barrier?
If so, why, by Lreb's eriteria, do not two enuzymes, one for glycolysis and
one for glucsnwoyeneels, cstalyse the step? But we cannot say whether there
is a "thermodynan ¢ barrier" as we do pot know the equilibrium constant

of thisg reaction,
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Secondly, although the Vmax of Kreb's pacemsker ensymes are 100 fold
lower than the others, and just emought to ascount for the apparent flux,
we have seen that because of the nom-linesr re’stionghip between activiiy and
substrete concentratlion, the ratlo of the Vmaxs :& not gulde to the relatlive
importance of the two sets of ensymes IN VIVO.

Thirdly, the flow data presented from the Inecorporation work, to show
that inhibition of certain ensymes by the ' r substrates is removed by gluco-
nesogenée presursors, such as lactate, are lim ted in their value as the
precursors are provided in saturated amounts to the N VITHO tissue slices
and thls may not represent the (N VIVO situation, Also, we must again
elim/nate such an offest a8 all the othew enzyme steps, i ViV0, before we
can say that this shows that these enzymes are pacemsking,

These compl. cations make it ‘mpoas:ble, at this stage, to estimate
sensitivity coefficlents for each sasyme !n gluconeogenes's and thus get
some gquantitetive relation between the enzymes as to the'r value in
controlling the rate of flux through the pathway, Therefore we cannot,
on this basis, yet clasaify ths gluconeogenic eazymes nto pacesaking and
nonepacemaking ones, The conespt that Erebs has worked out for the
reactions in glycolysis and gluconsogenesis has been expanded into a far
more sweeping control theory by Weber and his co-woriers.

Weber (1956,67) has classified the ensymes that catalyse the
resctione 'n fig.6 into three groups - (i) "bifunctional” ensymes - those
that sre avolied bolh lu giycolysis and gluconsogenesis (ensymes, 8,9,10,
11,12)3 (i1) key zlyeolytic enaymes - those that are involved in glycolysis
alone (easymes 1,2,3) and (11i) key gluconeogenic ensymes - those that are
invelved in gluconeogensis alone (ensymes 4,5,0,7)e
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Thus Weber has suggested three classes of ensymes, which he calls
Functional Genie Un te (FGU's), He postulates that “"these FiU's are
"produced” on the same unit of the genome® (Weber et al, 1967), The
"y functional® FGU containe ensymes with high Vmaxs that do not alter
under éiffering nutritional and hormonal conditions and thus, says Weber,
are not pacemakin; reactions; the key glycolyt.c and key glyconeogenie
enzymes alter their Vmaxs :n a reciprocsl way to the hormonal or
mutrit onal environment, The "simultaneous but antagonistic action”,
says Weber, "on key gluconeogenic and glycolytic enzymes, may well
determine the overall metabolic flow for gluconeogenesie or glycolysis",
(Weber et al 1966), Thus Weber postulates an all-embracing theory for rate
sontrol of glyeolysls and glucogenesis that ""rate llu ting" ensymes are
"one-way" reactions on both sldes of metabolic pools of reversable reactions"
(Weber ot al, 1966).

This may be so, but the esperiments reported by Weber's group far
from ghow this, Firstly, they give no data om the IN VIVO flux of glycolysis
or glusoneogenesis under the nutritional and hormonal rejemes that are
imposed in these experiments. W thout this Information it is impossible
to correlate the ensyme's Vmax with flux, Weber et al meke the ‘mp leit
essumption that the ensyme's Vmax represents the flux through the susyme
step, but there can only be one flux through the whole pathway whioh must
be the same for each slep, Cecondly, the evidence that the glycolytie
and gluconeogenic ensymes are on three "Functional Genic Units™ is based
on evidence show.ng that the FiU's or ensymes show reciprocal response or non-
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response to hormones and sutritional econditlions, and that this response can
be blocked by act momyen D. Although actinomy: a D is supposed to prevent
Dlikelike fiA synthesls this s not direet evidence that the genes codl.ng
for ansm'm&mmmtﬁmmmﬁ. Before
the concept of Munctionsl Genie Unite can be proved, linkage data will be
needed from genetical studl.es. o such data are at the mowent avallable,

It appesrs, therefore, that the evidence for the rate control of

glyeolysia and glucomeogensis does not adhere at all closely %o the
{teria for rate control !nvestisations that | have previously outlined,

In lipogenes s, "rate control" has two separaie ¢claims, each for a
different ensyse, These are ATP citrate lyase (B0 4le3.8., enuyme 18) and
acetyl Coi oarboxylase (5C 6olede2., enuyme 22).

Kornsker and lowensteln (1964s, 1965s) consider that ATP eitrate
lyase eatalyses the first step in the exira n. tochondrial synthesis of
fatty acids, Moreover, they say "d:fferences in the enzyme activ ty of
the first atep may be responsible for different rates of operation of the
whole pathway"., They then show that in different horuonal, physiological
and nutrit onsl eonditions, the max of ATP citrate lysse lis correlated
with lipogensais, either seen as incorporation of labelled clitrate into fatly
acids or manifested as obes!ty, The implication is that the "max of ATP
¢ trate lyase controls the flux of material from eitrate to fatty acids.

Unfortuns wely, once again, there 18 not adequate data to estimate
a sensitivity coefficlent for this ensyme with respect to lipogenesis.
Furtiermore, it 18 known from this lnvestigation, and others that many
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ensymes have correlated responses in lipogenesis. Another enzyme has
been claimed to control the rate of lipogesesis by iy&®net al (1964),
who considere that there are only two steps in the extram!tochondrial
synthesis of fatty acide, These reactions are thoee catalysed by the
enzymes acetyl CoA carboxylase (ensyme 22) and fatty ac'd synthetase
(enzyme 23) of which acetyl Coi carboxylase catalyses the firsi step.
Of course, Lowenste'n and hie co-workers disagree with this and consider
the reaction catalysed by AP e trate lynse to be the first step in
lipogenesis,.

Despite this lynen and his co-workers have intensively studied
the acetyl Coi carboxylase reaction, They have wmeasured the /maxs of the
two enuymes (ensymes 22 and 23) and have found that the Vmax of fatty aeid
eynthotase complex is alweys 20 to 100 fold in excess of the Vmax of
acetyl CoA carboxylase and of the imcorporation of labelled acetate into
fatty acids, Once again these results may not reflset the situation
IR VIV0,. f

Iynen et al do show that if purified scetyl Coi carboxylase im
Mhhmtxﬂah&wchrﬂmﬁthmhlpmlﬂlll
in the produce of the reaction - fatty aeid, This would imply a '
gsensitlvity coefficient of 1.0, Unfortunataly the flux is measured at
gubstrate (in this case labelled acetate) saturation and also there are
no data on how the flux would respond to addit.ons of other enzyme, fatty
acld synthetese (i,e. this enmyme might have a sensit vity coefficient
of 1.0 as well).
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Therefore, none of the studies so far reported have fulfhlled the
er veria necessary to enable us to obtain safe evidence of the role of
ensymes \nvolved in glycolysis, gluconeogenesi: or lipogenes'ss Thus 1%
ig difficult in the present state of knowledge to compare the ability of
these ensymsp to control the rate of flux through the pathway. This makes
it difficult to plapoint any engyme as a pacenmaksr or key enzyme at this
stase.

As well as the theoretlcal anomalies of the work dlscussed sbove
for each of the stulies there ere practieal diffieuliles.

A eorollaxy of the work of Veber's group, is that on starvation
the glucocorticoids dereprese the "key" gluconeogenic enayuos thus
snabling blood sugar levels to be maintained, However, !n adrenalecton sed
rate although the "key" gluconeogenie enzynos stay repressed, as Weber
predicted, blood sugar levels are ma'ntained, Therefore & rise .n the
activity of the "key" gluconeogenic enzymes is not necessary to maiatain
blood sugar levels, (lardy et al 1967)s Weber's group have also suggested
that the "key® glycolytic enzymes are derepressed by lnsulin and repressed
in disbetes, However, glycerol feoding %o alloxan diabetic rats resulte
in an increass to normal level of pyruvate kinase (enmyme 3) and
phosphofructokinase (ensyme 2), although glucockinase remains low. This
suzgests that the "key" plycolytic ensymes do mot always respond as
a "Functional Genie Unlt" and that glucokinsee alone (enayme 1) m ght be
primarily affected by !nsulin levels,

The basic relationship found by Lowenateln's group was the
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correlation between the Vmax of ATF ¢ trate lyase (enmyme 18) and the
incorporation of labelled ciirate into fatty acid !n different nutritional
and hormonal conditions, After three days stax ation both eitrate
incorporation and the Vmax of ATP eitrate lyase had decrsased, However,
Srere and Foster (1907) have shown that fatty acid synthesis has decreased
to sero after 24 hours starvation, whereas the Vmax of AIF ¢ trate lyase
ptart to drop until 42 hours of starvation, This throws doubt on the
poss . bility that the /max of ATP o trate Iyuo controls fatiy aeid
eynthes.e.

In & parallel way with scetyl Coi carboxylase (ensyme 22) for which
a sin lar relationship to that found by lowenstein's group for ATF oitrate
lyase with fatty aeid syathesls, had been found by Iynen et al, Korchak and
Masore (1962) found that after 24 hours starvation fatty aeid synthesis had
failen to 154 of norual, whereas the Vmax of acetyl Cod carboxylase had only
fallen 50%, and G.buon and Hubbard found no drop at all in Vmex under
sim lor conditions, Once again 1t does not appear that the fall im lipogenesis
ecould be eontrolled by a drop ‘n the Vmax of the enuyme,

From the evidence [ have reviewed sbove, it appears that at practiecal
and theorstical levels, the singling out of any ensyme or ensyme group as
the pacemskers !n glyeolysis, gluconeogenesis or lipogenesis is not yet
Jusiified, However, in the work reported below, from th's nvestigation, it
wae poss.ble to show, by the three genetie eriteria mentioned in the
introduetion what the ensywe originally reported to be rate comtrolling,
in ghesg enimals, wes not the primary and probably not the only cause of






33

the obesity !n these snimals. Un#8l it s possible, by genetic eriteria, to
pinpoint the primary ensym.ec lesion we do not have to estimate the goeflic . ent
desoribed above, It is important, however, to bear the considerations,
mentioned in this chapter, in mind when workin; with any ensymes that Lave
been reported to be "rate controlling",
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CHAPTER 2. GENERAL REVIEW OF THE LITERATURE

Part (e) s THE CONTROL OF LIPOGENESIS,

There are several areas and levels of metabolism at which control of
lipogenesis is said to be exerted. Many classes and individual controlling
agents have been postulated to affect the overall or a highly specific
part of the system, Thus the metabolie system in which control may be
exerted may be divided into several subjects or areas, (Tepperman and
Tepperman, 1965): (1) food intake, (2) glucose entry to the cell,

(3) acetyl Coh generating system, (4) palmitate synthesis, (5) fatty
acid changes - chain langthaniﬁg and desaturation, (6) triglyceride and
phospholipid synthesis, (7) trensport of lipoproteins, (8) lipdysis
and gluconeogenesis, (£1g.7).

Control that will affect obesity can be exerted in any of these
areas or a combination of them.

We have already seen that obese mice are only mildly hyperphagic
(Mayer 1960) so it is probable that this gene does not primarily affect
the food intake level.

However, several classes of effector are known that both inhibit
the activity and repress the synthesis of enzymes involved in all areas of
lipogenesis. Besides chemical eff:cle on enzymes there are other cellular
properties that must be teken into acecount, such as, compartmentation and
localisation of enzyme substrates and their cofactors, the control of
permeability and integrity of membranes, and so on. The classes of

effector and their effect on lipogzenesis are as follows:
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1. HOUMONES

(a) Thyroide myroxine inereases the activity of mallc enzyme (EC l.1l.1.40,
enzyme 21) seven fold (Tepperman and Tepperman, 1964), but decreases fatty
acid mtha- from acetate by dimin shing the glycogen content of liver
smmmmmw:uuammmmuuzv, (Myant
and 11iffe, 1964), Morsover lipolgsis was enhanced in hyperthyroid con-
:ditions end reduced in hypothyrold csaditions by an alterstion in the
mechanisn of lipase activation, (Fisher and Ball, 1567). G5o thyroid
hormones ean both decrease lipogenesis and increase lipolysise

(b) Growth hormone. Growth hormone given to rats, [ ViV0, depleted Sheir
fat depots (Young, 1945), inhibited lipogenesis and elevated the plamma
free fatly acide (¥FiA) levels within two to six hours, (Hobemn, 1959j
Knobil and Hotohkiss, 1964)s It has been ruggested, (Swislock! and
Ssego, 1945) that growth hormone does not deplete fat depots directly but
by indreaszing the oxidation of fatty acids in the liver it causes the
release of free fatty acide by the depot fats.

Although growth hormone moblilises fatty acids 1§ VIO itiwas
needed in high concentrat ons to cause ligoln;- IN VITRO and it was
gusgested that action by eontaminante eould not be ruled out (ACTH, P3H,
ete,) (Kormer, 1967). fowever, very small amounts of growth hormone could
mobilise fatty acids from epididymal fat pads IN V.TRO provided the
syathetic sterold dexamethasons was present, (Fain Kovacey an! Scow, 1965).
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(e) Glugocorticoids. I xperiments were dimcussed in part (b) of this
chapter where injecti.on of glucocorticoids ‘mereased the sctivity of the
"key" gluconeogenic ensymes - pyruvate carboxylase (EC 6,4.1.1)(enzyme

4 in fig, 5), PEP earboxykinase (EC 2.7.1.40)(ensyme 5 in fig.5) fructose
1,6 diphosphatase (20 341.3.11)(enzyme 6 in £ig.5); triamc nolone was more
active than cortisene and hydroeortiscune; the glucocorticolds had no effect
on the activity of any of the "key" glycolytic ensymes, (ensymes 1,2,3 in
£1ge5), (Weber et al, 1963, 19653 Weber, 1965). Thus, as actinomyein D
blocks the act.on of the glucocorii coids, Weber et al suzgested that they
effoct Lthe synthesis of these ensymes and hence a controlling part in
gluconeogends /s, The theoretical anomalies of this work are discussed in
part (b)s Purthermore In adrenalsctom!sed rate there is the same rise ‘n
PEP carboxykinase as there is n normal ruis and high doges of actinomyein
Dy whils complotely blocking the synthesis of PEP esrboxykinase, do not
affect the ability of hydrocortisons to ma ntain blood sugar levels ‘n
fasted mice, (lardy et al 1967), So, although the adrenocortlicoids
.nereane the actlvity of gluconeogenic enzymes, 't s doubtful vhether
this s necessary to maintain blood glucose levels,

(4) Hp.pephrines Spinephrine stimulates the mobilisat on of free fatty
ac.de and glycerol and glycogenolysie 'n adipose tissue (Vayer, 1963).

It algo causes ACTH to be released from the pitultary which in tumn
etimulates the release of the adrenocorticoids.

