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CHAPTER I

INTRODUCTION

“The rapid progress true science now makes occasions my regretting
sometimes that I was born so soon. It is impossidle to imagine the height
to which may be carried, in & thousand years, the power of man over matter.
0 that moral Seience were in as fair a way of improvement, that man would
cease to be wolves to one another, and that humen beings would at length

learn what they now improperly call humanity." - Benjamin Franklin,

Frem(tha‘faregaing, it 1is evident that Franklin hed keen insight
into the accelerated growth that was to take place in seience, However,
I wonder 1f he truly realized how rapid this progress was to become., Did
he conceive of the multitudinous disciplines that were going to evolve in
all areas of scilence, so numerous and speclalized that scientists of
different specislties find it difficult to correspond with emeh other
because of the limitations of sach ones technical jargon.
‘ This thesis is concerned with one of the guite specialized areas of
biochemistry, and yet, lest we forget the contributions and influence of
those in other fields, I would like to enumerate briefly a few of the high-
lights in the history of bioclogical chemistry or, as it is also called,
physiological chemistry. In broad general terms, biochemistry is involved
in trying to understand living phenomenon from the single cell form to

complex organism; in terws of biology, chemistry, physics snd mathematics.



To this end the biochemist utilizes the tools and techniques of each of
these so called “basic scientific fields",

A great hinderance to progress in early scientific thinking was the
philosophy of vitalism, l.e., that the chemical compounds of living
organisms contained a "vital spirit" which made them different from non-
living chemical entities. Probably the first well marked revolution in
selentific thinking was accomplished by Newton in 1687 with his publication

of mechanics, Philosopise Naturalis Principia Msthemstica. Antoine Lavoisier

changed the structure and outlook of chemistry when in 1789 he published
Irsite Elementaire de Chimle. It wes Lavolsier wore than anyone else who
showed that when substances burn they do so by combining with the elemont
axygen, not by releaéing ffire~stuff*®, He also carried his thinking into
the areas of agriculture and from this attention began our modern concept
of respiration; the utilization of exygen by living organisms for the éomw
bustion of foodstuffs and the production of heat. The synthesis of urea
by Frederick Wohler in 1828 had a tremendous impact on the sclentific
world and did much to show that "organie" chemicals were not products of
living organisms alone, but could be produced in the laboratory, thus
starting the decline of the "vitalism theory". The work of the Buchner
brothers in 1897 showed that fermentation of sugar could be carried out
by cell~free extracts in a manner similar to intaet living cells. The
early studies of the Buchners led ultimately to the defining of the cell
in terms of cell structures such as membrane, nucleus, mitochondria,
microsomes, ete. The name of Emil Fischer is another which reguires
mention as a giant in the evolution of modern seientifie thinking. During

the latter portion of the 19th and e2rly part of the 20th century,



Fischer formulated the structure of and synthesized many orgenic compounds,
From this peint in history, prominent men snd women of seience have
inereased in number and have begome too numerous znd their contributions
toc varied to okserve separstely in sny detail. The cuntributions of
Curie, Einstein, Urey, Cori and Fermi are each classics in their respective
fields, The full influence of these contributions are only beginning to

be visualized,

The tools snd t chniques developed in such areas as physics, physical
cheidstry, organic synthesis, ete. have been adopted, medified, and put
to work in unraveling the beautifully complex nature of living material,

It has become clear that the discipline of Mdochemistry can advance only
as the other sciences advance.

The investigations to be re orted in this thesis are concerned with
the intermedlary metabolism of the rat and perticularily with the ansbolie
and catabolic reactions of fatty aclid and cholesterol metaboliss, ﬁisc,
disturbences in metabolisr associated with the pathological condition,
alloxan disbetes, have been studied. The technicues employed in these
investigations were numercus but the use of trscer compounds and tracer
methodology were of paramount importance in following the variocus pathways

of metabolism,

Present concepts of fatty acid and cholestercl metabolisy,

The numerous advances in the fields of fatty acid snd cholesterol
bilosynthesis in reeent months, and the elucidation of the new pathwsys
involved, makes necessary a brief review of the present status of these

areas of ressareh endeavor,



Until 1958, fatty aeid synthesis was considered by many to be
accorplished bj the reverse of the mechanisms of fatly acid oxidation.
The ¥noop theory of beta oxidation of fatty scids had been well verified
and expanded and wost of the remctions had been studied in detail in
reconstructed soluble enzyme systews (45, 47, 78, 83, 128). The fatty
acids wers known to be broken down or to be bullt ﬁ§ with the liberation
or addition of Z2-carbm units, & few of the most pertinent of the details

of the aceepted schene of wetsbolism will be presemted below,

Oxidation:

The breakdown of long chain fatty acids is mediated by four enzymatie
reactions thet result im the liberation of 2-carbon fragments in the form
of scetyl-SwCol™ with the possibility of s subsequent condensation of the
active acetate with oxaleoacetic acid.,

It is essential that the fatby acid be in the form of its coenzyme A
ester prior to the start of the degradstive reactions, The formation of
an acyled-Cot (a thicl ester) from the acid and CoASH™ recuires energy
(2,000 cal/wol) (30)., Therefare, the participstion of ATP in the reaction
of aeyl activation was not an unexpected finding, =nd it has in fact been
shown to be a requirement in the activation of fatty acide (2, Lk, 68,

129). The general reaction can be written as follows:
fatty acid + CoASH + ATP == agyleS-Coh + ANF + PP

,,3&,
Coh-5~ = cosngyme A

* CoASH = reduced coenzyme A



The first step in shortening an acyl-S-CoA chain involves the de-
hydrogenation of the alpha=beta position with the formation of an
unsaturated acyl-5-CoA (30,46,58,62).
¢ FAD 0
ReCHy~CHpebuSuCoh spmmd  RCHSCHeCmS~Co
FADH

This reactlion is wediated by the engyme acyl dehydrogenase and TPN
ie the hydrogen aceeptor,

The second step involves the hydration of the unsaturated thiol
acyl ester to form a beta~hydroxy acyl=S-CoA derivative (71,103,104)
end is accomplished throuch the participation of the ensyme crotonase,
more recently called enoyl hydrase (84}, The unsaturated acyl incor-

N

porates a molecule of weter ss in the following reaction:

1t +H0 oH @
BmCH=CHew3=C0f o RmCH-CHy=Ce5~Coh
»iﬁ’g{}

An oxidation reduction reaction is next encountered, However,
DFf is the hydrogen carrier rather than FAD as is the previous redox
resctions The following sequence is representative of the betow
hydroxy acyl-S-Cod oxidation to the beta-keto form, utilizing DPN as
the electron carrier and mediated by the enzyme beta~hydroxy acyl

dehydrogenase (64),

.yt i S W |
RelolH wleSal0d mmmsmr  Rule0H.o(wS=Cok
. 2 DPNH 2

The final reection sequence in the breakdown of fatty acids

involves the cleavage of betacketo acyl-S<foi to an acyleS«Cod dere

ivative shorter by twe carbon atoms with formation of acetyle3=Col



by the enzyme beta~keto thiolase (42,105),

¢ 0 o 0
RG-CHpul5-Coh + CoASH wpmms R-(-S-Col + CHgmC-S—Coh

Sequence of resactions:
= . FAD
1) fatty acyleS-CoA === glpha-~beta unssturated fatty scyl-S-Cod
FADH

+H,0
2) alphaebeta unsatursted fatty acyleSeCoA === beta-hydroxy
~Hs0  fatty acyl-S-Cod
DPN
3) beta-hydroxy fatty acyleSe-Col === beta~keto fatiy ecyleS=Cod
DPNH
4) betae~keto fatty soyleS-fos + CoASH === faity acyleSeCof

*  acelyle-S~Cod

Repetition of the foregoing sequence of reactions results in the
generation of additional acetyl-S=-Cod, i.e. palmitic acld giving rise
to 8 molecules of active acetate. The further utilisation or fate of
this acetate depends on the nuiritional and physiological state of
the organiem. Oxidation via the Krebs cyele accounts for the major
portion of the energy generated, although energy alsc hecomwes availe
able from the reoxidation of the coenzymes reduced in the reactions
clted above. It is thus through beta ﬂxidatiog that the energy stored

in fatiy aclds is made availsble to the cell.