(o) Jnsulin. Alloxan disbetic rats have blood glucose levels over 300 mg/
100 mls. of blood. It has been found that the IN YITHO synthepis of total






fatty acide and of mono-unsaturated faity acids from uuuh-l-cu and
lmtt—lnﬂu is considerably reduced in liver sliees of such animals
compared with normal onee, The total fatty seic synthesis was repaired by
the sddition of imsulim IN VITHO whereas mono-unsaturated fatily acd
synthes!s was only repaired by injecting ‘nsulin IK VIVO, (Benjamin and
Gollhorn, 1964). Alloxan disbetes ‘s & chronic diabetes that gradually
reduces fatty acid synthesls [N /ITH0 to & fairly low level 'n about 72
hours and lipogenesis '8 restored about &=3 hours after 'nsulin injection,
Acute diabetes can be brought about by injeeting anlials w.ih anile~insul n
gorum (A18) wsdestises, The same paltern was produced in normal liver
homogenates by adding 1 to 5 s equivalent of palm tate or 125 mp moles
of palm tyl CoA per ml of incubstion media. Both these ‘nh bilions were
reversed by add ng carnitine which reduces the level of Coecnzyme A,
Insulin stimulstes the synthesis of lipids, imereasing the rate
of labelled glucose incorporation 'nto fatty aclde 'n epidyd.mal fat
pads and stimulates the symthesis of triglyceride from fatly acids and
«-glycero phogphats, (Korner, 1967), the latter part probably being an
indirect result of its action on carbohydrate wetabolism, The action
of adrenaline or AUTH ia releas ng fatiy acids in :solated fat pads, ov
igolated fat cells is inhibited by the presence of insulin :n the
incubation medium, (Rodbell, 1904).
Stud es with starvation and realimentation, in rats, with acute
or shronle insulin ‘nsufficiency, or with large inject one of imsulinm,
have ghown that insulin 'noreases the /maxs of gMM (20 2:761.2)
(ensyme 1 in f1z.5) (Miemeyer et al, 19673 Sals et al, 1994). In fact
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insulin appears to "derepress" all of the "key" gluconeogenic enzymes, (enzymes
4y556,7 in £igs5), while not affecting the "bifunctional" ensymes (enzymes 8,
9, 10,11,12 in fig.5), (H«_sm, 19658,b,¢,d,8)s The theoretical objections
of this work have already been dlgeussed in part (b) of this chapter. A
further point to note is that glycerol fo_oding to alloyan disbetic rats
results in an increase to normal level of pyruvate kinase while glucokinase
remains low, (Takeda et al, 1967). 1u's suggests that glucokinase, alone of
the "key" glycoly:Uic enzymes may be regulated by insuiin and that pyruvate
kinase may be secondarily nguhmwmﬂuduwoncnwthrmghtm
glycolytic pathway., In the same way, the /maxs of ATP ¢ trate lyase (enzyme
18, in flg.i) and acetyl CoA carboxylase (ensyme 22 in fig.5) are inereased
by glyoorol/e?u::ispan and lowensbein, 1967), and they too appear to be
indirectly affected by imsulin,
Thus, although insulin does have wide effects on glycolysis and lipo-

sgenesis, its primary source of action might be only at the glucokinase lavel.

(£) There have been three theories proposed for

thomehanimorhmmanm They are as follows.

(1) There is an hypothesis that hormones are releaged from the endocrine
glands in response to a stimulus, and aet on the adenyl cyclase system,
(see fig.8) in the target cell, =0 that more ATP is converted to 3'5' AlP.
The 3'5' AMP affects a secondary target wycbgm o produce the recognised
physiological changes This hypothesis has been sonstructed, in general terms,
from the fact that 3'5' AVP mim.Cs the setion of & trophic hormone from the
pltuitary, (Sutherland fiye and Duteher, 1965), adrenaline and glucagon in
1iver lices by stimulating the catebolism of glycogen, (Sutherland and Ball,



B

e
L LS,

\
T




Fig.8. An example of how a hormone, (in this case from the Thyroid), might
affect the activity of an enzyme, (in this case lipase), through the
adenyl cyclase system, (after Krishna et al, 1968, see also Davies

1968).
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1958), ACIH on rat adrenal cortex, lmtein zing hormone in the corpus luteun
and vasopressin on 'sclated toad bladders, (Butcher, Ho Meng and Sutherland,
1965), 3'5' AWP .5 also implicated in the lipol -tie response to epididymal
fat pad to adrensline, (Butcher et al, 1965) and mimics the sction of
thyroid hormenes in csus.ng the mobilisatien of FVA, see figs 8 (Fisher

and Bsll, 19675 Krishoa et al, 1908), It has also been shown that
insulin deereased ldu;i;iliiiﬂv snd hence the amount of 3'5' AwP

(Jungas, 1968) and this is contrary to the action of adrenaline suggesting
an integrated mechen!mm for the control of lipid synthes s, (Kormer, 1967 )
At several lavels of this nyahn further inhibitions and actival ons can
take place, For instance, 3'5' AMP ean be insetivated to 5' AMP by e
phoaphod | esterase and this inhibit on can itself be ‘nhib ted by the methyl
xemthlnes, (Davies, 1908), Tis provides an :ntegrated asystem that probably
plays and important part n the control of earbeLhydrate and lipid
metabolism, (Korner, 1967).

(11) Another mechan . sm for hormone action, which has been proposed, 's
at the level of ilii gynthesis, Weber (1965a,b,¢,d,e) reported that the
"koy" glycolytic ensywes (ensymes 1,2,3 in fig,5) ‘nerease in sctivity and
the "key" zluconsosenic enzymes (ensymes 4,5,0,7 in £ig.5) decrease .n
activity, due to insulin \njections in slloxan dlabet.c rets, and the "key"
gluconeogenic engymes ncresss in activity due to glucocorticold injectlon,
could sll be semplately blocked by a prior injeet.on of actinouyeln D, le
concluded that the hormones must act at the DiA-like A synithesis level
and that the "key" glyoolytlie and "key" glustonsogenic ensymes, two eo~
ordinated "functional genlc unite", and thul the activity of the ensymes






reprasented the funct onal activity of their pathways and that iLhe two
patinays worked in a reciprocal msansy,

However, it ha: been shown that actinomyc n inhibit . on of FNA gynthes's
still permits growth hormone stimmlation of protein synthesis 'n rat liver
ribosomes, (Korner, 1964), nor does actinomye m prevent the ability of
imsulln to stimulate glucese uptake by the diaphragm, (ibeus-Sou.s et al,
1963; vool and ¥ayer, 1904), or ‘nsulin st mulation of fatty ac:d synthes s
in mammary gh.nn slices, (Mayne end Barry, 19¢5), although it does prevent
the synthesis of the liposenle enzymes, (Uellhorn and Benjamin, 1964). Also
actinomyeln D does not impair the ab.lity of hydrocortisene to ma:ntain blood
glucoge levels in adrenolsetomized rats, whereas the synthesis of PEP
carboxykinase (enayme 5 in £1g.,5) one of the "key" gluconsogenic ensymes,
is impa.ved, (Kipnis and Kllkhlff, 1965 ).

Foreover, insulin possibly only direetly controls the synthesls of
glucokinase in disbetic animals, (Sharma et al, 1963j Kornsker and lowenstein,
1964, lﬁst,h). Alge, the gbose aninals are hyperinsulinssmie and yet have
both high glueoneosenic enzymes and glycolytlic ensymes, (ie dman et al, 1967).
Thus in respect to lnsulin stimulation of synthesis, the "key" glycelytie
enzymes do not always work as & coe-ordinated unit, nor are their Vmaxs always
thoncimlotthnt afthoglmmla ensynes, g

m-w-nuormmﬁmnmmm thmtmw
lese simple Uhan was al [ rat !magined, We do mot know vhich of the steps
in protazin synthesis are rate limiting, or which are stimulated or suppressed
by horzoune actlon (Kormer, 1947), HNor is 1t clear which enzymes have the.r
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synthesic directly effacted by horsone action and which have their synthes s
altered indivectly,

(i:i) One of the sarll.est theories of insulin action came from the observation
that it could facllitate the entry of glucose 'nto musele and other cells,
having its primary effect at the level of the cell membrane (Lev ne and
Goldstein, 1905), although  te actual physical effect on the membrane

surface ig still not kaown, (Korner, 1967).

Although all the hormonss ment.oned have some kind of effect on lipid
synthesig, the ones =ost implicated seem to be insulin and glucocortieoids,
with the possib lity that the adenyl cyolase system might provide the control
framework for the actlon of these hormones,

Tous although the horwones might provide a general framework for
the contrel of lipid synthen's there are many more agents that have more
specific affects,

(2)  DRICARROXYLIC ACIDS (20A)

The activity of highly purified acetyl CoA carboxylase (enzyme 22 ‘n
£ig.5) was stimlated by prior imoubatien with citrate, (Brady and Gurin,
1952; vagelos et al, 1963; Iynen et al, 1964) possibly due to trimerization,
(Srere, 1965). fowever, cu scetate incorporation 'nto fatty acids was
Not atisulated by elther eiteads o lacelteate, (ywat and TULH, 1964)y
and the amount of ¢ trate required to stimulate the enzyse is higher than
could reascnably be evpected under physiolegical conditions, (lowenstein,
19643 Srere, 1905). He ther does e.trate, 'n physiological concentrations,
show the reported inhibition of phosphofructokinase, (enzmyme 2 ‘n fig.5)
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or the reported stimulstion of 1so oltr.c deiydrogensse, (ensyme 15 in
flg..’)’ (miﬂ &mn, m’.

(3) Bes.des belng lnvolved in the adenyl cyclase
gystem, AMP inhibits fructose 1,6 diphosphatase (ensyme & in fig.5)(Krebs

et al, 1963) and PEP carboxykinase (enzyme 5 in fig.5). AIP is & competitive
inhibitor, with the substrate, for glucoss 6 phosphate dehydrogenase,
(Av:gard, 1965) and inhibite pyruvate kinase, (Weber et al, 1947).

(4)  MEZAL IGNS, miso affect speeific ensymes. Mg = and K activate
pyruvate kinase and Ca'’ and e’ auibite i1t, (Bygrave, 1967), Mg''
activates acetyl CoA carboxylase, (Ureenspan and lowenstein, 1967) and k'
activates and Na' inhibits scetyl CoA synthetsse, (von Korff, 1953).
Although there are seversl more examples in the literature of metal e
action, their actuel sigmifiecance, under physielogical conditions, im not
kaowne

(s) Daius, COlnieally, several drugs have been used recently to reduce
welght in obese pati.ents with maturily ocnset dlabetes, These include
sulphonyl ures and phenoform m, (Abraham and Arky, 19¢7; W lansky and Hahn,
1967), although their action ! !n no way understood and there is not any
indieatlion of how they could help to investigate the control of obeslity

in the fat mutant =mice,

(6) INHIBLTONS OF LIPOLISIS, Several agents have been reported to inhibit

the releagse of free fatty acids frow adipose tlssus end thereby imhibiting
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lipolysis. They inelude, nieotin ¢ me'd, prostagland.n E,, glucose and
2-deory=d=zlucose., The sites of acclon of thers agents are often different
and they have eomet nes different affects IK VIVO from (N VITHO, but thelr
s.gnificance in the control of lipid metaboliom s not yet known,

(review Carlsen, 19(5). ;

(7) Of all the possible
lipogenic controlling sgents, so far dxunnd. enly some l.ui.eu in the
postulated adenyl oyclase system of hormonal control would seem able to
effect the swespin: changes thet have occurred ln the ghese and adipose
mice, although there Lo neo direct evidence that this system .» _mvelved.
However, from work cnmiuu there is a suggestion that the pri.mary
lesion in these anlual:s u ght .mvelve & lipogenie control system not yet
discugsed, Thig is the comtrol of lipogenesis and the synthesis and
activity of lipogenic snzymes by free fatlty acids and the.r agyl - CoA
esters, The most extens ve work 'm this area has been on acetyl Cod
earboxylace (emsyms 22 ‘n £ig.5)s The activity of this ensyme, which had
been purified many t!mes is strongly 'mhibited IN VITRO by leng chain
acyl - Ook derivatives of fatly acids (for example palmityl Coi), n
competition with the acetyl Cod substrate for the active ensyme sites,
whersaz fres fatty soids have no effeet, (Fobinson et &l, 1963; Borts
and ynan, 19G3), Other workers, however, find no compet tion between
acetyl Coi and palmityl Coi and have foun: that the free acids have been
found to Inhibit this enzywe. (Wieland and Weliss, 1963; Tubba and
Garland, 1964).







Other work has shown that the shorter chaln fatty acid octanoate
inh bits the activ.ty of the glycolyt ¢ ensymes, (ensymes 1,2,3 in £.5.5),
and the pentose phosphate shunt ensymes (29,30 a £1g.5), whereas 't does
ot affect the Vmax of the"difunctional® or gluconeogenie enzymes, (4y5,0y
748,9510,11,12 in £ig.5), (Weber et al, 1967a), Glucokinass wae srotected
from octancate inhiblition by mdeuHMQG
phosphate but pyruvate kinase was not protected by its substrate, phospho
enol pyruvate.

Thus the fatty aclde, both in their free form and acyl-CoA estors
inhibit the setivity of & range of enaymes IN VITRO, (lea et al 19673
Weber et al, 1947b). ‘

Fatty aeids are also known to affect lipogencels and the synthes s
of the lipogenic enzymes IN VI¥0. The ensysee catalysing the synthes's
of long chain fatty acids from acetate, (eusymes 22, 23 in fig.5) rise
when assayed iallvsrordi@ontlnm homogenates from rats on a fat-
free high earbohydrate diet, (Cha koff, 1953; Iyon et al, 1952; Tepper=an
and Teppersan, 1958, 1961), S.m larly different parameters of lipogenesis:
the activity of fatiy acid synthetase (ensyme 23 in £ig.5) (measured both
gpeatrophotosetrieally end radicactively) or the incorporation of radiosctive
acetete or pyruvate: rose wien measured in n_ng_ supernatant extracted from
young mice, kopt on & fat free diet, If the fat ﬁi‘dlu-t ginﬁht‘o thul :

1z, '8 mpplerented vith 2% sethyl palmitate or cleste, or 2 coconub

oil and 1 cholestercl, the lipojemie paraseters still remain four
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fold higher ¢ an in control animals, However, addition of 23 1 noleate

or 25 corn oil, (which hae a 50% linoleate content) brin s these paraneters
down to normal lovels within four days, (Allman and Gibson, 1947; Allman

ot al, 1965; Bartley et al, 1967), This work specifically points to linolsic
as the important fatty acld 'n controlling lipogenes's.

Linolelc asld (with arachidenie and linoleic) has been knowun for a
long Lime to be an essential fatty aeld n the diet of rats, (Baldwin,
1947)3 ite absence causes a doficlency diseass charsclerised by a sealy
condition of the tall (caudal mecrosis)s Linoleste ‘o nlso essent al 'n
the diet for complete cleering of a conditlon known as "fatty liver" and
for norzal liver wstebolism, (Mitehell, 19463 Mohrheuer and folmen, 19533
Sinelsir and Gollins, 1948),

fecently work on obgge animais has suggested that they might have
altered linoleic acld metebelism. It ‘o shown in chapter 4, part (a)
(table 1) from the work a; Steln et al (1967) on the fatty acid prof.le of
the triglyceride of the fat pad, of ghegg and normal mice, that, on
starvation, there was a significant rise in the proportiion of oleiec acid
and no change in the proportiocn of linolic acid 'n norsal n ce, whoreas
in ghess thore was no change ln the proportlon of ols ¢ acid but &
gign ficant rise in linoleic ac.d, on starvation, GSten et al also
found that ole.¢ and linoleic acide mako un to 88fof the fatly saids
‘&% the B" position of the triglycer.de from the fat pad of gbese snimals,
This led them to assey the actlviiy of 2-monoglyceride lipase and they found
it to be five t.mes h.gher in adipose tiesue from normal mice than from
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Lohn;uiu. The only agent that effects lipogencs s that !s known to have

an altered metabolism n gbese animals ‘e linoleie acid, The low activity

of monoglyscer de lipase n ghese would lower the breakdown of monoglyceride,

with ‘te high linoleate content, to free fatty ac.ds. GStein ot al (1947)

suggest that this wonoglyceride is directly acylated at the 1! and 3'

\tiong, back to triglyceride, thus lower.ng the amount of free

linoleate that would be avallable to be used & a controlling agent in

lipogenes's, This might account for the genersl rise 'n 1ipogenssie ‘n

the ghege enimals, These lmplications of Stein et al's work !ntroduce

chapter 4 part (¢) and lesd om to experiments that I have done %o try

to discover whether some lesion in control of lipogenesis by linolesate

can be found ia the ohbese and gdipogs syndromes. :
Altiough it ewn be seen from this seetion that many sgents ean

influence the rate of lipogenesis wider different condit!oms, only the

effect of linolsate has been studied im this thes's. if 1t is shown that

1noleate iz mot the controlling agent in the ghbsse or sdiposs syndrome then

tm&armnuumﬂu!nnhhmwmnhn factore meutioned n

this sset on, In this 1ight, the edenyl.cydhse system for the control

of hormone act on appeers %o show most of the features of a crueial

eontrol mechanisz and would warpant further stuly in these an mals,






4.
SHAPLEE 3o METHODS
yart (a) @ BREED NG

The obege mouse first appeared in a stock at the Juckson laboratory,
Sar Harbor, (Ingall et al 1950), and the adipose mouse in this laboratoxy
in Bdinburgh, (Falconer and Isemcreon, 1959)., Soth gdipose and gbese
animals are homosygous for reeessive jenes (ob/ob, ad/ad), that are fully
penetrant end nom allelio to each other, (hese and gdlipoge mice are
normally sterile, (‘unner and Gates, 1954 lane and Dickle, 1954 Batt
and Harrison, 1963). lecently another obese animal has sppeared in a mouse
stock at the Jackson laboratory and has been called disbetes. Diabetes s
also homosygous for a recessive geng (db/db), (Colesan and Hummel, 1967),
and is non allslic ©o both adipose and obese, (Faleomer, 15¢8).

The sterility of the gbese and gdipose animals complicates the breeding
of the mouse stocks., In order to ma‘ntain a constent supply of the fai
animals for experiments, llttersates of gbese (or adipoge) had to be
routinely orossed, as follows, '

i morsal littermate of ghege (or adipose) hae a 2/3rde chance of
being heterozygous, (n mating these littermates, there iz a 4/9th chance
that both parents will be heterosycous and their lLitter will contan obese
animels, Unfortunately this breeding prograzme uses a lot of space,
especially as the only way to teil whether both members of a mating are
hoterosygous, ‘& Lo walt until it is poseible to identify any obgse (or
adipose) mice in the litter. The gbese mice are about five weeks old before
they can be recognised whereas gdipoge camnot be recognised until they are






sbout seven weeks oli, although thie differonce is probably an effect of the
genetic bacs round. |

Of eourte, because of the naiure of the breeding )lan, mating
littersates of sdipose and obeee animels, inbreedin: depression oceurred
in both stralns, To remsedy this at various times both stirains were crossed
to the J.U inbred straing the sirain containing gbese mice was crosaed twice
and the strain containin: adipose mice was erossed once, This oulcrossing
azein compl cated ihe breeding plan,

At one stage in this investigetion it was decided that 't would be
useful to try end get both sdipose and ohese mice in the same litter, and
w0 look for the doubly homosygous animal gdlpose/ghese. Thie would ensble
an nvestigation of adipoge and obepe in the same g;mtia background and
thus it could be seen whether there was any difference between them,

Thie was done by taking known heterosyzous gb/: animals and ad/:
animals and grossin: thes, The ¥ 1's were 'niererossed, This gave a 1/16
chance that any ome ¥ 1 mating would be of doubly heterozyjous animals, It
wa: hoped to recognise these matings as the littersshould have a high
proportion of tstmm;\n, is8s 9 thin to 7 fat, or 9 thin o 6 fat, or 10
thia to & fat, depend ing on the phenotype and viabiliiy of the double
nutsnt, compared with 3 thin to 1 fat from litters of F 1 matings where
the anizale are heteroayious for only one of these gones,

‘ﬁitotﬂmmslnmgu, four had & very large nwsber of fat
animals !a thelr litters, These matings were allowed to breed for three
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litters and then the matings were split and both sembers of each matlng
were crossed, first %o a koown heterosygote gb/+ and then to a known
heterosygote gi/+, to test whether they were .ndeed doubly heterosygous,
One of the members of one mating d.ed, but it was possible % prove that
both members of the other three matings were in fact doubly heteroayjous,

(ad/z, Qb/%)s
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SHAPTER s Heldohg

Part (b)s BLOGHEMISTHY

1. Bxtraction of Fat. A method of freezing the mice in liquid nitrogen
and then grinding in a pestle a4 mortar was tried. This was imefficlent,
Mm,mutmm\.toolﬂmtrldhptmmmo!mtﬁm
the mouse stuck to the side, Thia iz objectionabls if one wanis to get an
estizate of the amount of fat per carcass, A Waring Blendsr was therefore
used, The mice were killed and then immediately chopped up with some
golvent in the Waring Blender, The chopped mouse was then washed with
golvent into the filter paper cup of a lar,c Soxhlet apperatus and
nﬂundmwiuhlohmt.

Several types of solvent were tried for different lengths of tise,
Petroleum ether, diethyl ether and scetons, were experimented with, both
singly snd in comb nation, The most eil clemt solvent was found to be
dlethyl ether for a 12 hour period.

After the extractior the dlethyl ether was gently distilled from the
fat, the later stages taking place by blowing nitrogen acro. - the fat,

The nitrogen atmosphere was used %o prevent the fat from hydrolysiag and
to try to keep the fat as close as possible to its ig yivg condition,

Mhi_mm“LﬂdeunmanthOhm
carcascs.

2 Hatty .c\d Profila, The triglyceride was separated from the other
lipid components by the method of Uoodman et sl (1962). A column of 10 mm
internal dlaseter was used packed with § grems of silicie aeid in 213






51.

benzene in hexane, The colusn wae always kept molsi. A gample of lipid,
weighing about 100msm was placed on top of the column and extracted with
the following solvents, First, 85 mls of 21% benuene in hexanej gsecond,
25 mls of benzene; and, third, 125 mls of chloroform, The triglyceride
fraction comes down with the second and third solventn.

The trislreeride wae concentrated under nitrogen and was then
hydrolysed and the free fatty ascids methylated for Uas Liquid chromatography
by the following method, kindly supplied by Mr, I. Melartney, First the
triglyceride was reflured for 3 hourr with 203 methanolic KOH and then %
was extracted three times with 20 mls, of petroleum ether, (60°C to 80%
fraction), The potrolounm ether was discarded. The aquecus fraction was
;G:ldltiod with concentrated HCl until the pH was brought down to 1.0 and
then it was extracted agaln three times with 20 mls., of petroleum ether
and the petrolsum ether fractions were retained. These fractions were
pooled and extracted three times with 20 mls of distilled water, the water
being discarded., The petroleum ether fractions were thon dried with anhydrous
sodium sulphate overnight, under nitrogen, & ‘he fridge. The petroloum
ether was then blown off and the fatty acids concentrated under nitrogen.

They were then met ylated by boron trifluoride/methanol complex (from

B.D.He) for 2 minutes in & boiling water bath., The methylating reagent

was deptroyed with distilled water and the resulting mixture was extracted
three times with 20 mls. of petroleum ether and the pooled petroleum
ether fractions were again dried overnight in the fridge with sodium
sulphate in a nitrogen atmosphere, Then the methylated fatiy aeide were
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concentrated under nitrogen and a litile taken up in a ecaplllary and
introduced into a uas-L' quid chromatosram, The column used was of Apieszon
Mat a tupomturaot?oo"cmdcrupmam of 10 lbos per square inch,

The fatty acide were easily ideniified by comparing their
retention volumes with standard retentlon volumes and the amount of each
fatty scid was caleulated frow the recorder chart by triangulation and
expressed as a psrcentage of the total fatiy aelds present.

3 Extract on of lnsymes. Livers were extracted to provide a cell
free supernatant for enzyme assays by the method of Kornaker and Lowenste.n
(1965)s Th s was the method these workers used when they reported the
alteration in ATP citrate lyase aclivity in gbege animals, The first alm
was to repeat this work and it was thought advisable to use their method,
and it wae proved satisfactory, it has been used for all the snzymes that
have been investi gated in thig thesis,

The ensymes were, thersfore, extracted by homogenising just less than
one gram of rapidly cooled liver tissue with three volumes of cold (about 5°C)
0.25 molar sucrose solution, freshly prepared. The homogeniser used wap an
electrie Trief, with Teflon pestie and a toughened glass mortar of lesagth 4
inches and intermal diameter half an nch, The pestls was plunged twice
into the exiracti!on media n the mortar, the whole process taking about 8
gseconds. The exiract was then put into 3 ml centrifuge tubes and spun at
60,0003“ for one hour in &n MiE automstiec superspeed 50 centrifuge at e
The supernatant wag withdrawn by Pasteur pipette and used as the bagic material
for all the ensyme assays.

All the apparatus used was pre-cooled in fresh 'ce before touching
the extract and all operations were carried out at 0-57c,
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boo Esiimat on of Iroteine The mctivity of all the enaymes were
expressed per mgm of protein. The protein of the tlssue extract supernatant

was measured by a modification of the method of lLowry et al (1951), kindly
supplied by Dr, ¥, Sirnstiel. The estimat on was carried out as follows:
Two stock solutions were made called lowry A and lowry Bie

lowry A = "2“’3"”‘ 30 grams
NaOkes o 6 grams
Ha K tertrate 0s3 grams
distilled water to 1,500 mls.

ovry B = 0&!504.450..- 2.5 grans,
digtilled water to 500 mls,

From these two stook solutlong lLowry C was made fresh daily from 50
parte of lowry 4 to 1 part of lLowry B,

A phenol reagent was made fresh daily from one part of Folin
Clocalteau's reagent, (from BulliH.), to one part of dist lled water, A
proten stock solution from erystalliged and lyophillised bovine serus
albua.n (from Sigma) to 500 pgrams per ml , were made fresh daily and used
&s comparisons with the experimental solutions to be assayed,

The enzyme extract to be assayed for protein concentration, was
d luted 100 fold with distilled water, Th s dilution was found, in
praciics, % bring the extract within the range of this assay.
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The 0.4 mls of the protein solution, (elther standard or experimental)
were added to 2 mls of lowry C and well m.xed by inversion, This mixture
mhnmm.;manmmmmmmmcxmm
reagent were jetted in (to mix quickly) and again well mixed by inversion,
and left to stand at room temperature for 30 minutes, The assay m xture
was then read at 7500 in Beckman DB or Hilger Watt recording spectro:
photometer, against a water blank that had been treated in the same way &s
the assay mixture, By comparing the absorbance reading of the assay solution
with that of the five standard protein solutions a fa rly sccurate estimate
could be made of the prote!n concentration, Th's estimation of protein
concentration was repeatable at about 98% level.

5, Engyme assays. [n all the assays mentioned below the object was to
measure the specifie activity (Vmax) of tlg; :)?-?b:.inm mmoles of substrate
vemoved or product formed per hour per mgm/ Thus any alteration to a
published ensyme sssay that increased the activi.ty was considered justified,
The assays were made as reliable and repeatable as possible under the
sonditions. All the asgays were performed on o ther a Beckman DB recording
spectrophotometer or on a Hilger Watht spectrophotometer with a Honeywell
chart recorder attachment, at 37°C, and the rate of the reaction was
measured over the first two m'nutes, Yor each animal each assay was done
three to five times at d!fferent protein concentrat ons to ensure proportion-
;ality between ensyme act.vity and protein concentrat.on, The chemiecals
were obtained from elther Sigma or B,D.H. The assays used are listed
belowese
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(a) AIP ci.trate lyase (EC 4.1.3.8 enzyme 18 in fig,5). The acsay uced
for this enzyme is based on that of Srere (1959 a & b) and Kornaker and
lowenste'n (1965). In the assay the production of oxaloacetate lg
measured by 'ts reaction with NADH in the presence of maliec dehydrogenase.
The disappearance of NADH g measured at 340 mp on the spectrophotometer,
The assay mixture contained, 150 ymoles of Tris buffer pH 7.5 30 imoles
of potassium citrate, 10 ymoles of u.cn,, 30 moles of mereaptoethsnol,
500 0.0 un'ts of malic dehydrogenase, 0.5 uwgm of coensyme A, 0.2 mgm
of NADH and 5 ymoles of ATP. The ensyme solution and distilled water
wore added to make the final volume wp to 3 mls. The reaction was
started by adding the ATP last and progress wae measured at 340 mp against
a blank cell conta.ning all the components except HADH and Coenzyme i,
The basic assay was developed by Srore (1959a & b) for the partly
purified ensyme. lowever, when the purified malic dehydrogenase, (pig
heart muscle from Sigma) was added to the eorude enzyme extract being used,
a lower and more variable Vmax was obtained than if this malic dehydrogenase
was left out of the reaction mixture altogether. There was native maliec
dehydrogenase in the ensyme ertract which is known to have & specifiec
activity sbout 300 fold higher than AIP ¢ trate lyase and using this alone
gave a higher /max of ATP citrate lyase than if ured in comb.natlion with
the coumercial type. o0 the conmerical mali¢ dehydroensse was left out
of the reaction mixfture., Although Uiis makes the assay more repeatable,
boah,‘;;: ensyme extract and from week to week, .t does not affect the ratlo
of the Vmaxs of extracts taken from ghese or adipose animals to that of
their normal littermates.
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To keep this assay relisble it is also necessary to use freshly
prepared sucrose extraction media and freshly prepared lADH, as both
these substances, on storage, appear to accumulate material that in some
way distorts this assay. assay for the
(b) Malic ensyme (EC 1.1.1.40 enzyme 21 imn fig.5). The fpecific
activity of malic ensyme was based on the method of Ochoa (1955¢). The
fellwm:mymmwothmmnhmumth /max of
this ensyme: 1.5 mls, of 2,25 m.Molar Trie buffer of pil 7.5,3 moles of
H\Glz. 0« 3ymoles of NADFH and 50 imoles of monosodium hydrogen [~malate,
The ensyme solut on and water were added to make the final volume up to
3 mle, The reaction was started by adding the L~ malate and progress was
measured at 340 mp against a blank cell conta ning all the components
except HADPH and 1= malate,

(e) Mslic Dehydrosensge (50 l.1.1.37 enzyme 20 in fig.5)s The Vmax
malic delydrogenase (MUH) was assayed with a wethod baced on that of Uchoa
(1955b) using the following reaction mizture: 150 jmoles of Tris buffer
pil 7.5, 0.@ mgm of NADH and 10 p moles ofcigoxaloacetic acid. The enzyme
golution and water were added to make the final volume wp %o 3 mle, The
reaction was started by adding the ois oxaloacstic acld and progrees was
mengured in the spectrophotometer at 340 mp agsinst a blank cell contalning
all the componente except NADH and cis oxaloacetic acid.