Fatty acid synthesis:

The reversal of the reactions of fatty acid oxidation were for

a time used to describe the formation of fatty acids, but they are



no longer considered tc describe the true (Juhe 1960) mechanism

of fatty acid synthesis,

Acetate activation:

A requirement necessapy for the incorporation of Cz units into
long chain fatty acids is the activation of acetate to a higher
energy level, Two enzyme systems have been elucidated for the actie
vation of carboxylie groups,

The first of these, found thus far only in bacteria, consists
of two enzywes 1) acetokinase (66,69,80), and phosphotransacetylase
(67)s The resctions catalyzed by these two ensymes are the followlng:

a) acetckinase

acetate + ATP supee— acetyl-PO, + ADP

b) phosphotransacetylass

acetyl-FO, + CoASH === scetyloS-Cok + PO "
The phosphorylation of acetate is carried out at the expense of ATP
and results in the formation of ADP. The phosphate is then replaced
by transfer of CuASH to the acetyl group by a phosphotransacetylase
promoting the formation of acetyl-S-CoA,
The second system for scetate activetion is found in plants,

animals and micro orgenisms., The overall reaction is as follows:
ATP + acetate + CoASH we=®= acetyl-S-CoA + AMP + PP

This reaction is catalyszed by the enzyme acetothickinase (23,38,55,68),

Evidence for the mechanisw of thils reaction has been presented



by Berg (2,3,4). The suggested mechanism consists in the formation
of adenyl-acetate from acetate and ATP, The adenyl acetate then
participates in the thiol transfer of CoASH giving acetyleS-Cod

and liberating AP,
ATP + acetate === adenyl acetate + PP
adenyl acetate + CoASH wm==S= gpetyl-S-Cod + AMP

The above mechanisw is supported by the foliowing observations.
1) The exchange of labeled phosphorus between PP and ATP
requires acetabe,
2} Synthetic adenyl acetate is readily converted to ATP
and acetate ip{the presence of PP, and to acetyl-S-Coi
plus AMP with the addition of CoASH,
3) The CoA~independent accumulation of acetohydroxamic acid,
PP, and ANF in the presence of hydroxylamine.
L) The requirement of acetate and CoASH for the exchange of
ANP with ATP,
5) The re~iirement of AMP and PP for the exchange of acetate
with acetyleS=CoA.
The formula of acetyl adenylate is as follows:

NHy

|
¢ N
.,
e \\G,/’ Q§N
4 | /GH OHO Ol g 0
¢ OH (
Sy \z=s——g =C=C =G = CHymin I o CHy
B H B B OH

e



sgaquence of reaecbions:

Ageording to bhe view hald before 1558, ihe next reaction of
synthesis would be the condensation ol 2 molecules of asetyleSwiod
to forn acebgacebyl-S-Cod, Hecerd Liuvestigatlons . fer considerable
evidence 1o indicate that such way nob be ihe case, Gibson et al.
(130, 132),using & gartially purified engyme sysiem (extra mitochone
drial), mressnted wvidence for bicarbonate participation in long
chain fabby seids synthesis aleng «ith the nced for Mg'* and acetyl-
JeGoA, That the bicarbenate ion is not incorperated ivte fatty acid
in vive had previously been shown in this laboratory, Labeled
bicarbonate, given eilther intravencusly or intraperiionsally (121)
was shown not to label tissue fatty acids or cholesterol to any
significant degree, This did nol seem too surprising since it had
been siown by degradative studies that acetate or acetyl-owiod is
the sole soures of the carbon chain of the fatty acids synbhesized,
Thus, same function for blearbonate, other than thal of a carbon
souree [or synthesis, had to be devised.

Ho intermediates between acetate and decancic acid could be
demonstrated at the level of purliy to which the preceding enzyme
fractions had been taken. Wakil carried wt further purification of
the fabty aclid syntiesizing enzyme fractions {El_and E2) and it then
becave possible to counduct stepwise synthesis (131, 133, 134), and it
also suggested a new metabolic pathway, Malonic acid was isolated
from this system in the presence of a.ce‘na'he-i}lg", CoAH, Mn™%, ATP,
and bicarbonate iom along witn the enzyme fraction £y, 'When TPRH

was added plus the second enszyme £,, long chain fatty acids were
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furmeds Various enwymes concerned with the breakdown of fatiy aclds
could not be found in this system, l.e. encyl hydrase, beta-hydroxy
acyl dehydrogenase or thiolase,

The above evidence suggests that the first step in fatty acid
synthesis after acetate activation is the carboxylation of acetyleSw
Cof to a malonyl derivetive vwith subseguent successive condensation
and reductive stepa In the presence of TPNH. Malonie acid per se is
not the intermediates Green has sugcested (48) that the intermediate

is malonyl-S«CoAs The reaction steps are illustrated below,

GCOH
1) cHB-&MoA + HCOy~ + By Jiny P2
AP C=0
oA
cooy
2) gfg + By ey palmitic acid
$~Coh

Wakil et al (130,132) have also demonstrated thet biotin is a ree
quirement in the above system of fatty acid synthesis. Utilization
of the terminal phosphate bond of ATY supplies the energy of the
reaction by combining with biotin to form phosphoryl biotin. The
phosphoryl group is replaced by COy forming carbonyl biotin, an
activated CU,, It is in this activated farm that €O, combines with
acetyl-S-Col forming malonyl-S-CoA (48). Lynen has suggested that
adencsine diphosphoryl biotin mway be the intermediate (48).

There exists at lesst two possible mechanisms for the Nurther
reaction of malonyl=S-Cok, i.e, condensation with itsclf or conden=~

sation with a molecule of acetyl-S~CoA, Wakil feels that the



il

following mechanism is the post likely:

y +4+ ?Q{}H
1) CHi 00" + ATP + 00y =y CHy 4 spr + pi
SuCol
e 0
o, pra . 1 ‘a‘n “
2) CH,COD™ + ATP m CHaC-SeCoh + ADP + Pi
d \
5 COCH v cc;og
1 ) (d V
3) CHjC-S-Cot + ‘éig el CHyelCHeCuS-Col  + COASH
S=Coh
COOH COOH

9l 9 TPHH gu| o
L) CHyeC-CHaCmS=CoA e CHgeGuCHUuS=C0A
H

COOH " COOH
or| 9 ~H 0 0
5) CH,=CeCHoCaSwCOA . CH,CH=(=C-S=Cok
3;‘ M 3 2 C1B
COOH GOOH
‘ | o TPNH 9
6) CHyCH=C-GmSuCoh 3 CHyCH,CHeCmS=Cok
CUOR
| ¢ 0
7)  CHaCH,CHwC-5-CoA s CHoCHCHp-C=S~CoA + CUp

The butyryl-S-CoA that is formed is then capcble of condensa=-
tion with another molecule of malonyl=S~Cok, The addition of an-
ather Zecarbon unit thus takes place through the preceding sequence
of reactions.

Another group of workers, Shulman and Westerfeld (143) have



suggested that the "unlmown compound" in their studies concerning
ethanol metabollism may well be the postulated alpha-carboxy-beta-
hydroxy butrfyl—8~ﬂa& intermediate. The alpha~carboxy compounds
of the above reaction mechanism have not been isolated,

Another mechaniem of fatty acid synthesisy postulated by Brady
(26,27), involves an aldol condensation similar to that shown for
the formation of dihydrosphingosine (25). Using a soluble fraction
from pigeon liver, Brady prepered valonyl-SeCol by the enzymatic
activation of malonate. This reaction is also dependent wupen \TP,
CoASH, and ¥g'", Brady also reported that nalonyles-Coi could be
enzymatically formed from asetyle-S-Cok utilizing AT?, ¥n'*, and

bicarbonate, The scheme suggested by Erady is the following:

0 0
1 |
1) ReG-S-CoA + 7TPNH e R.LH + TPH + CoASH

| COoR
0 ' OH )
2) R-CH ?HQ : T a
e L e ReGHACHy=C=S=Coh  + CO,

é—CeA

The sbove scheme involves reduction of the acyl-S«CoA ester to the
corresponding aldehyde and subsecuent condensation with malonyl=S«CoA
followed by decarboxylation, The enzymatic reduction of acetyl-S-CoA
to acetaldehyde was followed by observing TFIH oxidation spectro-
photometrically. The longer chain fatiy acids were separated a=s
their hydroxamic acids and the data suggested the presence of acids
having chain lengths of 8 to 12 carbon atoms,

Cornforth {36) has considered these two postulated mechanisms
(Wakil and Brady) in terms of iomie organic reaction mechanisms, He

concluded that the condensation of ascetyl-Seloi with valonyl-S-CoA
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would have no energetic advantage over the condensations of two
acetyl-S«Col molecules, The primary effect of the extra carboxyl
group would be to promote the enolization of the ester. "The con-
densation of this enolate with an S=acyl coenzyne A by an enzyme of
the thiclase type does not seem likely to lead to a greater degree
af synthesis than ocours in the condensation of two melecules of Se
acetyl coengyme A." Cornforth further states that the condensation
of an aldehyde with 3 malonie acid derivative is easily carried @ut;
but that after condensation, dehydration or decarboxylation or both
usually tekes place, The final conclusion of Corniorth is the
following:

”ﬁhemically, condensation is well supported by analogy. How=
gver, the actual utiligzation of a fatty aldehyde as such in the bio-
gynthesis of a higher fatty acid has yet to be demonstrated.,"

It becomes clear from the foregoing statements and observations
that the evidence is incomplete for any of the proposed mechanisms
and thet the final scheme of fatty acid synthesis may not as yet be
known, Conglderable information will undoubtedly be forthcoming in
the near future as regards individual engymes and pathways concerned
with this very interesting problem of fatiy acid synthesis. The
faect that fatty acid synthesis 1s now being considered ss sorething
other than the reversal of oxidation is not too su:prising and is
actually to be welcored in the fleld. Langdon's coriginal suggestion
that oxidation and synthesis might take plsce at different geographi-

cal loeations in the cell (62) now also seems more tensble., Langdon



showed all of the enzymes of fatty acid biosynthesis to be present in
extramitochondrial fractions (62), and Kennedy and Lehninger (65) estab-
lished that the ndtochondrie represents the only subcellular fraection

of liver capable of the oxidation of fatty acids at the expense of

noleculsr oxygen.