(d)  Eyruvate Kisase (50 2.7.1.40 ensyme 3 in fig.5)s There are several
asseys fortho':nxotmrtlypmiﬁdwﬂtnﬁkiﬂunpcﬂdinm
literature, (for example Bucher and Pfeiderer (1955)) but only one method
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iz given that is applicable to a orule extract, This is the method of
Weber et al (19G5) and this was used as & basls for the assay employed
here.

After a considersble number of trials the most reliamble assay
giving the highest ‘max for this enayme was found to contain the following
reaction mixtures 150 ymoles of Tris hutfnpﬂ?.s.mmluof&@!,
300 ymoles of XCl, 100 jmoles of potassium phospho enol pyruvate, 5 jmoles
of ADP and 0.2 mgm of HADH, The enzyme solution and water were added to
wake the finsl volume up to 3 mls, The reaction was started by adding
KPﬁmmmmamn‘mmummﬁﬂoﬂhrth
a blank cell contailning all the components except ADP and HADH.

The assay mixture by Weber et al (1965) contained lactic dehydrogenase
but this was emitted from the assay mixture used here for two reasons,
F.rsi, it wvas impossible to obta‘n commeréial LDH from any supplier that
did not have pyruvate kinase or pyruvate kinase-like activity and second,
the normal enzyme extract contained 50 times a® much IDH as pyruvate kinase,
g0 further addition in the resction mixture was unnecessary,

It must also be noted that the Vmax of the enayme is higher if
potaselum lone are included in the reactl.on mixture in large amounis,
especially if K PEP 's used instead of Na PEP, wafortunately K PEP has
to be used in rather large amounts and lg very expensive and is also difficult
to obtain, lowever, it has been shown that fructose 1.6 diphosphate added
to the reaction m xture lowers the amount of K PEP needed in the assay
mizture by at least ten fold, (Weber ot al, 1967; Srock, 1968 persenal
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as
comsunicat.on), Unfortunately /Ahis effect could not be stabilised and
repeatable results could not be obtained, the larger amounts of K 7&F
were still used,
(e)  Jagtic Dehydrogenage (EC l.l.1s 27/28 ensymwe 31 in fig.5). The
Vnax was measured with an assay based on the method of Koraberg (1955)
using the following reaction mixtures: 150 mmoles of Tris buffer pH 7.5,
0s2 mgm of HADH and 50 jmoles of sodium pyruvate. The enzyme solutlon and
vator were added to make the final volume 3 mls, The reaction was started
by adding the sod:um pyruvate and progress was measured on the spectro-
tphotoneter at 340 mp against a blank cell containing all the components
except HADH and sodium pyruvate,
(£) (56 L.1.1,41, ensyme 15 in fig.5)s The
/max of igocitric dehydrogenase was measured with an assay based on the
method of Ochoa (1955a) using the followiny reastion mixture: 100 ymoles
of Tris buffer pi 7.4, Ou3 imoles of HADPH, 1,0 mmoles of ethylamine
dian.ne tetraamcetic acid (EDTA), 4 moles m,bm pmoles of sodium D, L
isocitrate, The enzyme solution and water were added to make the final
volune up to 3 mls, The reactlon was started by add . ng the sodium D, L
isocitrate and progress was measured on the spectrophotometer at 340 mp
against a blank eell containing all the components except the sodium
Duls isocitrate and HADPH,
(g) Jusgrase (B0 4.2.1.2 ensyme 16 in £ig.5). The Vmax of fumarese was
measured with an assay based on the method of Rucker (1950), using the
followin: assay mixs 1.5 mls of 0.5 Molar malic acid, l.4 mls. of 0.1




;|
)
¥
3

LTy

=

g T2 14N

3




5.

Holar sodium phosphate buffer pd 7.5 and enzyme solution and distilled water
to make the total volume up to J mls, The reaction was started Ly adding
the ensyme and progross vas messured on the spectrophotometer at 240 mp
agalnst a blask cell containing all the reagenie except malic acid,

6 Prepazsbion of Jodigs Octangate, Qlesie and Linolegie... Sodliux
octanoate (caprylate) and oleate were bought from 3.0.H.,s They were also
prepared by direet hyd-olysis of the ac:ds with NaO# end stoved in 0,05 M
solution of Tr s buffer pii 7.5, sodiua linoleste was also prepared in thie
way, Godius octanoute or oleate behaved ‘n the same way, a8 inhibitors,
whether they wers bought or prepared,

7.  Exeparetion of the spegial diets eee A fat froe dlet was bought
from Futr tional Blochemical (Chlemge), (after Wooley sud Sebrell, 1945)e
This dlet was also of a high carbohydrate content conteining about 0%
Sucrose, Fure methyl linoleate snd methyl oleate were obtalned frow Siges
as was the 75% crude linoleie acid,

8. uro=thiowsiucoss injeatlons «es 710 destroy the ventro-sedisl nuclell
of the hypothalamus and make phenoespies of gbese and adipose m'ce, suro-thio-
glugose wae used, {(after arshall and Mayer, 1954). Thie wae injecied intra-~
iperitoneally at 1 mgm per gram body waight, is 18 & 504 lothal dose,

Dead an'msle were seen in two to three daye and the muvivorg became cbese
about two woeks to four weeks after !njections,
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SHAPTER 3o ME THODS

Part (c)s STATISTICAL

The statistical tests used were taken from fnedecor (1942) and were
caleulated on the Clivetii Frogramsa Computer with programmes written by
Professor D.5. Falconer and used in this institute, The exceplion was the
40 test that ws used. In most of my experiments pairs of ghess (or
adiposg) and their littermates were used and to analyse thi.s data there
is & speeial paired "t* test which is more appropriste than the one usually
used, Dr, ReCy Roberts kindly wrote the progragme for this test which was
also used on the Oliveittil Programme.
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SHAPTER 4o

Part (a) ¢+ THE PATTY ACID CONTENT OF THE TRIGLYCERIDE,

It is important to find out if there is any difference in the iype
of fatiy acids being synthesised in the fat pad of the obese or adipose
mice before getting a poseible indieation of the mmount of fatty aclde
being synthesised throuzh looking at proposed rate controlling ensymes,
Thus the percentages of the different fattiy aclds in the triglycerides

of the abdominal fab pad were measured, using gas-llquid chromatography,
in both obese and adipoge and thelr liiisrmates,

Table 1 shows a comperison of the percentages oflthn amount of
the six most common fatiy aclds presesnt in the triglyceride of the fat pad
of obese and normsl mice, calculated from my resulis and from the recults
of Hasssler and Crawford 1965 and Stein et al 1907, The comparisons in
Table 1 show that there are no large differences in percent of fatty acid
betwsen gbege or adipoge and norsal animals, For none of the data in
Tabls 1 is it possible to calculate standard errors, so it i not possible
to say whother some of the rmall differsnces are statistically significant
or not, in fact the ressonable similsrity of data from different sources
suggests that there is little strain difference in fatiy acld profile.
Stein et al did, however, point to the fact that, on starvation, there vas
a significant rise in the proporum of aeld and no change in the proportion
of linoleic aeid in normal animals, wherease in obassg mice, on starvation,
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Sompos tion of Fat

Amounts of six fatty melds, expressed as a percentage of the total fatty
acids, 'n the tr glycerides of gbesge (ob), adipose (ad), and normal
littermates (+)

Source of data (references given below) |

Fatty seid o
Myristic (14.0) e | 2
Faluit.c (16.0) 20 24 27
Feln'tole ¢ (16.1) &' 4 8
Gtearie (18.0) g 3 3
Olele (12.1) O 3B | L
Linole ¢ (18.2) 2 28 | W

Sources of data,

1L
24
3
4o

Present work

Haesaler and Crawford (1965)
Stein et al (1947) : fed mice

Ste n et al (1967) : starved mice.
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Part (b) ¢+ CUTRATS AND THE ACPIVITL OF ATP CITHATE LIASE IN METABOLISH
ARD OBESITI,

The lmpetus for this investigation eame from the report of
lowenstein's group, (Kormsker and lowenstein, 19643 GOpencer and loweansteln,
1966), that the /max of ATP eitrate lyase, (5C 4el. 3.8, enzyme 18 in fig.5),
wae two to four Lold higher m measured in liver pupsrnatant extracted
from obese an'mals compared with that from normal Wi

This discovery wae not important on its own, but lowenstein's group
combined 1t with a lot of theorstical 4 experimental infor:s:ilon on the
function of this ensyme im lipogenesis with which they implied that the
enzyme was "rate~linmiting" and indeed that it might be the site of the
prisary blochesicel lesion in these mice. The position and possible
importancs of ATP citrate lyase, in this part of nmetaboliss, rests on the
fact that some of the steps catalysing the conversion of carbohydrate fat
are situsted in the =itochoncria and sowe are outeide it, I will first
briefly survey the literature on the Dmstion of ATP ¢.'rte lyase before
diseusaing my repetition of the work of Iow .. ioin's group with obgss
nice.

The main stepe in the synthesls of fatty acids from carbohydrates
are illustrated in f12.9, whereas £ig,5 shows the detailsd steps and the
enzymes imvolved, It can be seen that earbohydrate is converted to pyruvate
outside the mitochoniris, The pyruvate diffuses throush the mitochon rial
wall and ls converted to scetyl coenzyme A. Then, under conditlons of






Fig. 9. The five possible routes from Pyruvate to Acetyl coenzyme A acrogs

the .mitochondrial wall.
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excess energy, (Green sad Wekil, 1960§ Wakil, 1962), wmuch of the acetyl
cosnsyme A may be synthesised, into fatty acids, Hany studles heve shown
that the synthes's of fatty from acetyl cosnsyme A takes place outside the
sitochondria, (Popjak and Tlejiz, 19953 Brady et al, 1956; Langdon, 1957
Matthes et al, 1960; Masaro et al, 19(2; Dils and Popjek, 1962; Abraham et
al, 1963; Harlan ani Wakil, 1963; wpencer, Cormen and lowenstein, 1354).
Therefore the acetyl ;~oup of the intra-mitochonirial acetyl coensymse A
has to be transferred acrose the mitechondrial wall, 7ig. 9 shows the

five ways that this trenefer could be eff-oted, lost workers coasider that
the transfor of the acetyl group takes place ms oltrate, either by direct
diffusion, (vransfor I in fig.9), (Spencer and lowenstein, 1962; Shadure
and Srere, 19633 lowenstein, 1964 lardy et al, 1964 lardy et al, 19053
Grevills, 19653 Daikuhara et al, 1998), or indirectly ae glutamate, via
a=keto zlutarate (transfer 1) (D'adanc «nd Haft, 1962 and 1965; vadsen
et al, 1964 Hardwick, 19(5)p rather than as acetate (transfer III), acetyl
coenzyme A (transfer 1V) on acetyl carnitine (transfor V).

However, there is rather contradictory evidence for the direct
diffusion of cltrate across the mitochondrial wall, for it has been shown
that, although mitochondris do contain 70% of the cell citrate, this
concentration is not reduced by repeated washing of the isolated mitochondria,
(sehnelder ot al, 19953 Srere, 1965). Although doubt has arisea over the
direct diffusion of citrate, lLowenstein's group have sjproached the probles,
of the transfer of the acetyl group mcross the mitochondrial wall,from a
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different direotion, They compared the lasorporation of labolled acetate
(iees from transfer [11) and labelled citrate (i.e. from transfer 1) lnto
fatty acids in liver slices and came Lo the conclusion, that of the two,
enly the rate of gitrete imcorporation was high snough to account for the
rates of fatty acid syathesle that are haown to oscur in the liver, Their
investization of the laporiance of oltrate or acetate as the precursor of
asetyl cosngyae ., "nd therefore of fatty asid synihesis, led lowenstein's
group into a series of lavestigatlons of the astivi '’ »f the ensyses that
can supply acetyl coennyme A, for fatty asid synthesis, from clirate, (ATP
cltrate lyase, 3G 4 l.de8, ensywe 18 in fig,5) and from acetate, (acetyl
SoA synthetace, 50 G211, ensyme 19 in f£1g.5), in relation to She rate
of lipogenesls,

The setisity of ATP eltrate lyase responds in very close parallel
to vhe rate of lipogancels under a »ariety of condltlon of mutrition and
hormone lmbalance, whersas acetyl Coi synthetase dovs not, Th's has been
interproted to imply that ATP ¢ltrate lyase activity le causally related to
fatly acid synthesis, (Lornaker and lowenstein, 1963, 1905 a & by brown
and Nelean, 1065; Howanits sad levy, 1955 Brown et al, 1966; Kornaker and
Ball, 1955), and rate controlling with respect to it (sse Chapter 3 part
(b)) (Kormaker and lowssstela, 1963)

Thus with the work on the activity of these two ensymes in different
conditions, it was logiesl that lowenstein's group should exauine thelr
activiy in & osse of extreme hyperilpogenesis and obesity -« the ohese
souss,



ATY eitrate lyase has a two to four fold higher specific astiviyy,
in the supsrnatant of a suerome extract of livers from ghess mice than in
that of thelr normal littermsten, whereas the activity of acetyl sod synthetase is
only about 20% higher (Xornsker and Lowenstein, 1964; Gpencer and lowensteln,
1966). The implication is that this is a causal alteration in a rate
eontrollin: enzyic ‘n lipogenesis and possibly the site of the primary
genetic lesion in ghege animals, This implication cun be checked against
the genetic eriteria outlined in the Introduction, (shapter 1), First,
the primery gemetic alterations are pro.shly different in adiposeto gbese.
Secondly, the primary blocheriecal leslon should axhibit segregation in
appsreatly norsal littermates of ghese animals and thirdly, if the primery
lesion is simply an alteration in ensyme solivity, then the enszyme should
have a lover setivity in ghese enimals because the gb gene is recessive,

The third oriterion 1s known not to be satisfied in the ohese syndrome
as theze enimals have a higher Vsax for ATP citrate lyase thas their normal
littermates, and the second eriterion also appears not .o be satisfied as
there has been no report of differeat classcs ol Vmax within littersates
of obese snisals, |

I% is possible to investisate thie secdond eriterion more fully and
% see whather the first eriterion (:.e. i& the Vsax of this ensyme different
in gbesg compared with sdipoce snimals) is falfilled,

Assordingly the ’max of ATP eltrate lyase was determined in pairs of
gbgse or adicose enisals and their normal littermates, The body welzht and
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carcazs fat of these four types of animala wae also (eterszined,

Al30 & breedin; prograsme was carried out to see whether the double
mutant ghess/adivess(ob ob/ad ad) wes any different, eithor physieally or in
teras of the Vmax of ATF citrals lysce, from e ther adicoss or ghgug. This
projracse st the pame Lime produced ghese and adigose anizals 'a the sane
litter and therefore most of the dirfference in genetic background was
removed that vas previonsly present belween these animsls.