Chelestercl blosynthesis

The observation that acetate can serve as = carbon source for the
blosynthesis of cholesterol in manmalian s stems is well documented
(6, 7, 8, 9, LO, 41). That every carbon in cholesterol may be derived
from acetate was established by studies which have been in progress for
a number of years in seversl laborstories (82). Many coampounds have
been utilized over the years in attempts to cheracterize intermediates
in cholestercl synthegis but little progress was made until 1956, A
number of C14 labeled branched chain mono- and dicarbaxylic -cids were
studied, Some of these were shown to be synthesized from acetate and
also converted to cholesterol, but in each case the efficiency of con-
version was low (6, 10, 22, 51, 52, 91, 92, 93, 94). Greenberg et al,
(49) excluded many of these compounds as intermediates in cholesterol
synthesis with the possible exception of beta-methyl glutacenie acid,
The finding of a growth factor for Lactobacillus acedophilous by Skeggs
(101) and the subsequent identification of it (144) as the optically
active beta-hydroxy beta-~methyl pentano-5-lactone (mevelonic acid)
prompted Tavormina, Gibbs and Huff to test lsbeled mevalonie acid as
an intermediate in cholesterol synthesis (108). They found that syn-
thetic DL mevalonic acid-2-Cl4 was converted into cholesterol with an

efficiency of 43 per cent by liver preparatiomns.
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The almost quantitative conversion of ¥VA into cholesterol has
stimulated research in all areas of the field of cholesterogenesis, The
pathway of cholesterol blosynthesis from acetate can now be described,
perhape not completely, but it would sesm with only a few uncertainties.
Chronologically, the four major contributions to the elucidation of this
pathway were the discoveriee of acetate (7), sgualene {10}, lanosterol
(11) and mevalonate (108} as precursors of cholestercl.

The Ffirst reaction in the utilization of scetate in mewmalian
systems is it:s‘actimticn, that is, the formation of acetyl=S«0oA, The
next reaction is one of cundensation of 2 wolecules of acetyl~S-Cok.
Whether this involves malonate formation isn't known with certainty at
this tiwe. The followlng formulas illustrate the next reaction, the
condensation of acetoacetyl-8-Cold with a melecule of acetyl-S<Col
giving rise to beta-hydroxy beta-methyl glutaryleS~Cod with the libera-

tion of free CoASH (93, 94, 95).

g 9 9 @ G0
CH3-C~CHop=CeS«Coh + C(H3-C-SeCod - HM-CHQ-?(&S—-C-S-GQA + CoASH
UH
acetoacetyl~5-Cold acetyleS«Col beta~hydroxy beta-methyl

glutaryl-S-CoA (IMG-S-Coh)
The enzyme mediating this condensation is known ns the HMG-3-Col
condensing enzyme and has been partially purified (79).
The reduction of HMG-S-(oA to mevalonic acid has been described by
Lynen et al. (72)., TPNH is a requirement in the reported yeast system,
Une of the findings concerning this reaction is its apparent irreversi-

bility,
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CHg Q —— gﬁg
HOOC~CHy=4mCHp-C-5-Con  —TENH, HOOC-CHp=C~CHp-CHOH + CoASH
o O
HMG-8=~Cok wevalonic acid

The further conversion of MVA to cholesterol reguires the addition
of energy in the form of ATP, The partisl purification of the enzyne
mevalonic kinase has been achieved, Its action results in the formation

of S~phospromevalonic acid from MVA and ATP (73, 89, 110).

CHy QH3

HUOC«CH;;«-?»GHQ-OH@H & H@%ﬂﬁg«?%ﬂg«bﬁg-ﬁwf’%ﬁg
0K CH
nevelonie acid S-phosrhomevalonic aeid

Block et al. (20) showed that the next reaction was ancther phosphoryla-

tion resulting in 5-diphosphomevslonic acid,

¢H3 , H3
g@m-aﬁz-ifmcaa-mg-o-mgﬂg el HOOC~CHp-G~CHo-CHa-0-P20gH3
O n
f=phoschomevalonic acid S~diphogphomevalonie acid

The requirement of a third molecule of ATP in the rext reaction suggests
a triphosphorylated compound, and indeed Block has supgested its strue-
ture, 3~phospho-5-diphosvhomevalonic acid (21). Thus far there is no
real proof of its existence. The next isolated metabolite to be dip-
cussed is isopentenyl pyrophosphate, the carbaxyl group of S5-diphospho~

mevalonic acid having been lest as COy (109).

o3 Clia
Hﬂmwﬂzagﬂcxsiz—cf&z-&f’g%ﬁs —=>  C-CHy-Clig=U=P2~Ogfly + COp
H CHy

S5=dirhospharevalonic acid isopentenyl pyrophosphate
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A double bond shift to form the beta beta-dimethyl allyl pyrophosphate
is the next predicted intermediate from organic reaction mechanistie
theory and Lynen has sﬁawn the formation of this compound in yeast
extract (74).

CHa Ci3
,C-CHp=CHp-0-PR0gH; == ,C=C-CHo=0-P504H3
CH3 CHs ’
isopentenyl pyrophosphate 3y 3=dimethyl allyl pyrophosphate

Dimethyl allyl pyrophosphate reacts at the double bond position of
isopentenyl pyrophosphate while losing its pyrophosphate group thus
causing a shift of the methylene double bond to form the compound ,

geranyl pyrophosphate.,

Qﬁz
O~CHa~CHp~0-P20gH
L GH3
isopentenyl pyrophosphate Q§3 %H§
— /C~GH~CﬁQ~GﬁQ~g“cchH2~0~P206ﬁ3 + PP
¥ CH3
CHg geranyl pyrophosphate

C=CH-CH-0~P,0gH3
CHj

3,3~dimethyl allyl
pyrophosphate

This C~10 derivative has the same resctive site as isopentenyl pyrophos-—-
phate and thus adds another molecule of dimethyl allyl pyrophosphate to

form farnesyl pyrophosphate,



G2 3 g '
C~CH2~OH2-0-P2(}6H3 * GNCH~032~682~GH=~C~ Hg—&-?zeé%
CH3 CH3
isopentenyl pyrophosphate geranyl pyrophosphate
Gy CHs GHg
———> ,G%-»C:ﬂz«ma«c%H&Hyﬁﬂg«cwﬂﬂucﬂymi’g@éﬁ:; + PP
CHg,

farnesyl pyrophosphate

Lynen and also Block have proposed the above scheme from data obtained
with both yeast and liver systems. The condensation of 2 molecules of
farnesyl pyrophosphate (head to tail condensation) and the loss of two
pyrophosphate groups gives rise to a molecule of squalene. This is a

reductive step and TPNH has been shown to be required (75).

CHy CH3
2 Mﬂ-mz-cﬁz-é=cn-crz2-cnz~c~cn»cz~‘2.o-.pzoéﬁ ..
ci 3
farnesyl pyrophosphate Sﬁua.,e ne

The cyclization of squalene to lanosterol is a very complex reaction and
involves 16 active centers (13, 14).

The formation of lanosterol from squalene requires an oxidative step.