Blplily
Table 2 shows the live wel ht, amount of fat and percentage fat

of gbege and glipege salsals and thelr nocw | littersates. Tsble 3 shovs
the Usax of ATP citrate lymse for the same four types of aaimal, and fig 10
shows the fyequency distribution of Vmexa of the sase enayms for anisals
whoss parenis were heterosygous for both the ob and ad gene. Iable 3 shows
that the 7max of ATP eltrate lyase s <. 4 fold higher in cbege snisals than
in normal litternates and that sdipose snizals i@ 1,95 fold higher than fros
porzal littersates, Ther- i= very little difference in the ‘nax of the
enzyme between adizoss and ghese enimals althoush thare iz rom=e difference
betuesn thelr litlersates, probably due %o dlffersaces in genell!e background,
in fact, a difference of genstic backgreund is evideal in the carcass
compopition of the two strains (Iable 2). Sot: the percentaze and the total
ssount of fat is higher in the littsruates of gdlsoge than ‘n those of ghgse.
This suggests thai the elight difierence ia /max betwesn the ghege and
adipose animals is corrviated with the sasount of fat in the carcass as

determined by tho genelle backgrouwnis



IABE 2

The live weight and the weight of fat expressed both ‘n grams and as a percentage of live we!'ght
of ohbege an mals, adipose animals and the r normal littermates.

nunber of Cbese as a
peirs of Yean of ean of lean + standard percentage
observations obese normals difference error of noymal ¢ I3
Live weight 19 60.7 R.4 28,3 + 2.6 187 10,9 |20, 001
welght of fat 10 14.2 3.0 1.2 =+ 2.7 - he2 <001
percentage of fat 10 33.4 12.0 2.4 + 2.1 - 10,01 <0, 001
Fean of | /san of Adipoge ag
adipogs | normals a percentage
of normal
L ve we.ght 13 4948 346 15.2 * 2.1 144 7420001
we!zht of fat 10 17.0 6e6" 0.4 =+ L5 - 7ol |0, 00L
percentage of fat 10 36.8 20,2 16,6 : 2.3 - ek |c0s COL




TABIE 3

The Vmax of ATP citrate lyase (as g moles/hour/mgm prote n) of obese anizals, ad pose animals

and their normal 1l:ttermates.

number of mitant as

pairs of mean gtanderd a % of

observations mean d . fferences error nornal t P
cbege : 1..19
g | 23 0ui5 0.74 0.102 264 7«3 | 20.001
adipoge 1.25




Fig.10. Frequency distribution of the Vmax of ATP citrate lyase, expressed

a p moles/hour/mgm protein, of animals ©
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The normal littermates of both ghese and aiipose showed no evidense
of segregation of the max of ATP clirate lysse into two classes, There was
therefors no evidence that ensyme's activity differed 'n heterosygotes and
nornal homosygzotes, and this argues sgainst ATP eitrate lymse being the site
of the primsry les.on, by the se~wd genetic oriterions is there is ne
significant difference 'n the Vmax of this enayme between ghege and sdipose,
the third gemetie eriterion for the primary lesion is also not taitilhﬁ,
which ind eates that ATP c!trate lyase is mot the primary lesion in these
animals,

The lack of difference betwesn ghese and gdipoge 's confirmed by the
resulie of the breed ns prosremse aimed at produsing e double mutant (see
chapter 3, part (2))s The proven doubly heterosygous madings in this
progracme had 66 offepring which fell only into two claeses, (31 thin, 35
fat) both ia terss of physical aspesrance and ATP citrate lyase activity (noe
fig, 10), these classes colnciding for both parameters,

From this experizent it can be seen that (s) no phanotypleally
recognisable adinose/obess (ad ad/ ob ob) animals have appeared, (b) there
are no classes of the /max of ATP elirate lyape among the "fat" animals
end () the probability that the sample of 66 anizals taken did pot ineluie
e double homosygote lg small (P = 0.014)s No further tests of the genetie
constiwution of these offeprin; were made, :

fherefore, unless the double mutant is lethal, it may be mm,
that the Vmax of ATP cltrate lysse from ghese = adipose = adipose/pbese
sud that ATP oltrate lyase is probably not the primsry lesion in gbege

or sdisgse animals,
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The above resulis do indicate that the altered activ.ty of ATP
eitrate lyas: is not the only cause of obesily in ohese and adipose animals,
Recently doubt has been thrown on changes in activity of this enzyme
contirolling changes in lipogemesic in starvation and re-feed.ng eond i tiona
as well. ATP ¢'trate lyese activ ty was originally reported as decreasad
on starvation, (ormaker and Lowensteln, 1965 a), whereas recent work
(Srere, 19.5; lreve and Foster, 1967) has shoun that, although there is a
parallel deerease in ALY ¢'trate lyaee activiiy and Upogenesis afler 48
hours starvation, lipogsnesis had deere: > %o sero by 24 hours and at that
time the metivity of AP ¢'trate lyase has not changed, Thig indicatee that
the decrease in the eazyme n starvation is a result of decreased lipogsnesis
and not the cause. :

At this stage, | wondered whether other ensymes closely invelved in
lipogenesis, had had thelr "maxs altercd in obgse and gdipose animals, If this
were so, not only would !t confirm the abose gons.usiom but 1t alsoe would show
thet this enzyme may not be the only factor affecting ti. obeslyy in theao
anizals, |



Part (¢)s THE ACPIVITY OF OTHER ENZYMES [N OBESITI AND METABOLISM

If the vmaxs of several ensymes catalysing reactions closely connected
with lipojensels have been altersd n gbgse and gdipoge ani.sals, this not
only makes it doubtful that the alteration in ATF eitrate lyase is Lhe
primary engym ¢ lesion, in gbgge mice, but also makes these onzymes
candldates for the pr mary lesion themselves, Then, thuse other enzymes
wuet aleo be tested by the same thres genet ¢ ceriteria outlined ‘n
chapter 1, first that the pr sary ensyn ¢ lesions are probably different
in adipoge to gbese animals, Gecondly, that the primary enzym ¢ lesion
should exhibit segregetlion in appareatly mormal litiernates of gbese end
adipose snimals and thirdly, if the primary lesion ‘s simply am alteration
in enzyme activity, then the enzyme will have a lower sctivity ‘n ghege
or adipose animais than 'n their normal litterzates.

So the activities of several ensymes were detern ned for several
reasons as outlined below. HMalie ensyme (Se 1.1.1,40, enxyme 21 'n fig.5),
malie dehydrogenass, (50 l.1.1.37 enzyme 20) and pyruvate kinase (EC 2,7.1l.40,
enzyme 3) were assayed because they had been reported to catalyse steps
important n the control of 1l pogenesis. I!socitric delydrogensse (ICDH)

(BC lale1l.4), ensyme 15) and fumarass (EC 4.2.1.2, ensyme 15) were
assayed as representatives of the TCA eycle, and lactic delydrojenase
(DH)(60 1.1,1,27/33, ensyme 31) was assayed as a stancard,

T™he roles of malie ensyme and malie dehydrosenase in lipogenssis
can be described with AIP eitraie lyase as be'ng involved 'n an
tntegrated cha.n of reactions known as the transhydrogenstion shunt (fig.1l)



Fig.1l. The transhydrogenation shunt, (from Kornaker and Ball, 1965).
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3238, —Postulated scheme for lipogenesis from glucose in adipose tissue, The reactions indi-
cated are eatalyzed by (1) pyruvate oxidase; (2) pyruvate earboxylase; (3) citrate condensing
enzyme; (4) citrate cleavage ensyme; (5) malate dehydrogenase; and (0) malic enzyme.
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(Wise and Ball, 1964; HKornsker and Ball, 1955; leveille and Hanson, 19603
Ba llerd end Hanson, 19673 Simpsan et al, 1948),

The net result of this transhydrogenation shunt (fig.1l) is the
conversion of moleculs of pyruvate to acetyl Coi, while one solecule
of NADH haz besn converted to NADPH, NADPH ‘s the reduced coenzyme
specifically needed for fatly acid synthesis, The eyele ghould be
eneryetically self sufficlent as the two high energy phosphates, that
mm.muutummiuorm%wmm
flavoprote n produced by the conversion of the pyruvate to acetyl Cod,
The ayele provides ome molscule of HAUFH per molecule of scetyl OBA
vhich ig half the amount needed to convert the acetyl CoA to fatty
acids, the reet com n; from the pentose eycle (iowmaker snd Ball, 1963),
Th & is in good quantitalive agresment with the observation that the
peatose eycle can oaly provide about half the HADPIH needed for fatty scid
synthesis, (Jungas and Ball, 19613 Flatt and Ball, 1964).

Thus there !s a close relationship between lipogenes s and the
transhydrogenation shuat. For this reason the specific activity of
malie ensyme and malic delydrosenase were aszesyed in theghess and
adipoge mice and the r sorsal 1ittermstes.

Gn the other hand pyruvate kinsse astivity has been correlated with
the nutritional state of the animal 'n the same way that ATP eitrate lysas
hao been (Krebs and Uggleston, 1965). Yoreover, in meny cases pyruvate
kinase has bevn reported to be a rate controllin; ensyme in glyeolysie,
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(review, Weber et al, 1967), 5o the speeific activity of this ensyme
was assayod in obgse and adipose mice as & ropresentative of the “key®
glyeolytic ensymes, (see chapier 2, part (b) for a discussion of the
ensymes and rate control where this enayme ig specifica.ly referred to).

LESULIS
hbhkchmﬂminu;.e?!bld incrense in the /maz of mallc

enzyms, n ghese mice over their normal littermates end table 5 shows
& L77 fold inerease in adlpose m ce, Tables 4 and 5 also show & 1,53
fold ‘nerease 2 the Vmax of pyruvate kinace in ghese mice, compared with
their moraal lLittermates and a 1l.42 fold inoresse in sdiposg mice. Thus
two other enmymes, both reported to have a rate controlling function,
nmmwum.au.unmmmmmmmm
animals, As has been discussed before, this probably means that these
engymes are not the sites of the primery lesions !n these aninmals,

Tablez § and 5 also show that there is little difference in the
Vmax of MDH, LDH and fumarase in obese, adipoge and their normal littersates,
There .z, however, a slight drop (5 to 15%) in the Vmax of ICDH in both

sdipose and obese animals,

DISCUSSICH

These results susgest, that although there are now three ensymes
known to have higher Vmaxs in obese and adipose ansals 't appears that
none of them :s the primary leeion and thelr rise is an affect of some
other primary event,



IABE 4

The Vmax of, mal.c ensyme, mal ¢ dehydrogenase (MDH), pyruvate kinase (PK), lact c
(LbH), :soe triec dehydirogenase (iCDH) and fumarase (Fll4) expressed as » woles/hour/mgm protein

for obgse an.mals and their mormal littermates.

Basber Ubese as

of pairs of lean of 1lean of  Mean ., Standard & % of
ensyme observations obess norumal difference = errer normal t P
walie 15 15,6 58 9.8 =+ 157 7 He2 | £0,001
*DH 13 273 255 18 * 161 107 1.1 N. 8.
PK 13 16.1 10.5 56 = 1% 153 4ol | <0.01
LDH 28 105 97 9.0 * 6.43 199 L4 .5,
[CDH 8 16.1 17.0 <03 =+ 053 95 1.6 NeS.
Fun 9 20.1 19.7 04 = | 0.61 102 07 HeSe




IABE 35

The Vmax of malic enzyme, malic delydrogenase (1Dil), pyruvate kinase (P.k), lactic dehydrogenase
(LDH), 'soeitrie dehyirogenase (ICDH) and fumarnse (FUM) expressed a i moles/hr/mgm prote'n from
adipose animals and their normal 1. ttermates.

Fumber of

pairs of Mean of  Moan of Meen standard @ ,;“saaa

enzyme  observatlone  gdipose normal  difference + error normal t P
malle 10 212 12,0 9.2 + 2.00 177 45 | £ 0,01
HEH 10 355 382 (=)17 + 1.3 9 | 1.5 N.S.
PK 10 12.5 8.8 3.7 3+ c.87 12 | 43 | < o0l
D% 8 118 103 15 + - 183 16 | 8.1 |< o000
iCDR 8 18,5 2.7 (=)3.2 = Q72 85 | 45 | <005
FUH 9 18.1 17.0 Ll = 0.83 107 | L3 m.s.
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iecently several reports have confirmed snd extended my resulte
with ghege mice to show the wide alteratione of eansyme activity a MQ\
syndrome, None of these reports 'nelude results of work on adipose \
aninals, \\

It has beon confirmed that liver pyruvate kinase doss have sbout \\
& two fold higher /max in gbege m ce, (Fr ed, 19673 Seldman et al, 1967), = |

whersas the Vmax's 1 ver lact ¢ dehydrogenase and malic dehydrogenase e

are ouly slightly higher, the latter differencese belng very small or
non~¢:igtent ‘n other tissue, (Fried and Antopol, 1967). It had earlier
been reported that liver phosphorylase had a higher activily 'n ghese

mice than im normal ones, whereas musele and kidney hexokinase (BC 2.7.1.1) |

(ensyms 1 in flg. 5) and liver glucose 6 phosphadase (EC 3.1.3.9)
(enzyre 7 im £igs . . 5) had the sawe activity in both sort of animals, 'I\\
(Shull, Ashmore and Mayer, 1956), While with & histochemical staining "\\

technique, a more ntense reaction was seen for acid phosphatase (30 3.1.3.2), |

AfPase, (BC 3.6,1.8) and glucose G phosphatase (50 3.1.3.9), 'n pancreatic
t.ssue from ohbese mice than in tissue from noraal ones, (lellerstrom et al
19653 Fried and Antopol, 19i6).

~ The actlvity of glyeerol:iinase (EC 2.7.1.30)(ensyme 27 in f£ig.5) '8
two fold greater ‘n sdipose tissue from ghgse uice IN VITHO, (lochaya
Hamllton snd Mayer, 1963; Treble and Mayer, 1963), Mayer and Thomss (1947)
consider that this tws fold difference ‘N /iTi0 would be reflscted in a
40 fold difierence ‘N /IVD as the ghese m oo have 20 times as much ad pose
tissue as normal » ce, and this difference .n engyme activity .s the
basiec nlteration =a ghbese animals that can explain all the others,
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1t has been shown in chapter 2, part (b), that this sort of extra-
spolation from an [N VITRO to an (N V.70 might be wholly unjustified.
Despite this Mayer and Thomas reason that, normally, ‘n the absence of
glycerokinase adipose tissue cannot reut!lise glycerol released by lipolys's
and must depend on glycerophosphate provided by glyeolysis to resynthes se
triglyceride, (fig.5). Consequently lipogencsis in adlpose tissue is
norsally controllsd by the avialability of glycerophosphade and 'ndirectly,
of glucose, Mpyer and Thomas consider that the abnormal presence of
glycerokinase activity in the adipose tissue of the gbgse mice thus
provides an explamation of the decreased dependence on carbohydrate
metabolism of these animalsy; thus the conceatration of glycerophosphate
in the tiscues cdue to lowered rates of conversion may expla.n why the
glucose uptake of adipose tissue is decreased in obese aninmals, even 'n the
presence of inereased nsulin, This will cause an accumulation of glucose
\n the blood which may, 'n turn, be the reason for the decreased release of
free fatty acids during fasting under the influence of epinephrine or FiS.
The reaction to this hyperglycaemia could, in turn, ecause the hyperplasia
of the islet of langsrhans, increasing the production of insulin and
resulting n the degranulation of the islznt:/i:mn in eirculating
insulin, Finally, Mayer and Thomas suggest that the increased blood
gugar and insulin concentration may ceuse increased synthesis of fat and
glycogen in the liver, as is found in ohese animals,