:)«buajehe, /\ l'.an osterol
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Lanosterol (4,4',lh-trimethyl cholestadiene) has presented some bio-
chemical problems sinece its postulated participation in cholesterol
gynthesis, Lanosterol must of necessity be demetiylated in its role

as cholesterol precursor. The cueation of the sequence in which methyl
groups are eliminated plus the method, i.e. demethyl: tion or oxidation
followed Ey decarboxylation, has been under investigation by a number
of laboratories. Block et al. (15) showed that oxidative conditions
were required for lanosterol to cholesterol conversion thus indicating
that decarboxylation was the mechanism involved. Hecent evidence by
Block et al. (12, 14, 19) has shown that the 14 methyl group is lost
first, yiclding the compound byl ~dimethyl cholesta-8,24~dienew3-beta-ol.
Oxidation of the aleoholic group to a ketone forwing 4,4'-dimethyl-
cholesta~8,24-diene~3~one, followed by further axidation and decarboxy-

latien of the 4),4'-metiyl groups yields the compound zymosterol (96, 13).

ipATIOn

ox U.;A "'lalw

-2 (Coa)

Ho
Ho

Lanostersl ¢ ¢ Jimchia' cholesta - meoy\-ero l

f,2 y-diene - 3- beta ol



Stokes et al (106) have shown desmosterol to be the impediate precursor
of cholesterol, thus completing the total scheme of cholesterol bioe

synthesis as it is felt to exist at the time of this writing.
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Figure 1 lists the word summary of cholesterol synthesis from acetate,
The arrows in the summery all point to synthesis, however most of the

reactions are reversible as listed previocusly.

The present studiess Research objectives and statements regarding

results,

Studies concerned with the qualitative and quantitative utilization
of aeatatevClk‘by rat liver tissue preparations has been, and continues
to be, a profitable field of investigation for meny laborstories,

Lipogenesis (the anabolic reactions of fatty acids and cholesterol
metabolism) is devendent upon the kind of diet and upon the relation of
feeding and fasting periods, ieinhouse showed that iipid formetion fram
agetate in liver slices is greatly impaired by fasting or under nutrition
(136). Chaikoff et ol presented evidence that the liver loses most of

its ability to convert acetate to fatty acids when the animal is fasted



Fig, 1t A surmary of the peneral pathway
of cholesterol metabolism:

The sequence listed shows the conversion
of acetate to cholesterol via the inter-
mediates known to exist at this time. The
reactions are written in one direction
only to indieate synthesis, The equili~
brium reactions are listed in the text,
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Pig. 1: A summary of the general pathway of cholesterol metabolism.

CoASH
3 Acetate =) 3 AcetyleS~Col --—§ Acetyl-S~Cod + Aeetoacetyl-S~Coh
c‘y

ATP
CoASH

5-FPhospho TPNH \1/
HVA e Mevalonic acld e beta~hydroxy-beta-methyl glutaryl-S-Coa
(MVA)

ATP

ATP
5«Diphospho MVA --—-—‘? Postulated intermediate with 3 atoms of P

W
2 Geranyl pyrophosphate 2 Isopentenyl pyrophosphat

1 /
2 3,3-Dimethyl pyrophosphate 4 3,3-Dimeth vl 2llyl pyrophosphate

b TPNH 02
2 Farnesyl pyrophosphate ——  Squalene --—--7 Lancsterol
oxid.
~C0,
QKido \,
Zymosterol dee Ly h=Dimethyl cholesta~2,2}~diene~3-beta—ol
-GO
2

Desmosterol _—> Cholesterol
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for 1% hours (33,31). Carbohydrate administration was shown to alleviate
the depressed synthesis. Tepperman and Teprerman found a high positive
correlation between initial glycogen content and lipogenic response in
liver slices (112). Van Bruggen et al have shown the variability of
hepatic lipogenesis as affected by nen-chronie refeeding and/or fasting
using in vivo preparations (116,118,123), Similar responses have been
shown to cecur vhen liver slice preparations were studied (122,124).

Findings somewhat like the above have been observed when alloxan
diabetic preparations were used for study (32,53,140). The similarity,
in many respects, between faosting and exverimental disbetes has been
knovn for some time, Gurin has suggested (53) that a common feature of
fasting and diabetes could include a deficiency of glycolytiec inter—
medistes, Teleologically these observations are valid, If carbohydrate
calories become less available either by fasting‘or by the presence of
diasbetes, there is necessitated a shift to other substances for caloric
needs, and there thus follows a consequent disturbance in biosynthebic
pathways.

Shew, Dituri and Gurin presented evidence in 1957 that a decrease
in the reduction of alpha~beta unsaturated crotonyleS-CoA to butyryleSe
CoA was a block in the flow of acetate to higher fatty acids (53).
Langdon (61) showed & requirement for TPNH in the hydrogenation of
erotonyl=5-0oA to butyryl-S-Cof in long chain fatty acid synthesis.
From these observations, il was inferred that TPNH is 2 requirement at

all of the subsequent alpha-beta reductions in fatty acid synthesis.,
Siperstein has proposed that, because of ﬁaar&asgd glucose oxidation via

the hexose monophosphate shunt, there is a reduced amount of TPWNH available
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for this redustive step in the diabetie (99, 100}, Beecsuse of the sfslilare
ity of decreased lijocencais in both starvatlen and in “labetes, 1% has
been jestuluted thal bhe blosk in the lnserporatisa of soetate inte ‘atty
agids 18 ad the TFHH requiring step, Siperstein slec Lrdfssted thel the
choluste ol aynbiwesining system %2 in need of TIWH ss well a2 are the
lipogeaie pathways. Little attention hus been pald Lo the importsnce of
DIEH fu the oblisated step of hestane body reduetion. In the abeense of
procf of inadequate DFNH-TI8H transdehpdrogonsse action, $1 would aprear
that undue emphasis has beer placed upom this TP dependenty a5 the aole
rate detersining reaztion.

Uhisctives:

ine experisentsl work ¢ be pressnted is concermed with the wtiliss=
tion of selected subatrates by nermal snd by dfabeilc tissues, snd in
this theslip the debs ard disgussion have becnt separated inte four series
and are presented in Lhe sequence In vhich ths work was carried out.
Jeries I constitutes s Ap vitpo study of liver gliowe fres nermel and
allexan ilabetic preparations. Acebateei-0lh as the labeled tracer and the
ineervoration of this molecule into ‘atty acids, chelestercl, ketone bodlss,
ant GOz sae deternined, Jories 11 is alee an ja yiiro study of norwal and
-alloxan dlabetlie liver slices, Thw Lracer molsoules em loyed wers agetate-
lwcu,. a@ﬂo&%h&m}-ﬁiu, butymh«l-ﬁlﬁ and revslonle aseidedalih, Angle
yals of lipid components and sxidative jreducts were smrried out sz in
the First series. Jeries 111 42 the result of an In yiy: {ovestigation
sonewrned with fellowdng the intrsperiteneal injo@tion of newnlonie acid-
208, Label from this lsotope vas deberwined in blood, urine, 0y, und

nuserous tlseues of the mb. It slec lnelules an early tire nou- se study
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concerning cholestercl and fatiy acld synthesis in the entire animal and

in kidney tissue as well. ©OSeries IV was initiated in an attempt to clarify
the role of kidney tissue in cholesterogenesis. The experiments were done
in vitre and again use was wade of normal and allaxan disbetic prepafatieﬁa.
The label fram.&ceta%ﬁ*l~ﬂlg, acet&aceh&te~3~ﬁlh, and mevalonic acid-2-Cl4
was determined in cholesterol, fatty acids, and GOZ follawing ineubation

of the kidney tissue in Warburg flasks,

Surmary of resultst

The findings reported in Series I of this work are in agreement with
the observalions of others that there is a block in the flow of acetate
at some peint or pointe in the pathway of fatty acld and cholesterol syn~
thesis of alloxan diabetic liver slices. That TPHH deficiency could be
a part of this block is competible ' with thsse'fimdings, however, indirect
evidence is presented to show that a TPNH deficlency does not account
for the entire diminution in these synthetic pathways.

The present studies slso reveal that in addition to the suggested
controlling steps presented above, there exists a limiting step prior
to the participation of crotonyl-3~Lold, Decreased aceiocacetate synthesis
by liver slices of fed alluxan diabetic rats, and decreased production
of 302 is suggested to be related to a decreased avallability of acetyle
S=CofA in these diabetic preparations, This decrezse is thought to be
due to a decreased supply of acetate, In addition, the decrease in beta-
hydroxy btutyrate formation, which was observed in the diabetic, is also
suggested to be related to decrsased availability of DPNH,

In the Series II study, butyratanl-sl& (which as bubyryl-S-CoA is

seemingly peculiar to fatty acid pathways), acetate-l-clh , and
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acetoacebate=i-0Ll (as CoASHE derivatives), are comon to both fatty acid
snd cholesterol synthesis, and wevalonie acidma-Clh (which as mevalonate
pyrophoasphate is peculiar Lo pathways of sterol synthesis) were chosen
to betber clucidate the sites of "metabolic lesions® in the diabetie.