The whole of Mayer and Thomas's explanation of the gbese syndrome
rests on their finding that the activity of glycerolkinase is two fold
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higher !n adigose tissue from ghese m ce, IN VITHO, eausing a 40 fold
rise, IN 7.70, As well se from the theoretical polnt of view, from the
practical one, this proposed 40 fold rise n adipose tissue of glycerol
kinase, in pbese mice does not seem to be reflected by any large ncrease
n the !N /iV0 neorporation of either glycerol-ly }-01‘ or glycerole2 B’
into total carcass fatty acide 'n ghese anirals compared with the.r normal
littermates, (Schreeve et al 1967), Also, it has been shown thal the
metabolic derangements of the liver n obese animale could be more
fundancntal to the development of the obeslty, than the changes seen
in extrahepatic tissues, (Fried and Antopol, 19463 Schreeve et al, 1907;
Jansen et al, 1967); moresver, there is no difference n the act vity of
glycerokinase assayed from the livers of normal and obese mice, (Ste'n,
1958, personal commun eadtlon). So 't appears that any change in glycerokinase
activ ty n gbess m ¢e ls no more ‘mportant and probably less significant
than the activ ty changes in the other ensymes,
Lipase activity in adipose tissue from obgse m ce s about 60k
of that from normal mice, (lochaya Hamilton and Mayer, 1963), whereas the
specif ¢ 2-monoglyceride lipase has an even lower activity 'n adipose
tissue from obgse mice be ng about 20% of that from normals, (Ste n,
Anderson and Hollifield, 1947), although there is no difference in the
gctivity of clearing factor lipase, (FHob nson, 1947, personsl commun eation).
. Acetyl Coi carboylase (EC 5u4el.2) (onsyme 22 in fig.5) and fatiy
acid synthetase (EC 642,1.3) (ensyme 23 ‘n f£ig.5) both have two fold
higher Vmaxs when assayei from the livers of ghgee mice, (Chang et al,
1957)s Both these enzymes have been coneidered to catalyse important



rate controlling steps 'n fatty scld synthes s (see chapter 2, part (b)),
(W eland ot al, 1953; Numa ot al, 1961; Iynen et al, 1963; Korchak and
Masuro, 19923 Gibson and Hubbard, 19403 G beon ¢t al, 1960; Gellhorn and
Benjam n, 1964)s

The specific activity of u=glycerophosphate dehydrogenase, (EC l.1.1.8)
(ensyme 32 in f£ig.5) was two fold higher in liver supernatant from ohese
mice, though thers was no difference from normal activity when it was
asgayed from k daoey, muscle bra'n or adipose tigsue, whereas glusose &
phosphate dehydrogenase (2C l.l.1.49) (ensyme 29 in £ g.5) had about
4% b gher actiwity when assayed from both l.ver sad adipose tissue
in cbese, although succlnic dehydrogenase (20 1.3.99.1)(ensyme 33 in
fig.5) was the same in all tissues from both gbese and norsal animals,
(Fr ed and Antopol, 1900),

Glulokinase (EC 2,7.1.2)(enzyme 1 ‘n £.g.5), phosphofructokinase,
(EC 247+1.11)(ennyme 2 in £ig,5) and fructese 1,6 diphosphatese (5C 3,1.3,11)
(enzyme 6 'n fig.5) all had Vmaxs two to four fold higher im livers from
ohege an'mals, while the activ ty of phosphogiycerate kinase (5C 2.7.2.3)
(ensyme 11 ‘n fig.5) was only a little higher, (Se duan et al, 19467 )s

Reeently a th rd genstically fat mouse has been found, Th's & also
due to the homoszygous condition of a recessive gene and has been called
disbetes (dbdb). The db gene is non-allelic to ob and ad, although, as well
ae being physieally sim lar to the other mutants, hae peversl similar
alterations in ensyme sctivity, ATP citrate lyase, icetyl (oA synthetase
and glucokinape, ell hai two to four fold higher spesifie activitiss in
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d.abet ¢, slthough that of glucose ¢ phosphate delydrojenase was the sasze

as in normal anlmals. The activities of the “key" gluconeogenic ensymes,
glucose O phosphatave de)ydrogenase was the sa'e as in nor:zal enimals,

The activ t.es of the "key" gluconscogenic ensymes, glucose © phosphatass (EC
3el.3.9) (enzyme 7 in £ig.5), fructose 1,5 diphosphatase (EC 3.1, 3,11)(easzyme
& in foge%) pyruvate carboxylase (5C Gedelel)(enayme 4, £.g.5) and phospho
enol pyruvate carboxykinage (UG 2,7.1.40)(ensyme 5 .n £ig.5) were 20 to 40i
higher ‘n diabetic anisals (Colemon and ummel, 197).

Thus a whole range of ensymes have had the r /maxs altered n gbese
an mals, Some of these enzymes have also been assayed in gdipose and
diabetig an mals and have been found to have simllar higher Vmaxs, n
these an mals as well.

it can be concluded from these resulis that the change in Vmax of
ATP ¢ trate lyase in ghege & not the only cause of the obesity of these
anluals. The ensymes that do have allered activity in these syndronmes
ma nly have t altered to a higher level, It has already been pointed
out that this does not fulfil one of the genetic criteria discussed 'n
chapter 1. Only in this investigetion have these ensyme alterations been
tosted against the other two genetic oriter a from chapter 1. lHowever,
one of the lipases assayed !n obgse anisals does have & lower activity
'n th s syndrome and this s dealt with in part (e) of this chapter,

1% is, however, poss ble that the range of ensyme alteratl!ons seen
‘n gbese and gdipose mice m ght be exclusive to th's particular Kk ind
of cbes ty syndrome, Fortunately, t La pessible to compare the results



on gbese and gdipose snimals with another ml;mtdm
qnﬂrn- & = 09 caussd by aurothioglucose ‘njections of norzal mice.
his work @ deserived 'n the ne i part of this chapter,



part (d)s THE YMALS OF BNZYMES IN OBBSE AND ADIPCSS ANIMALS AND THEIR
PHEROOOPLEG,

If 1t can be shown that the same changes that have taken place in
the activity of ensymes 'n obhgse and adipoge aninals have also occured in
another completely d fferent obese syndrome in mice, then 't can be said
that the changes .n enzyme activity in the genetically fat nice cannot
be the enly or primary cause of the cbesity n these animals, It has
been postulated that the hypolislames 's ‘nvolved in the 'n tiatlea
and termination of feed ng, (inarnd et al, 1955); the ventro-lateral
erea beinz invelved 'n iait ation, (known sr the feeding centre), and
tite ventro-medial nuclel controlling terminat on, (m an the satiety
contre). Hlectrolytic and physieal destruct on of these centres caused
aphagia, in the ease of the feeding cemtre, and hyperphug's ‘n the case of
the satiety centre (Ammrnd ot al, 1955; Brobeck, 19455 Vayer et al, 1955).
The hyperphagia caused by the destrucilon of the satlety centre makes
rodents extremely obese, Ubesity, dus to hyperphagia, ean also be caused,
n rodeats, by & 505 lethal intraperitoneal injection of auro-thio=glucose,
(Marshall and Mayer, 19543 Weslsw and Srecher, 1950; Mayer and Z'ghers,
1964) which has been shown to cause considerabls damage to the ventromedial
nuclel of the hypothalazus and therefore ‘s cons dered to be d rectly
equ.valent to the r physical destruction, (Mayer et al, 1955; Mayer and
Thomas, 19673 Debons et al, 19(3), Therefore inject ons of surow=thio-
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glucose provide a slzple way of creating obese hyperphagic phenocoples
for ghgse and ad'.poys wice,
~ Already several phyelologieal paraneters have been coupared in

ghese mutants end auro-thio-glucose (ATG) phenocoples, made from thelr
noreal littersates, Although AT and ghege animals are phys eally
sin lsr there are many physiolog cal differences between them, the more
important ones are susmsrised n fig,i) from the review by layer 1990,

Un starvation %o norsal body welght (25-30 grecmes) the ATU
anlzals assume the seme body proport.cne es untrested snlmnle, wherease
the ghbgge animals are still ocbese and laylag down fat &t the expense
of other body tissues, Th p difference 'n coubinat oo with others n
figel] have led to Mayer %o postulate two complstely separale mechan. sxe
for these two oLesitics. Yayer considers the AT. enizals ave an evample
of "regulatory obes ty", eantirely dus & these anlmals hyperphagia,
whereas the ghese an male are an exanple of a "solabollc cbeoalty" due
to soms matabolic lesion which cause all the ava!lsbls ecnergy %o be
sucted :nto lipo:enes & ai sll nutritional statess Th's @ shown by the
fact that the AT, aalmals grow fastest on & high fat dlot and the obese
anlzals grow best on & high earboljirate dioet, thus the AT an nals lay
down fat most on a d et with highest possible eneryy ntake, whereas the
9Rose an sals appear to have some mytabolis ‘wpe mment ‘a the sonvrol
of lipojenscis frou carbohydrates,

Therefore the obeaity ‘n AT) an'mals appears to be & completely
differeatl synirome %o that 'n gbege an mals, and the inject on of
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normal; enlarged liver, kidneys,
ovaries and uteri

Increased in proportion to increase

- in body fat

Slightly increased :

Normal elevation of levels of blood
ketones

O
Il

1960)
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aurothioglucose will provide an obese phenocopy with which to compare the
enzyme alterations n obese and ad_pose m'.ce.

RESYLIS

ng.u:lthecmthmuafthmlatumm, one an obese,
mnomlmdmmmlhtmjimdvnhmthmgm,fmm
point of the Al inject on, This f gure shows that animals ‘nject ng
withm&ioghmugrwutthmnhumwmhthm
atta n the same welght for age, Thie appears to be due to the "start"
wmmunwermmmmmupwmmof-.ajm;m
and this can be seen from £ig,l4e

Tables © and 7 show the weight and the spoe fic activity of ATP
¢ trate lyace, malic enzyme, malic dehydrogzengse and pyruvate kinase
assayed n gbece and diposs animals, and their mormal littermates.
Tables © and 7, like fig.14, also show that ATS mice never quite reach
the same we ght as gbege or ad.pose mice., These tables also show that
the alterat oag 'n the Vmax of ATP citrate lysse, nal ¢ enzyme, mallc
dehydrozenase and pyruvale kinase are n the same direciion and of the same
order n AT an mals as n their gbese and adipose 1 ttermates,
Disouesion

mlnmlumhhhlélnd?lhwthattho'm&mn, { 4
altered 'n obege or adipose m ce, are also altered n the r AlG phenocop.es,
Az ATU m oe appear a completely d fferent syndrome to obsse and ad pose
tiaml.hlythntmyofthnalmumiavmfmu'nbothomly
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The growth of obese, ATG and normal mice from the same litter.

WELGHT IN GRAMS

injection of

normal animal
with aurothio-
glucose

ATG

8 1 | 1 i 1 1 1 1

{[o] 20 30 . 40 50 &0 70 80 S0

AGE IN DAYS




TABLE 6,

The live weight and the Vmaxs of ATP citrate lymse (ATP o.l. ), malic ensyme, malie

ﬁfa) mwwmu kinase (P.f,) expressed as jmoles/hr/ugm protein, from chege, ATG and normal

»

Fumber

of pairs of Mean Mean lear percentage mean . Standard
Comparison observations obese AIG nmor :1 difference d fference — error v P
(a) we' ght 9
L7 | = [35.2 (+) 104 | 36,5 = 2,75 13.2 (20,001
ATG - 56,9 |35.2 ir) 62 |2L7 =+ 3.28 Ge6 (04001
obese/ATG TL7 [56.9 B *) 26 | 1B ¢ LedD 3e4 | 0,01
(b) ATP e.l. 9 ' ' - ,
0,982 = 0ud24 | (+) 131 0.558 + 0.10 5¢7 |<0s001
ATG - 0.841 0.424 E+) 98 0.417 + 0,14 3.1 |<0,02
obese /ATG 0,982 0.84 =~ +) 7 G4l =+ 0,07 2.0 | N.8
{c) malle 10
1 1.2 - 5.6 2*) 154 8.6 : 2210 3.9 |40,01
AlG/norzal - 12,0 | 5.6 $) 14 G4 =+ LB Ge3 |<0.001
obege /ATG 1462 12,0 - (+) 18 22 = 2,13 L1 | B.S.
(a) woR 9
rmal 297 - 222 («) 20 | 4 % 30.5 L5 | N.s.
ATG/normal - (236 22 (+) 6 | 14 * 10.5 L3 | N.S.
obese /AT 271|236 - *) 33 A S8 - 1.0 | N.S.
(o) PoK. 9
mal 18.1 - | 12,1 +) 50 B0 2 1,96 3.1 |“0.02
ATG 1 - [18.0 | 12.1 0; 49 %9 2 253 2.3 | 0. 05
obege /ATG 18.1 JZIB.C.‘ - «) 1 Gl + 2.8 0.04| N.S,




maE7
The live weight and the /maxs of ATF eitrate lyase (ATP c.1) malic ensyme, mal.c dehydrogenase (M0il)

end pyruvate kinase (P.K.) expressed as smoles/hr/ugs protein, from adicosge, ATG and normal

littermatesn,

Fusber

of pairs of lean lean Hean percentage mean , ptandard
Comperison observatlons ad pose AT Jormal difference differcnce = ervor t P
(a) weight 9 ,

: 59.7 | = |45.7 (*J 31 LU0 += 2,18 Ged (20,001
ATG/normel - 58.0 | 4547 (+) 2 12,3 =+ LoOL 12,2 [“0.001
adlpose /ATG 1597 [58.0 | = =) 3 L7 2 L92 0.87 | H.S.
(b) ATP e, 1. 3 ; ) : :
ad pose ‘ .03 | = L&) |o(+) 122 060 = 0.07 8.6 k0,001
ATG/normal - 0e93| Sdd | (+) 90 Qb + 026 | 158 |<0,001
adipose /AT 1.09 | G.93| = () 0.16 + 0,092 L74| H.G.
(e) malie 3 : e , r ,

lied - | 8.1 (+) 78 63 2 045 el |0,00L
ATG - 17.2 8.1 ("] m 1.1 * 071 15.6 [«0,001
adipose/A 1 Teh |[19.2| = (=) 25 | (=)48 & 0.81 =)0 0,001
(d) »0H 3
ATG/nornal - 359  |352 i*) 2 7.0 =+ 48B4 LD | B8
adipoge/A T 357 359 - =) 1 | (=)2.0 1 20.3 =)0.09 | H.5.
(') Pk 9 : |
ATG - 58.0 |45.7 (+) 27 12,3 + 01 12,2 [<0,001
ad _pose/ATG 59,7 |58.0 | = («) 3 L7 + 192 10.9 N.5.




cause of the obesity in any of these anizals, Tho sbove conclusions made
me decide at this point to search for some agent that might explain the
co-ordinated alteration 'n ensyme activity in ubese and gd poge mice.
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SHAPZER 4o

Part (e): FATTY ACIDS AND THE CONTROL OF LIPOGENESIS

There are many agents that have been reported to have wide effects
in econtrolling lipogenes s. These agents, and thelr mechan sms of actiuon,
were d.scussed n chapter 2 part (¢) to see whether any of them could be
involved 'n the obese or adipoge syndromes. Reports of work on ghese
mice have only indicated, so far, that one of these agents = jht have an
altered metabolism .n th s syndrome, This agent g oleic ac.d,

The ndication that an alterat . on ‘n linoleale metabolism might
be part of the gbese mouse syndrome came from the work of Stein et al
(1967). A= wae mentioned 'n chapter 4 part (a) (see table 1), th.s group
ghowed that, on starvat on there was a r se 'n ad pose Ligsue ‘n the
proport on of oleic acid (one doublebond 18 carbon atome n the cha.n, C
18,1) and no change in the proportion of limole.c acid (C 18,2) in normal
mice, wheress, 'n gbese m.ce, on siarvatlon, lhere was a rlse n the
proport.on of linole ¢ acid but no change in the proportion of ole'c acid,
They also found that oleic and linoleic acid make up 8831 of the fatty acid
at the 2! position, (l.es the middle position), of the triglycer.de from
the fat pad of the obese animals, Th e lad them to assay the activity of
2 mzu;;/gehmn (enzyme 26 in £ g.5) whi.ch spescifieally attacks the
2! ponltiﬂl. (see £ig.15) of the tr glyceride. They found the Vmax of this
enzyme Lo be three times lower when assayed from ad pose tissue taken from
obese animals then thet taken from norual ones.



Fig.1Zw Reactions in lipolysis, showing the relative rates of the different
steps and the position of ®-monoglyceride lipase, (MGL), (from Wills,

1965).
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Th 5 means that the linoleate isg held in a monoglycer de form n the
0%ess animals, instesd of beiny released as free fatty acid, The monoglyceride
can then be directly reacylated at the 1' and 3' position back to triglycer de.
Thie would reduce the amount of free linoleate present ln these enimals., As
will be explained later the linoleate hulwhtnmlmrhnthaﬂngm
the rest of the lipogenic system, From Stein's work it appeared that
interned.ate values for the Vmax of the lipase were beinz obtained for some
of the littermates of the gbese animels wh.le some had the same values as
norzal mice, This, of courss, .e highly significant from the genet cal
point of view, as was d'scussed in chapter 1, suggesting thet the segregat on
of the three genotypes is observed. The 2-monoglyceride lipase immediately
becomes a good candidate for the primary ensym e lesion in the animals,

Ste'n et al do not make th.s observat on and ndeed the data are not clear
enough to be certain on th s point. Another genetic or terion was that, as
the gene ob @ recess ve and the genetic alteratlion is simply .n the Vmax
of an ensyme the substitution by the ob gene for the wi ld type gene should
confer a lower activity on an ensyme that is the primary blochemical lesion.
Thus the lower actlvity of 2-monoglycer e lipsse 'n ohesge animels again
makes !t a good eandidate for the primery lesion, The third geneticsl
eriter.on that the primsry lesion is probably at a different site 'n

obese and gdipoge animals, Thus the aetiv ty of 2 monoglycer de lipase needs
further investigation in gbese and adipose snimels and their normal litter-
mates. However, the assay for this ensyme entails the preparation of

2 nonoglyceride as the substrate. Th s preparation is d £ficult,
especially ag the material !s metastable and is being worked on by DreSte n



in Absrdeen., For these remsons ! deelded not %o ‘nvestizate the /amsx of
this ensyme but rather to see whether the consejuences of the low l.pase
‘max n ohese en'sals could explain the w'de metabol ¢ derangements found
'n these animels. .t s possible that the key result of the lower lipage
activity @ that it lowers the asount of free 1l nolsate 'n obese animals
by hoiding 't n the monoglyceride forwm. [t was therefore dec ded %o see
whather the lower amount of free linolsate 'n ghege animels could be the
ctuse of the increased /maxs of the lipojenic ensymss that are found 'a
these animals,

in ohqihr 2 part (¢) [ reviewsd the evidence indicating the
involvment of fatty seids, especially linolsats, in the control of lipo-
sgenesis, Briefly summsriged it !s ee follows.

Fatty solds and their soyleCod ecters have been reported as both
inhib.t n: the activity and repress.ng the synthesic of lipogenle ansymes,
tong ohain asyl Coi eeters and free fatiy acids nhibit the activ ity of
acotyl Cod carboxylase !N /ITHO, (ensyme 22 n fig.5) (Fobinson <% al,
1963; Sortz and lynen, 1963; Wieland and We e, 1953; Tubbe and Garland,
1964) and octancate N VITA0 inh bite the aet vity of glucokinsse (ensyme
1 'n £12.5), phosphofructokinase, (ensyme 2 in £.g.5) and pyruvate k nase
(ensyme 3 in £ig.5) (Weber et al, 1967a). Patty selds have been suspected
for some time to "represzs” the synthesie of the lipogenic enzymes, as the
addit on of fai to a fat free dlet sometimes reduces 1 po:enss 8. Recently
Lt has been reported that both acetyl Coi carboxylase (ensyme 22, £i5.5) and
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fatty acid synthetase (enzyme 23 fiz.5) are qu.ckly reduced after the addition
of 2% methyl linoleale to & fat free dlet of young m ¢e, whereas the add tion
of 25 methyl palmnitate or methyl oleat had no effect. (Alluzan et al, 1905;
Allman and Gibson, 1967; Bartley et al, 1967). Besides having this

specific role in lipogenesis, linolesate has been known for many years to

be an essential nutrient., Its absence from a diet causes a syndrome that
includes caudal necrosis, and if added to a diet it is able to cure a
condition known as "fatty livers®,

It would, therefore, be significant to establish whether nh b tion
of the actlvity or repression of the synthesis of some lipogenic enzymes
had been impa'red in gbese anizals, and 'f so, vhether lincleats was
implicated in th s,

Firat | tried to see vhether enzyme inh bition or deinhibition
occurred when extracts of obese and normal animale were mixed,

Secondly, [ compared sodium linoleate with sodium octanocate as
inhib tors of the lipogenic enzymes. Wsber et al (1965d) had previously
reported that sod um oclancate wes an ‘nhibitor of these ensyme:.

Thirdly, [ compared enzymes extracted from obese ATU and normal mice
in their 'nhib tlon propert.es with godium linoleate, These inhibit on
experiments would throw light on the possible effect of linolaate
on lipogenesis in so far as it affects the activity of the enzyme in the
gystem. It may Lherefore contribute Lo the total syndirome by incressing
fat gynthes:s. The resulis, however, whatever their nature, could not
expla n the observed enszyme level (/max) changes. If linolsate is
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‘mpl.cated in these chenges !t must be via the gynthes s of a whole battery
of enzyues,

I tr.ed, therefore, to see whether the removal or addition of
linoleate to different dliets had a different effect on the Vmax of enzymes
extracted from gbese AT: or normal anisals.

EELGULIS
Table 8 shows the effect of mix n; extracts from gbese and normal

an'zals on the activity of ATP citrate lyase, (enzyme 18 'n figz.5)s This
Table shows that the mired extracts give a "max which 'g the sume of that
expected from obese and normal extract if these were azsayed separately.

F. 1e16 shows the inhib tion of the Vmax of pyruvate kinase,
(ensyne 3 n £ig.5), extracted from norsal @nimdls, by sodium oectancate
and sodium linoleate and compares these resulte with those for inhiblition
by sod um octanocate for rat liver pyruvate k:nase reported by Weber et al
(19654, 19¢7a). These results give inhibit.on constante, (the molarity of the
inh bitor at 50% inhibit on), of 2.5 x 10™> for sodum octancate from the
work of Weber's group, S.1 x 107> for sodium octancate from my work and
0036 x 1072 for sodiua linolsetes

¥ 2.17 shows the inhibition by sodium linolsate of the activ ty of
pyruvate kinase, extracted from gbege ATU and normal animals, The imhibition
constants obtained for the thres types of extract were, 3.5 x 1074 for
ohese, 3.7 x 107 for normal and 3.4 x 10™% for ATG animals,

All the inhibitions desaribed above, for pyruvate kinsge, were non-
competitive with the substrate of the reactlons, potassium phospho enol

pyruvate,
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te lyase extracts from obege and normal 1! ttermates
asgayed 'ndiv.dually and m xed.

if there is no inh. b tion present in normal extract then the mixed

and normal extractis w 1l give the sum of the specific activit.es of the
two individual extracts, If there !s an ‘nh'bition in normal extract
then the Vmax for the m!x:ed extract will dev:ate, (in fact be lower),
than the sum of the two 'ndividual extracts,

Vmsx ‘n 0.0, un te/m'n of ‘ndividual extracts

gl of extract Q.0 wnits/an

obese (a) 0.02 0,025
(b) 0.2 0.02425
(e) 0,02 Q0255
mean QalR49

normal (a) 0.06 C.023
(b) . 0,06 0,023
(e) 0. 06 00235
aean L.0232

Vmax in Q.0 wnlts/m n of m xed extracts

Expected O.Deln ts/m n
from sum of 'ndividual

al of m xturg Cbperved O.0% ageayn, L.0. 0O
0,01 + 0,03 0,023 - 0024
.02 + 003 0. 037 0. 037



Fig.16.

The inhibition of the Vmax of pyruvate kinase, (enzyme B in Fig.5),
by sodium octanocate and sodium linoleate, expressed as a percentage

of the control value.
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Fig.17. The inhibition of the Vmax of pyruvate kinase, extracted from, obese,
ATG and normal animals, by sodium linoleate, expressed as a percentage

of the control value.
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F g.18 shows the effect, on the /max of AIP clirate lyase, of
feedin; obese and normal animals for four days on a fat free diet and
then susplementing the diet with elther 24 methyl linoleate or, 2% methyl
oleate. Fig.l9 shows the effect of the same feeding regese on the Vmax
of malic ensywe., AIP citrate lyase activity (f g. 3), noreases about five
fold, both in gbgse and normal animels, after four days on a fat free
diet. At this polnt the Vmax is about the sase from gbese and normal
anlmals, The Vmax of the ensyme from normal animals !s quite a lot
lover aga'n after 8 days supplementation of the fat free diat with 2i
methyl oleate. However, 2j methyl oleate does not reduce the Vmax from
the fat free diet level, In ohese, 25 methyl linoleate supplementation
only slightly lowers the Vmsx from the fat fres dlet lavel and, ageis,
24 methyl oleate has no effect.

The sase pattern is seen with the /max of malic enzyme (fig.19),
exeapt that the extract from normal animala never reaches the same Vmax
of gbese auimals, sven on the fatefree dist.

Figs. 20 and 21 show the same feeding patiern to fig.18 and 19, vith
the /maxs of same two enzymes, except that this time, after four days on
the fat free dlet, the animals are only supplemented with 5% methyl
linoleate., F gs. 20 snd 21 coal ri that the ‘max of these two enzymes
are depressed more 'n the extracts from norwal animals than from gbese
animals after 8 days linocleate supplementation.

F 2422 shows the effect, on the Vmax of ATP citrate lyase, of
feeding obege, Al and nmorsal littermates for seven days on diete of
eitiier norsal laboratory pellsts or, fat free meal or, fat free meal plus
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"Fig.19
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fat-free diet I

fat-free diet plus

5% methyl linoleate |

Vmax

S

'solid lines obese -

\obese plus 5% linoleate

dashed lines normal.

The Vmax, (p moles/hour/mgm protein), of ATP citrate lyase, (enzyme 18),
extracted from obese and normal litter mates that have been fed for

4 days on a fat-free diet, followed by 8 days on a fat-free diet plus

5% methy.i linoleate.
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Fig.21.

The Vmax, (p moles/hour/ mgm protein), of ATP citrate lyase, (enzyme 18),
extracted from obese and normal litter mates that have been fed for 4
days on a fat-free diet, followed by 8 days on a fat-free diet plus 5%
methyl linoleate.
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Pipseds

The Vmax, (p moles/hour/mgm protein), of ATP citrate lyase, (enzyme 18),
from obese, ATG and normal animals maintained for & days on, (a) fat-

free diet, (FFD), (b) fat-free diet plus 4% methyl linoleate, (FFD + 4%),
(¢) fat-free diet plus 20% methyl linoleate, (FFD + 20%), or (d) laboratory
diet, (lab diet). All values show the means-and standard errors of four

animals.
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4% linoleate or, fat free meal plus 20% linoleate, Fi.g.23 shows the
effect of the same four feedin; regemes on the /max of mallc enzyme, and fig,
24 on the /max of malie dehydrogenese.

From £ gs. 22 and 23 it can be seen that Vmaxs of ATP o trate lyace
nndnucmntpmdtoth-tutm:ciatudmtnrmdutpm
44 1l noleate 'n the sane way as thay did in the previous experiments. On
the 20% supplemented diet, however, the Vmaxs of both ensymes descend to &
very low lavel in sll animals, However, the Vmaxs of these enzymes
extracted from ATG enlmale appear to have been altered in a different
manner to those of gbese and nmormal in response to the four dlets. The
ymaxs are 'n fact higher for animals on the 4% supplemented diet than
from animals on the fat free dletl.

From £1g.24 1t can be seen that no conslstent pattern ‘s obta ned
for the Vmax of malie dehydrogenase for sny type of animal on the four
diels.

DiSCUCSION
From table 3, It can be seen that mizing the extracts of ATP

¢itrate lyase from obese and norsal animals glves a /max which s the
sum of that expected from the gbess or normal extract, f assayed
separately, If there was an imhibitor in the normal extract then one
would expect the m xed eitracte to give a Vmax nearer the normal value.
Therefore there doss not appear to be an inhibitoer in the normal extract,
It was, Iﬁﬂmnr, thought that sn 'nvestl ation of the rols of
linoleats as an inhib tor m ght throw some light on the probles.

)
:*! .
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23s

The Vmax, (p moles/hour/mgm protein), of malic enzyme, (enzyme 22) from
obese, ATG and normal animals maintained for 8 days on, (a) fat-free

diet, (FFD), (b) fat-free diet plus 4% methyl linoleate, (FFD + 4%),

(¢) fat-free diet plus 20% methyl linoleate, (FFD + 20%) or (d) laboratory
diet, (lé.b diet). A1l values show the means and standard errors of

four animals.
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Fig.24.

The Vmax, (p moles/hour/mgm protein), of malic dehydrogenase,

(enzyme 20 ), from obese, ATG and normal animals maintained for
8 days on, (a) fat-free diet, (FFD), (b) fat-free diet plus L%
methyl linoleate, (FFD + 4%), (c¢) fat-free diet plus 20% methyl
linoleate, (FFD + 20%) or (d) laboratory diet (lab diet). All

values show the means and standard errors of four animals.
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Unfortunately, malle dehydrogenase, the link 'n the assaye of AP o trate
lyase, is inhibited by lower concentrations of sodium linoleate than 's
ATF eitrate lyase, It s, therefore, not possib e to show the action of
eod us linoleate on the latter ensyme, Instead 1% was decided to look at
the inhibition characteristics of pyruvate kinase, (ensyme 3 in f1z.5),
whieh alpo has an elevated /max in ogbess animals, Flg.l6 shows the
inhibit on of pyruvate kinase, extracted from normal animals, by sod.um
ootanocate and sod um linoleate, and compared with the results with
eodium octancate reported by Weber et al (1967), These results indicate
thet sodium linoleate is B=l5 times a mors powerful :nhibitor of pyruvate
kinase than .8 sodium octanoate, All these .nh.bitions were non-
competitive with the substrate of the reactlion, K phupho enol pyruvate.