These studiesz reveal that bubyrate doeg not constitute a selective
label for pathways of fatty scid synthesis, and thet acetoacetate doee
preferentially aprear in lipid products, It is also shown that both
acetoacetate and butyrate fail to be incorporated into diabetic liver
lipid in normal amounts, the defeet being similar in ragnitude to that
with acetete, Mevalonate is shown to be a unique tracer of cholesterol
synthesis in that it is selectively converted to stercls., There does
not appear to be a further defect in diabetic cholesterogenesis beyond
the stage of mevalonate participation,

iost of the work of others pertaining to mevaloniec acld utilization
was obtained using in yitro methods, especlally homogenates, Observa-
tions presented in this thesis (Series I1) describe the participation
of mevalonic acid in chelesterol synthesis by rat liver slices,

The Series III investigetions describe the in vivo time course of
cholesterol and fatiy scid labeling in mele rats following intraoperl-
toneal injection of mevalonic acid~2~ﬂ14. The problem of cholesterol
biosymthesis (studied with acet&temalh), transport and turnover has heen
under investigation in this laboratory for some time. A previcus publi-
cation has given values for the turnover of cholesterol in normal and
alloxan diabetie rats (126). One of the problers encountered when acetate
is used to label cholesterol relates to the nurerous reactions in which

acetate is involved. The fact that acetate, after conversion to



acetyl-S-Cod, is an intermediate of numerous pathways somewhet limits
its usefulness as a tracer of specific pathways. bultiple pathways
mey contribute secondary amounts of label obscuring both the prisary
labeling event and subsequent time course studies, Becsuse of the
aprarent preferential labeling of cholestersl by mevalonie acid without
its participation in major side rathways and because of its preferential
repid conversion to sterol, it wae felt thet this compound would be an
ideal one for elucidating some of the dynamies of chelesterogenesis,
Series III thus presents data concerninz the early time course of
cholesterol labeling from mevalonic acidw2-Gl4 in the liver, gut, “ecar-
cass", kidneys and skin of normal ratss Also presented are the smounts
of label aprearing in blood and urine during the first four hours followe
ing administration of mevalonie acidyzmclh. A detsiled study of the
"eareass” fraction shows the relative distribution of label in the kidneys,
adrenals, adipose, muscle, spleen, lungs, heart and testes, An intereste
ing observation, is the relative amount of radicactive cholesterol found
in the kidneys of these anlmals, With the finding that the kidney conw
tained most of the activity of the careass fraction, it becane necessary
to carry out an in vivo time course experiment using this organs Approxe
imately 70 per cent of the labeled cholestercl of the rat was found to
be present in the kidneys 30 minvtes following the injection of mevalonic
Ecid*ﬁ*clh, end this activity remsined in the kidney during the period
of observation, The changes in specific sctivity of the various tissues
is considered to be due to transport, The half life (1) values of ex~
eretion by fhe lilver and accumulation by the gut are given. The rapid
liver component is shown to have & t4 = 1.5 hours, and a slower compone

ent ti =%5hours. The gut 1s thought to be the recipient of the liver
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cholestorol excreted during the four hour period discussed.

With the finding in Series III, that the kidney played an lmportant
role in cholestero enesis from mevalonic aciduzaﬂl&, it was felt desirable
to investigate the synthetic capacity of this tissue under in vitro con-
ditions. This aprroasch should allow for a better camparison of liver
and kidney tissue in respect to utilization of mevalenic acidm;*ﬂlh.

Sinee the ldney tissue apcared from the previous experiments to be
very active metabolically, it was considered pertinent to allow the
kidney tissue access to oither labeled compounds.

Allaxan is a ‘eneral tissue poison and caus s marked changes in
the lipogenic pattern of rat liver slices., Therefore, the poasibility
existed that kidney function micht also be altered in alloxan disbetic
rat kidney slices, Kidney slices of normal and alloxan diabetic rats
were incubated in the presence of acetate»lwclh, acétmacataﬁe~3mclk,
end mevalonic aaid~2wﬂla. Utilizing these labels in normal and diabetiec
preper tions pives rise to a number of parameters for comparison.

The incorperation of evalonic acid-2-CH inte cholestercl by kidney
tissues does not dif ‘er in the diabetic {rom that of nornal. The incor;=
cration of this trocer into the fatty aeid rraction of the kidney is aiso
found to be the same in the ‘iasbetic, and the amount of mevalonic ocide
204 converted to C0p is also seen not to differ in the two preparations,

The incerporation of acetates1-Cif into G0g is slightly reduced in
the diabetic. Fatty acids and cholesterol labeling by kidne tissue shows
& responce dif ferent that that of liver tissue.. The incorporation of
acetate-1-01% into kidney cholesterol is not differ ab in the normal and
alloxan diabetic, nor is the incorioration into ratty acids decressed

as ig in the diabetic liver,
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The observetiors concerning the uwtilizetion of acetoacetate-3uClh
by kidrey tissue are similar to those obtained from acetste. Acetoe
aceﬁaﬁe~3~ﬂlh is oxidimed to GOQ to the sare extent in the two exp:rim
rental preperstions., The synthesis of cholesterol from acetoncetatew3
63 34 2150 seen %o be similsr in the normal end dinbetic as well as

is the incorporation of aeﬁts&aeﬁate~3~61h to fatiy acids,



CHAPTER II
METHODS AND MATERIALS

Animals:
The animals used in the following experiments were male albinc

rats of the 3prague-Dawley strain. They were obtained from the comrer-
cial colony maintained at Pullman, Washington, On arrival, all aninsls
were placed on an ad libitum feeding regime (Purina Rat Ghow) for three
days before initiating a trained feeding routine (123). Trained feed-
ing consists of allowing each rat to eat 10 grams of chow in one hour,
twice daily. Within a day or two, all animls eat their entire ration
during the one hour feeding period., TFasting perlods were considered
initiated at the time uneaten food was removed from the cage., Drinke
ing water was availsble at all times., This type of nutritional control
(trained feeding), has been shown to be necessary in minimizing the
variability of lipogenesis and cholesterogenesis which is dependent
upon fasting and feeding perlods (33,112,123,124,136). Such trained
animals maintain a fairly constant welght gain of 5 grams per day on
this feeding routine up to a weight of approximately 300 grams, ab
which time their rate of gain begins to diminish, The weights of the
animals at time of experimentation fell into two groups: 1) 80 - 100
grams, 2) 200 - 225 grams, depending on the area of investigation; the
weights of animals utilized being listed at appropriate places through-
out the text, A4ll animals were maintained in a cage~hood assembly de-
veloped in this laberatory (117), except when it was desired to collect

urine and/or CO,.
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Conditions:

The conditions investigated in the fellowing experiments were two,
norral and disbetie, A normal animel is defined as one which has had
a satisfactory welght galn during a five day period, 1s within the weight
range for the group being studied, and has no apparent physical defects.
The diabetic animels were yrepéred, after a L8 hour fast, by intramuscue
lar injection of 0,60 mg per gram body weight of purified alloxan as a
10 per cent solution in normal saline, Ab the same time, 5 ml of saline
were injected intraperitoneally and normal saline was given as drinking
water during the next 48 hours., The disbetic animals wers not trained
to fecding, but were given Purina chow ad libitum until just prior to
use, At that time, the animals were fasted for 12 hours and fed for one
hour to insure a postprandial state, Controls and disbetics were used
between three and seven weeks following alloxan injeetion if 24 hour faste

ing blood sugars were greater than 200 mg per 100 ml of blocd,

Level of organigations
Two approaches were utilized in the present investigations, in vivo

and in vitro:. The in vivo technique involved the intraperitenesl in-
jection of radiosctive tracer following a specified fasting period.
Subsequent collection of COp and urine was carried out, after which time
the snimal was sacrificed and various fractions assayed, The in vitro
technicue was concerned with kidney and liver tissue slices, These
slices were incubated in flasks containing labeled tracer and measure=
ments of respiratory gas exchange, suspending medium components, and

anslysis of tissue wercarried out,
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In vivos:

Following the intraperitonesl injection of label, the animals were
placed in a metabolism chamber for urine collection and for the collec-
tion of respiratory (O, using the apraratus previously described (120).
After the specifled time interval, the animls were killed by decapita=-
tion, Blood was collected and radiocassayed for activity. Initially, the
animels were separated inte five fractions: liver, gut, carcass, skin,
and bloods In subsecuent experiments, the animals were further fraction-
ated into kidney, adrenal, epididymal fal pads, brain, lung, spleen,
muscle, diaphragm, heart amd testes. These fractions were weighed and
placed in flasks containing 25 per cent KUOH in 95 per cent alechol,

Each fraction was digested under reflux for two hours.

in wvitro:

After a specified fasting pericd, the animsls were killed by de-
eapitation, their tissues lwmedistely removed and placed in cold buffer
{59) prior to slicing. Slices were cbtained using a Stadie-Riggs slicer.
The capsulur tissue of liver and kidney was discurded., The kidneys
were placed on their lmg axes and slliced horisontally using only the
upper third and lower third of the organ to minimize the amount of cone
nective tissue per slice, The kidney tissue slice was dissected free
of pelvic area tissue leaving the cortex and medullary tissue, OUne
gram samples with 27 ml of buffer in 125 ml Warburg flasks and 0,110
gram samples with 3 ml of buffer in 15 ml Warburg flasks, were incubated
at E?ﬁ for 1 = 3 hours in the standard Warburg apparatus. Clhntraeers

were placed in the side arm of the flask and tipped in after 30 minutes

g I 1 Mg s P 4 1 X r s =
equilibration. When the sacro and micro procedures were compared,
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using tissue frov the same animsel, essentlally identical results wers
sbtained,

Oxygen utilization was measured panceetrically. At the end of the
incubation period, total CU, was collected in a KU cenber well by
HpBl, acldification of the suspending wedium, ihen acetoscetic acid
was to be deterwined or isclated from the suspending mediwe, duplisute
flasks wers incubated end the flask sontents were not acidifled; but
deproteinised. At the cad of the (U, collection period, the tissues
were removed, washed with distilled water and digested in 11 per cent

KOH for two hours.

¢Mhotracers:
The following cls compounds were utilized in the present investi-

gationst aeatate»lwﬁu‘, wat.mcetutov}-ﬁu, revalonic acid&mﬁy",_ and

rutyrate-1-Cté,

Acctata-l—ﬂlhg

The agetate-1-Cl4 ygg prepared in this lobopatory (115) and 0.57
upoles containing 19.4 ue of sctivity wereused per 27 »l substrate,

{ne-ninth of this smount wes used in the spall flasks.

Fthyisestoscetate~ ‘l}“s
Ethylacetosestate-3-CH4, New ingland Nuslear Corporation, wss
dissolved in water and alimots hydrolyszed »ith NaoH {(60). The sceto-

acetate solution was neutralized and diluted to contain 0.41 uwe (044
uroles) per mi., One ml of this sclution was sdded from the side arm

of the mall flasks. The final 3 ml buffer solution eontained 1.5 mg

reetoacetic aeid per 100 ml.
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Mevalonic gcgd-—gzc;‘u*:
l-revalonic acid¢2~ClA was obtained as the dibenzethylenedismine

salt (DBED) from Tracer Lab Inc., and had a specific activity of 2.26
me/mmole. The salt was treated with dilute NaOH and the DEVD rewoved
by ether extraction. 0,46 umoles cof the DL form of the free acid,
centaining C.42 ue, were added per gram of tissue per flask., The purity
of the mevelonic acid was checked by paver chromatography in a butanol:
cetic acids water system (L:l:5). A single peak with an Rf of 0,75 was
obtained and there was no indication of a radicactive impurity. 4
single peak was also obbained in a methyl ethyl ketone: propionic aecid:
water system (75125130}, At the start of this work labeled mevalonie
- acid was obtained from Radloisctopes Specialiies Co. and wes used for
some metabolic experiments, It was subsequently determined that there
was a radicsctive countaminent in the preparation. The results from
these early studies are not included in the presentation below,

Eutyrate»lnclh:

The &o&ium,butyrate~lﬁﬁl&, Nuelsar Chicago Corporation, had &
specific asctivity of 4.7 uc/mmole, 0,37 umoles of the salt {1.8 uc)

were adaed in 1 ml of sclution per flesk per gram of tissue.

Chemical determinations and procedures:

£liquots were taken from the aleoholie KUH digestion solutions,
extracted with petroleun ether as described previcusly (122}, and
after being taken to dryness on 3 water bath, were mde to volume with
95 per cent ethanol, The extractions were carried out in 50 ml serew
cap culture tubes using syringes and needles for the separation of phases.

The nonsaponifiable frsction will be referred to as the cholesterol
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fraction with the reservation that a small portion of this fraction
pay not be cholesterol per se., The saponifiable fraction is called

the fatty acid fraction.

Cholesterol:

Cholesterol was determined by the nethod of Zlatkis (146) which
involves the formstion of a stable color using acetic acid; sulfuric
acid, and ferric chloride, The color density was wensured on a modified
Bausch and Lomb Spectrenic 20 eolorimeter {37)at a wavelength setting
of 560 pu., Standard curves were prepared and standards were run with
each set of determinztions. Dilutions of the cholesterol samples were
made so that the concentration did not exceed 0,10 mg or fall below
0.025 mg por tube which gives optienl density readings between 0,20 and

C.76 on our instrument. Samples were run in duplicate whenever possible.

Fatty acids:

The fatty acids were det=rmined graviwetrically by adding known
volures of the extructed sample to weighed shell vials. 7The alcchol
was evaporated by heating the shell vials in a 60% water bath while
applying a strear of nitrogen tov the licguid surface. After evaporation,
the shell vials were reweighed and the total weights of futty acids per

fraction were caleulated,

Ketone bodies:

Ketone bodies were determined by the vethod of Besspan and Anderson
{5)s The technicue required the precipitation of protein material with
barium hydroxide and zine sulfate prior to chemical analysis. An aliquot

of the protein free filtrate 1s then heated in a sealed serew cap tube
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in the presence of sulfuric acid which causes decarboxylation of the
acetoscetic aclid with the formation of acetone, Added salicylaldehyde
in the presence of KOH then forms a yeliow color with the acetone. The
value obtained represents the conbined acetoacetic acid and acetone
present in the oraginal sample., This sum is referred to as acetoacetic
acid in the experiments to follow. The tatal ketone body concentration
is determined by adding potassium dichromate to the acid digested sample
whiéh oxidiges the beta-hydroxy butyric acid to acetoacetic aecid which
is then deaarbdxyiated to form acetone, The difference between the
acetoacetie acid concentration and total ketone body concentration gzives
the value for beta-hydroxy butyric acid, The color developed with
salicylaldetyde was reasured spectrophotometrically using the Spectroniec
20 at a wavelength setting of 500 mu, Standard curves were prepared
using ethylacetoacetate, Concentration of 0.02 to 0,20 umoles of ketone
bodies can be measured with this method reéultiﬂg in optical density
readings in the range of .20 to .70, The amount of ketone bodies cone
tained in the liver tissue was small in relation to the amount put iato
the medium by the slice. For this reason, only amlyses of the media

are reported,

Blood sugar:
Fleod sugar deterndnations were carried out according to the methed

of Somogyi {101). After a 2i-hour fast, the end of the rat's tall was
clipped and blood obtained Tor anslysis, generally using U.1 ml samples
of blood, A protein free filtrate was made with barium hydroxide and

gine sulfate. Fingl resvlts were obtained Iror sodium thiosulifate
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titration of the excess iodine after resction with the reduced copper.
Stendard curves were prepared and standard glucose samples run with each

set of sugar determinations,

Radicactivity analysis:

& number of technicues were utilized in determining the amount of
radicactivity present in the varicws fractions investigated. Four
different instruments were made use of in these analyses., All samples
were counted for at least 1600 total counts and if exceptionally low
count rates were encountered, an additional 1600 counts were obtained.
This roubine was carried out in an attenpt to maintain a less than * 5

per cent (the 0,95 error) crror in the radiocassay determinations.

Automatic DAT Micromll Gas flow system ENuclear Chicago!:

The D47 Micromil counter has a high efficiency of counting with

low background characteristics and is espscially suitable for low energy
beta ray counting, i.e. carbon-l4, This assembly can be used with or
without the pleronmil window. The zssays to be reported in this thesis
were all done with the window in place. Asscelated with this counter

as auxillary equipment 1s az Nuclear Scaler (Model 133) with cirecults

for pretime or precount assay, and a Nuclear automatic sample changer

capable of handling 32 samples.

Manual D47 Micromil Gas flow system (Nuclear Chicago):

The manual instrument is sinilar to the one mentimed in the
paragraph above except that each sample is engaged menmally using the
NHuelear Manual Sample Changer (lodel ¥w-5) attached to a Fuclear Scaler
{Fodel 183). The efficiency of counting end backsround activity for the

marmial instrument and the subtomatic instrunent are identical.
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Ind window sveten:

The Geiger Mueller end window system is a Nuclear Scaler (Model 163)
attached to a Tracer Lab 1.7 ng/en? end window tube which is housed in an
aluminum-lead shield, The sarple holder has three shelves so that sauples
with a greater than normal redicactivity can be placed abt a distance from

the window glving greater latitude to the counting.

Vetabolism chamber for gas anmelysis system:

The wetabolism sssenrbly hes been described previcsly (170), and
will be discussed only in eneral terms. The charber which holds the rat
has inlet connections far {0y free air and an exit connection for expired
C0gs The eir from the chawber is drawn through an H30, drying tube to
toke out moisture prior to assay in 2 lead shielded chawber containing a
G-¥ end window tube. The G140, is monitored by a Berkeley Decimal Scaler
(¥odel 100) which then activates & Berkeley Count Rate Camputer (Model 1600)
to which is attached an Esberline Anges chart recorder. The rate computer
allows visual observation of the count rate awd also sends rate information
to the recording device which charts the time course of 81402 collection,
The ges is drawn fror the chanber into COp collection flasks containing
NaOH, The flow rate of the gas is kept constant by the use of a Cartesian
Manostat in series with = small oscillating diaphragm vaewam puwp.

The sarples assayed in these variaus instruments included ones that
were infinitely thick, infinitely thin, licquid, and also paper chromato-
graphic strips. Factors were determined experirentally in this laboratory
which allowed the assaying on any of the above assemblies of various kinds

of samples, with subsequent conversim o any other asserbly, and inter-
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conversion to suy other kind of counter. Consequently, sl1l final counting
was caleulated in terms of what that sample would have assayed as an

infinitely thick BalCq plate on the D47 counter.

Infivitely thin samples:
Samples are consildered infinitely thin when the addition of ampll

increments of sample shows a linear increase in count rate. This situation
is obtained when the sample on the plete is so thin that no measurable
self-absorption is taking place, Dxperiments in thie loboratory {57)

have shown that this amount of cholestercl ar fetty scid is less then

0.3 mg per planchet, The planchets used were zluminum with a surface

area of 5 ew®, The sample is placed in the planchet with a pipette and
then evaporsted to dryness under s heat lanp. The dried sanples were

assayed in me of the counting devices,

Infinitely thick samples:
Samples that are infinitely thick are those which after the additioen

of more sample to the plate show no further increase in count rate because
the activity underneath can no longer penetrate to the surface of the
plate and thus cannot be counted. Therefore, st infinite thickness, you
have the waxinum count rate obtainable with that particular sample and

sample holder.

Liggiﬁi:
The radioassay technicque of aqueous samples contalning carbm-li
was developed here and has been described previously (125). The liguid

sample to be assayed is pipetted imto a stainless steel planchet {Naclear
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Chicago 58«10). A senll drop of 1 per cent aerosol solution is sdded
which reduces surface tension znd sllows the sample to spread out in a
filw completely govering the bottom of the planchet, The sample holder
is then ecovered with a thin Mylar film (Du Pent) which is held in place
by a rubler bend. The sample is counted under the end window Geiger
Fueller tube arnd the results converted to their infinitely thick BaCO3

equivalent,

Chromstosraphic strip assay:
Ketene bodies were assayed after being icolated bty nscending peper

chromatography, utllizing e butanol, acetic secid, water system {(411:5),
and Whatran #3 filter peper. After chromatography, the stripe were cut
inte 1 em. sections, atbached to nluminum planchets with rubber cement,
and the sample s‘ counted under the D47 counter. The values obtained wers
conputed as infinltely thick samples and the counts per minute z;rere
plotted with respect to Rf value., Ithyl aaaﬁoacetate-—l,j‘:-cu* prepared
in this laboretory and commercial ethyl a.cetmeatatmjwcu* were hydrolyzed
and chromatographed, The Rf of acetcacetic acid in aur system was 0.7h.
Ethyl acetoacetate-1,3-C14 prepared in this laboratory” was hydrolyzed
and chromatographed, the Rf in cur system being 0.7L (Fig. 2). The
additional peak (Rf 0,87) in Fig. 2 was felt to be due to unhydrolyzed
ethylacetaacetateml,awcu. Fig. 3 represents the chromatography of ethyl
acetoaceta te-—l,B-—B‘u* with an Rf of G.87, confirning the identity of the
second peak in Fig., 2, The Rf of bsta-hylroxy utyric acid was found to
be $.80 as determined by color developrment with ferric zhlorids. As
deterrined on standard sanples, less of mdicactiviiy due to decarbexylation

* The assistance of Kr. William Kemnitz in the preparation of the doubly
labeled scetoacetate is gratefully acknowledged,



Fig. 2: Radlochromatograph of hydrolymed ethyl

acetoscetate.

A chromatographic strip was cut into 1 ocm strips
after chromatography of hydrolyzed ethyl aceto-
acetate, Each strip was counted for a total of
1600 couts on a D47 Nuclear gas flow counter,
The counts per minute obbained were graphed with
respect to the Rf value on the chromatogram,

Fig. 3: Radiochromatograph of unhydrolymed ethyl

acetoacetate.

Same technique as in Fig. 2 above except that the
radicactivity originated from unhydrolyzed euhyl
acetoacetate,
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of scrtoncetic neid during chromstography and radloassay did not exceed

& per cent, UNo correction has been made for this loss. The total redio-
setivity recorded tetween Bf 0,57 nd Q.82 is considered to be due to
acetoscetie and beta-hydroxy bubtyric zeid (39). The per cent incorporation
of the labeled acetate iInto the Cj fraction of the sukstrate was caleulated
as followst |

, radicactivity of specified Kf range x tobsl wol,of wedium
total radioactivity of the dose x vol,of alicuot

£ Inec. x 100

BaC(_); plates:

The preperation of BaCO3 from alkaline solutions has been previcusly
de;*scribed (125) in detail. In the experiments to follow there were two
types of samples that were prepared for BaCO3 precipitation. The in yive
COs collection was mede in 100 ml containers, and it was necessary to use
aliouote fror each flask due to the large amcunt of COp collected from
the entire animal, On the other hand, the in vitro technicue required
the quantitative transfer of the absorbed COp into conical centrifuge
tubes (50 ml), This transfer and plating has also been described previously
(122).

heetate=1-Cllwms cssayed as BaCO3 under a Geiger Nueller DL7 Nicromil
Counter after persulfate combustion (113) and also as Mylar covered liguid

samples using the technicues developed in this laborziory (125).



CHAPTER IIX
EXPERIMENTAL RESULTS

Statistical Evaluatiens:

The evaluation of the significance of the difference between mean
values reported in the following sections was made using the t test at
a confidence level of 0,95, The "p" velues are reported in sach of the
tables, and those equal to or less than 0.05 are consider:d to indicate
a significant difference. In most instances, the standard error is
listed in the table with the nean value. The tine course information
for liver and gut tissues (Fiz. 5 and 6) was plotted on semilog paper,
The best fitting curve for each component was obtained using the metﬁod
of least squares after transformation of the numbers te .heir legarithmie
equivalent. The analysis of the difference between the slopes of lines
wvas vade utllizing linear regression amslysis and the ¢ test, A wpt
v:lue egual to or less than 0.05 was taken to indicate a high probability

that the two values were frow different populations,

Series I: 1In vitro metabolis: of acetate in normal and diabetic rat

liver.
The animals utilized in this series wel-hed between 200 and 228
grams ab tire of sacrifice and all animsls had bee: maintained on a
trained fveding regime at leust 5 days ricr to use, The diasbetic
anizals were not trained to feeding (see Methods), Control and diasbeties
vere used one hour afber the hour feeding period. Acetate-1-C14 vas the
tracer wolecule employed. The other experimental .rocedures followed

were as outlined under Methods (In vitro, paze 31).
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In Table I there are reported the manometrically measured oxygen
uptakes per hour per gram of liver tissue. Also recorded are the umoles
of 302 produced per hour per gram, the calculated respiratory guotients,
and the per cent incorporation of acstatewl-clh into clhoz. Normal and
diabetic groups consisted of at least 10 animals each, with a minimum
of duplicate flasks being run on each animal, thus providing a total of
20 samples from wh ch to determine the mean values for each group.

Table I. Oxygen uptake and €O, production by normal snd diabetic
rat liver slices®

05 uptake COy produged Respiratory £ Acetate

Animals  umoles/nr waoles/hr Guotient incorporated
/8 /g into CO,
Normal 62,1 * 0.8" 56,7 *+ 1.7 0.91 * 0,07 7.9 + 0.5
Alloxan
Ddabetic 53,4 :; 1.8 49.1 ;‘; 2,2 0.92 3’_ 0,08 13.5 i’_ Ce2
ﬂpﬂ
values < 0:01 { 0.0 Y 0,10 < o.a

* One gram of slices in 27 uwl buffer containing 0.57 umoles of tracer
acetate; time of incubation = 1 hour.