Fige1l7 shows that the inhibltion consiants for pyruvate kinase from
obese AU or normal anisals with sodium linoleate, are of the sase order
by normel :phib!tion teste, Therefore, !t & not possible to show thai
linoleate d fferentially affects the activity of the enzyme, [N VITHO,
taken from gbege AT: and normal animals, This confirme thai the different
level of activity 'n gbese enimals is due %o a quantitative chamge ‘n
ensyme amount oceasionsd by some other sigmal,

it s, however, possible that linoleate, or gome derivative, acts
as this signal, Thus the effect of linoleate on the activity of some
l.pogenic engymes I§ /170, muet be invest gated ¥ to see whether there
is any difference between gbese AT and norsal animals,

Preliminary experiments showed that large supplements of linoleate
will keep the enzymes, ATP oitrate lysse (enzyme 18), malic ensyme (20) and
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and mal'c dehydrogesase, (21). Now it has been chown by Glbson's group
(Allman et al 1965a,b) that £ norsal young wice were placed on a fat free
diet the Vmax of some lipogenic enzymes increased four fold, whereas when

s diet was supplamented with a small amount of methyl linoleate (2%)
the /maxs of ths enzyme returned to the control level m four days, although
methyl olsate and methyl pals tate did not have this effect, HNow I have
postulated that free limoleate is less ava lable in obege aniuals due to
the lower actlvity of 2 momoglyceride lipase. So, £ ghese animals are
fod on & fat-free (therefore also linoleate-free) ciet, and then this
diet s supplemented with a small amount of methyl linoleate, ‘% '8 %0
be expected that less of this linoleale will be avallable in obege an: mals
to play a metabolic role, such as lower ng the guantity of some of the
lipogenic ensymes, Hence the lipogenic enzymes would stay at & high level
in the gbege animals, but not in normal ones. To see whether there was
this effect with ensymes extracted from ghbese m.ce, ! repeated the esperiment
of Gibszon's group with obgse and normal mice,

Figs. 18 and 19 show that with ATP ¢ trate lysse and melic ensyme

respectively, s supplesent of 2 methyl linoleate does bring the /maxs
of these ensymes down from the fat-free dieu level, far more in nornal
than in obege enimals. The 2} methyl oleate had little affect in either
type of animal, It ie also interesting to mote from figs 18 andl9 that,
on the fat-free diet, the /max of ATP citrate lyase, from norsal animals,
.8 similar to that from obese animsls, whersase the Vmax of malic enzyme
extracted from animals on the fat-fres diet, s still much lower in norsal
than in gbese anizals, Ho explanation ean be offered for this.
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The /max of the enzymes extracted from the normal animale, are lesss
depressed Ly the supplement of 2% methyl linoleate, in fige 18 and 19
than they were in the erperiment of U bson's group, where they were brought
rizht down to the control level in four days. So ! decided to repest my
experiment, th s time using a larger 54 supplement of methyl linoleate,

Figs. 20 and 21 show the more dramatic differvnce between the
ohese and normal animals on the 5 supplemented diet than 'n the prev.ous
experiments, The Vmassof the ensymes extracted from normal animals fare
nearly depressed to normal level n 8 days. Therefore, the results from
these experiments of supplement ny a fat-free diet with different levels of
methyl linolsate, does indiecate that the Vmaxs of the ensymes extracted from
obese animals are more resistant %o the depress n; action of dietary linoleate
than are those of the enzyues extracte  from normal animals., This may be due
to their belag lsss fres linoleate avallable im the obese animals caused by
the lower activity of 2 monoglycer:de lipase,

Next | deecided to compare snsymes extracted from ATU animals with
those extracted from gbese and normal an'mals on linoleate supplemented
fat fres diets, It can be seen from fi7.24 that malic dehydrogenase activity
reacts to the different diete in a way which does not show any cons! stent
pattern in any of the three types of snimal, !t mey be noted that this
ensyne is one wh ch normally has a high Vmax and is the sa=e in gbege
adipose an: their normal littermates, and is one of those that s slone
in eatalysing a partioular metabolig M.

Whereas, from fige. 22 and 23 1t? be seen that ghese and normal
animals respond to the fat-free diet plus 4% 1l noleate in & sim lar way as
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they did in previous experiments, On the 20} di.et, however, the

Vmaxs of both entymes descend to a very low level 'n all animals, DNobt

enly .s this probably due to the large amounis of linoleate in these diets
but intake is also depressed due to the large smount of linoleate. lowever,
the Vmax of the enayme extrascted from AT animals appear to have besn
altered in a d:fferent manner, as the /max of both ATP citrate lyase and
mallc ensyme are alightly higher on the fat-free diet supplemented with

4% linolsate than they are on the etraight fat-free diet, (although the
imaxs are very low aga:n on the 204 dlet), This result may be due to the
nature of the mﬂmmmm the ATG animals are
grossly hyperphagic on normal diets myhu elevated /maxs for these two
sngymes, The signal causing this rise 'n Vmax ie probably quite different
in ATG from obese anima s, and it has been postulated that, on the 4k d et
there is m';:u fres linoleate available in ghese an 'mals to bring the
ensymes down, as there s ‘n normal ones, On the other hand, the hyperpha:.e
AT: m'ce will probably still be lngestin; large amounts of carbohydrates

on the 44 diet, whereas gbege mice has a near normal 'ntake, and thus
enzymes extracted from AT are st 11 hbgh on the 4% d et. However, 't s
probably that the 20% dlet ie just too much for even the

ATG mice and their intake and ensyme activity are reduced,

This is, of course, & prelim nary obeervation on the difference n
bebav our of the Vmax of different ensyme extreacts taken from ATG gbege
and normal snimals on linoleate supplemented diets, All the sam:, from
what isknown of the physiolozy and biochem stry of these two obese
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gyndrones the above interpretation of the results appears to be the =most
reasonsble one at this stage,

Of course, all the work that I have done on the function of limole'e
scid in gbese animals is based on the expectat.on that the lower activily
of 2-monoglycer de lipase iz responsible for a lower amount of free
linoleate in these animals, which 'n turn causes the animals to have a
higher Vmax, OUne way that this hypothesis oan be tested !m the future s
to assay the amount of free linolsate that is present 'n obese an mals.
Howsver, whatever the level of free linoleate 'n ghege animals th's
lavestigation has uncovered a phenomenon iavolv.ng linoleate ‘n gbase
animals that has to be explained, Also, I explained earlier that this
lower activity in obgse w!ce wnr o nificant beceuse of the recessive
pature of the gh gene, this belng one genetic er teria for the primary
lez.on, The other two were that the ensyme activity should segregate
among littermates, (and there 's some suspic on that thls does oecur with
this enzyme), and that the primery lesion would probably be differeat n
obece animals from adipgse animals,

Bacause of te difficulty in preparing the substrute for the assay for
this enzyme [ was anot sble to follow up theee lsads. However, Dr, Stein
in Aberdeen has been routinely determining the /max of thie enzyme for
some time and originally found the difference in Vmax between ghese and
norzal animals (Stein et al, 1967). 1 suggested to Dr, Stein thatl she
n.ghi concentrate on assaying the Veax of the ensyme ‘n littermates of the
ochese mice and also compsre gbese sod adipose, as th s approach might
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elucldate whether this enzyms wac indeed the s le of ihe primary blochesical
lesion 'n gbese » ce, | sent Dr, Stein several litters from the etrains
contalning obese and adipose animals and she hae kindly seat me her
preliminary results so that [ may quote them here,

Dr. Stein has conf{irmed her original finding that 2 monoglyceride
lipase (enzyme 26 'n f£12.5) has 1/5th of the Vmax vhen assayed from
ed.pose tissue from obgss mice compaved with that from normal ones. There
is also & large spresd of 'maxs 'n the normal animals whi.ch could be
interpreted as falling into two groups, although far more data s needed.
What is signif cant, however, 's that Dr, Ste'n cannot find any difference
between the /max of ensyuss extracted from sl poge m ¢e and their normal
litternates., iowever, the Km of this enzyme could have besn changed in
adipose mice and this could result in the same Vmax in normal and sd pose
m ce but a lower effective activity in adipope at lower subsirate levels,
Therefore, this preliminery work ‘ndicates thlt?;l ‘ntensive study of ths
eosyme's behaviour .n phege, ad.pose, ATV sn'mals and their normal littermates
m ght sbow that this ensyme .5 the s te of the primary biochem cal lesion n
obese animals, If th e is found to be so, .t would give more ¥alid ty to the
interpretat on I have put on the results of sy work with these an mals on
linoleate supplemented dlets. It appears from Ir, Steln's provisional
results that 2-monoglyceride lipase has the same Vmax 'n gdiposs as n
normal an mals and therefore is probably not the primary loslon 'a these
animals, This ralses the problem of the nature of the lesion ‘n adiposa.
Also, adipose an mals ought to be able to be used as controls for obgce
‘n linolesate feedin; experiments and d.etary work on this mutant has yet to
be done,



QHAPTER 5. QENERAL DU

Few biochemical studies .n mamuals have used genetical techniques,
Even when a syndrome, like phese and gdipoge, that .& kanown to be caused
by a single simple penetic alteration, is under study, the genet cal
eriter a that are readlly ava lable have rarely been used to evaluate
the blochem cal .nformatlon that .s collected,

In the gbese mouse the slevated /max of ATF ¢ trate lyase was
implied as being the primary lesion, mainly because this ensyme was
"rate-controlling” with respect to lipogenes's, From the genetical
peint of v.ew it s not necessary Just Lo show that there has besn an
alteration n a “rate-controlling " enzyme to prove that enzyme to be the
site of the primary les on. Proof for the site of the primary lesion needs
the application of more exact cr ter a based on genet ¢ knowledge., Three
criter.a were discussed !n the introduction: ~first, the primary les'on '8
probably ‘n a different ensyme 'n adipoge and gheses second, the primary
lesion should exhibit segregation in normal littermates of gbege an mals,
and, thirc, if the primary lesicn i@ simply an alteration in eansyme activity,
then the enayme shoul.d have a lower sctivity in ghege animals becsuse the
ob gene '8 recescive. Application of these criteria to the engymi'c
differences betweon obese or gi_pose enimals and their normal littermates
ind eates that none of the 7 ensymes 'nvestigated ‘s the pr mary les.on ‘n
litters of ithese syndromes.

Furthermore, the exam natlon im chapter 2 part (b) of the theoretical
ascumptions underly ! ng the assignat on of one ensyme 'n & metabolie pathway
as "rate-controllini® to the pathway, were found ‘n most reported work to
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be erroneous. This '8 true for the information claim'ny to ndicate
ATP cltrate lyase as a "rale-controlling" ensyme,.

From this invesiigatlon it is possible to make two gemeral
conclusions, the first regarding the search for the primary ensymic
lesion .n ohese and adipoge anisals and the second regarding the
application of genetiesl eriteria and techniques to the study of the
control of mammalian metabolic processes, such as nmi;.

First, studies attempting to elucidate the primary les.on 'n obege
or adipose animals should now be concentrated on exam'ning the vmax of
2emonoglycer:de lipase 1 those saluaie sad thelr normal littermates.

The genetical oriteris already discussed can be used to sscertan vhether
this ensyme .5 !ndeed the site of the primary lesion 'n litters of these
animals, It :s also !mportant to know whether there .s actually less

free linoleate circulating n ghege snimals than in the.r normal littermates,
If thore is less free linoleate in ohesg, than the  nterpretation I hl:u
placed, in th s thesls, on the mction of dietary linoleate in these

animale is made more meaningful.

Secondly, there are different genetical criteria and techniques
available, other then studyin; obv ous syndromes caused by single gene
mutat.ca, to nvestigate the control of sammalian metabolle processes like
lipogenesis. Une way would be to see if any genes thet alter the actlvity
of .ndiv dual lipogenic enzymes could be found from studylng inbred strains
and to try and see .f alteri ng the activiiy of an ensyme does have an
influence on the flux of lipogenesis, as deseribed 'n chapter 2 part (b)s
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It mizht be possible to find a whole range of genet!c differences for each
of thess ensymes aod by breeding work, study the 'nflucnce of different
genst cal coub nations on the lipogenic flux and obesity, Th s sort of
study @ ght be used n conjunction with selective breeding work for
lipogenie psrameters, 5o far there has been no atiempt o use genetics
in this sort of way to etudy bloches cal control mechanisms, 1t s, of
course, possible that no genetical alterations in & single enzyme's activity
@ ght be found and .n fact fat nbred stralns might just have the activity
of their lipojenic ensyses eo-ordinately elevated under the influsnce of
some other agent, (for example horsones)s Th.s type of result wouid also
be very o gnificant !n the search for the nature of b .ochemical control
and woul! defin tely ind cate that other agents are more !mportant in
contro. than the level of';.aadivtdml engyne$. But, no matier to what kind
of bloche=i cal process or moiety the seareh for control mechani.sms 'n

metabolism may lead, genetical techniques w 1l be extremely valuable,
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SHAETER Co SHHARY

Th s .nvest gation has attempted to find the primary biochem cal
lesion in obese and ad pose m o8 by applying genet cal eriteria and
eluc dating the consequences of these lesions,

The phys ology and biochemistry of the gbese mouse syndrome has
been reviewed, as has the theoretlical and practieal considerations
!nvolved in the concept of rate comirolling ensymes, as well as the
agents and mechanisms of the control of lipogenesis.

It has been found that the fatty acid profile of the triglyceride
of the fat pad was very similar in ohese, ad.pose, end normal animals,
Th & indicates that there has been an .nerease n the synthesis of all
the fatty ac'ds 'n the genetically fat mice rather than any particular
group of thea.

The activity of several enzymes has been azsayed in these uﬂnla.
ATP eitrate lyase, malic enzyme and pyruvate k nase have higher vh;n
in chess, adipose, and their phenocopies, caused by auro-thio-glucose
injections, then :n their normal littersstes, whereas there ls litile
difference n the /max of .soeitrie dehydrogenass, lactic dehydrozenase,
fumarase and zal.c dehydrogenase. By applying genet ezl eriteris to
these results, !t 1s concluded that none of these enaymes can be the
only or primary lesien in any of these snimals,

However, another ensyme, 2 monoglyceride lipase, has been reported
to have a.lower aetivity in cbese mice and possibly to exhibit other
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properties that would make t the site of the pr mary ensymic lesion 'n
these animals on genetlical oriter a, [t was not possible to sassay the
activity of this ensyme 'n this ‘mvestigat on, but 1t was possible to
exanine one of the consequences of this lower activ ty, the low amount of
free linoleic acid that may be avallable as a metabolie ag:nt, 'n these
an.mals,

The significance of free linolele meid as an imhibltor of the
activity and as & repressor of the synthesis of the lipogenic enzyuwes
was d scussed, It was shown that linoleate was lsss able to reduce the
aotivity of the lipogenic ensy e¢ o ghege toan in norwal animals when |
it was fed as & supplement to a fat free diet, It was considered that
this effect nmight be due to the greater amount of linoleate belng held
in a glyceride form n ghese animals, dus to the lower activity of 2
monoglyceride lipese., Thus the low amount of free linoleate avalilable
‘n gbese does not reduce the lipogenle ensymes as much as the large
amounts available in normal ainals

Linolsate is slso a powerful 'mhibitor of the activity of pyruvate
kinape, lowever, there was no difference 'n its ability to .nhibit
the actisity of this ensyme taken from gbess AU or normal animels,

1t was concluied, that, as the prelim nary work on 2 monoglyceride
llpnie n gbese, ad.pose and norsal animals has shoun that thiz enzywe
mizht possibly be the prismary lesion, 'n ghesg = ce, then this enzyze's
behaviour should be studied ‘n grest deta 1 in all these animals Lo test
the validity of these primary observat ons,
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TN Chart of metabolic pathways, showing enzymes, substrates and

intra-cellular barriers.
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