¥ Mean * standard error

It is seen that both the amounts of 0, utilized and the amounts of
CO» produced by the disbetic animals are lower than those for the controls.
The R.fi. values, however, do not differ. The percentages of the tracer
doge oxidized to clﬁoz by the diabetie snd conirol slices were 13.5 and
7.9 respectively, the 70 per cent increase of the diabetic over the

normal being significant,



Table II presents a comparison of the amounts of fatty acid and
cholesterol per grem of tissue and the acetateml-cm activity incorpore
ated into these two classes of lipides, It is clear that the amounts
of fatty acid and cholesterol are the same for both mreparations. The
lipids of the diabstic rats, however, contain significantly less label,
The fatty acid labeling is seen to be reduced 92 ver cent and the chol-
esterocl labeling 23 per cent for the disbetic as coppared to normal
slices,

Table II, Amounts of lipid isolated and per cent incorporation of
acetate~1-Cl4 into 1ipid of liver slices

Fatty Acids Gholestersl
Animal :
mg/g tissue Acataﬁg%ineqrp. mg/g tissue Acetate Inecorp,
% 4

Normal 23,9 *+ 1.0" 0.21 * 0.05 2.4 % 0,1 0,27 * 630
413 oocan
Disbetie 25.3 * 0,9 0.02 * 0,01 2.2+ 0.1 0,05 » ,009

ﬂﬁu

velues > 0.10 £ 0.000 > 0.05 { 0.00

+ Nonsaponifiable
¥ Mean * standard error
¢ Per cent inc, per hr per g tissue

Table III gives data obtained from the analysis of the medium for

ketone bodies. The radioactivity values represent the total activity

present in the conbined acetoacetate and beta-hydroxy butyrate fraction.
The amounts of ketune bodies releassd to the medium by the diabetie

liver slice are seen to be considerably laver than those for the normal



livers.

The decrease in total ketone bodies is csused by a decrease

in the beta-hydroxy butyrate fraction; the acetcacetate fraction of

both preparations being siwilar, The smount of ae@t&te-lﬁm incor-

porated into the C; fraction (acetoacetate and beta~hydroxy butyrate)

is significantly depressed in the diabetic,

Table III. Amounts of acetoacetic and beta-hydroxy butyric acid
isolated from the substrate and the incorporation of
acetate~l~C* into these fractions

Ketone bodies of the medium®
Animal Total ketone Beta-hydroxy hcetoncetic Acetate ine.
bodies produced  butyriec produced ¥
produced
Normal 13.7 £ 0.9 7.0 + 0.6 5.7 2 0.3 5.2 % 0,27
Alloxan .

Diabetic &05 i 101 3'6 _’t 0.9 5QU :_ 0¢3 3#3 i 6&1&'
"p* .
values { 0.01 < 0.02 > 0.05 { 0,001

* umoles/hr/g

¥ Per cent ine./hr/g

¥# Mean * standard error

L5

Series I1: Metabolism of acetate, scetoacetate, butyrate and mevalonate®

The animals used in this group of studies were similar in weight

(220 - 225 grams) to those of the first series,

gime was, however, altered slightly as corpared to the others,

The nutritional re-
The

* The acetoacetate studies listed in Series II were carried out by
¥iss Alicias Marco', and are included in this thesis only because they

camplement the acetate, butyrate, and mevalonic acid data.
appreciation for this courtesy is acknowledged.

Sincere
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'The mevalonate studies were done on snimels fasted 1 hour and experi-
ments on ascetate, acetoacetate and butyrate with animals fasted 3 hours.
In investigations not being reported here, there was found less variable
lipid labeling of 3-hour fasted animals as compared to l-hour fasted
animels, The liver slices of animals of the present series were
incubated in the presence of either asetate~lwcl% acetoacetate-3-Clh,
butyrate~l~clh, or mevalonic acid-2-0lb,

Since in liver slice studiss, an excess of labeled metabolite
is always present, it was necessary to determine the stability and
distribution of the label of the tracer mevalonate in the lipid
fractionation procedure. For this experiment, 0,85 umoles of NVsz-Clh
were added to a graw of liver tissue suspended in alccholie KOH, and
the nixture was digested and fractionated ag deseribed under methods.
It was found that 0.05 per cent of the label was subsequently recovered
irn the saponifisble fraction, 0.07 per cent in the nonsaponiflabile
fraction and that more than 98 per cent of the added 31& was pressnt
in the zeid aqueous phase that is usually discarded. Since radio-
ehromatorrans of suspending mediwe, after lehour ircubation with 1 gram
of liver slices, showed the presence of 87 per cent of the added clh
mevalonate, it is likely that the "contamination" of fatty acid and
cholesterol fractions would not exceed 0,007 and 0.0l per cent respec-
tively. In view of this negligible activity, no correction was made
for this slight contarination from mevalonie acid in lipid activities
reported below,

To determine thst the present series of animels was compnrable
4o the first series described above., analysis was made of ketone bodies

present in the medium after incubation of the slices for 1 houwr., As
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indicated by the data in Table IV, the disbetic preparations produced
less ketone bodles than the normals end as before, thie was shown to
be due to 2 reduction in beta-hydroxy butyrate since the amounts of
acetoacetate were normal.

The amounts of lipid in the iissues were determined snd found
to be in agreement with those reported in Table II, With such similari-
ties in findings, it is coneluded thet the responses studied are
common to normal and di&heﬂzis preparations of this laboratory, justi-

fying comparisons between groups.

Table IV: Ketons body production by normal and by diabetie liver

slices™
Anizel Total ketone bodies Beta-UH butyrate Acetoacetate
Ho., Kind umoles/hr/g wnoles/hr/g umoles/hr/g
8 Mormal  14.7 * 073 9.2 + 0,60 5.5 + 0,08
é Alloxan
Diabetic 10.4 * 0.63 5.6 * 0.59 5.5 * 0.30
"p* values { .05 L <05 > 10

* One gram of elices in 27 ml buffer containing 0.57 umcles of
tracer. :

*¥* vean # standard crrer.

The respiratory gas exchanges of 12 normal and 14 diabetiec anlmals
from the butyrzte and mevalonate experiments were followed. The normals
used 59.8 * 3.1 and the diabetics 56.0 * 2.2 umoles Oy per gram per

hour; the difference is not significant (p 7.05). The normals produced



59,3 * 2.4 and the diabetice 51.6 * 23 umoles 602 per gram per hour
the difference of 7,7 umoles is significant (p {0.05). The decrease
in 302 production is the same but the decrease in U, utilization is
not quite as large as reported in Series I,

The ineorporation of Gl& of the four tracer substances into €045
- fatty acids, and cholesterol is reported in Table V, Comparison of
differences in the response of norrmal and diabetic aninmals is offered
by the appropriate p values, It is evident that with tracer acetate,
acetoacetate, and butyrate, there was a real decrease in the labeling
of fatty acide and cholesterol of the diabeties., There was no signifi-
cant change in the formation of GlAQZ by the disbeties, but the de-
ereased production of G0, in the diabetic, in the presence of norral
014 labeling of the CO,, gives rise to G140, of higher specifie
activity as was reported before. '

Essentially the same amounts of each of the three test compounds,
acetate, ascetoacetate, and butyrate, were converted to lipids by the
norwal and by the diabetic animals, The diabetics,.hawmvar, showed a
lower level of incorporstion of all three compounds. A grossly diffe-
erent pattern of 002 labeling was present for these same three sub-
strates. Glhﬁz appearing from acetoacetate was only asbout one-sixth
that cowing from acetate and butyrate,

Mevalonate was incorporated into the three fractions in a patiern
quite different from the other substences. Although sbout the same
amount of ClA activity was incorporated into fat y acids as in the
case of the other three metabolites, there was an increase in choles-

terol and a decrease in 6&2 labeling. The responses of the disbetic
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animels did not differ from those of the normals in any of the fractions
studied. Studies on systems other than liver slices (36,145) have

shown greater labeling of cholesterol from mevalonate than observed
here. A time course study was carried out to gain more insight into
the dynamics of mevalonate metabolism in the liver slice preparation,

Table V. Incorperation of tracer substances into CO,, fatiy
acids and cholesterol

Animal Tracer % Incorperation per gram of tissue per hr.
Substrate
No. Kind Fatty Acids Cholesterol 602
6 Normal Acetete 0,23 ¥ 0.05° 1.22 * 0,15 11,9 * 1.22
6 Diabetie heetate 0,01 *» 0,002 0.02 * 0,002 15.6 * 1.1,
"pn """"" - :
valuecs L 0,05 L 0,005 > 0.10
6 Normal Butyrate 0,18 + 0,09  0.83 + 0,032 12.8 * 1.2
7 Disbetic  Dutyrste  0.0L + 0.003 0.03 % 0,010 14,2 * 1.0
H'/p,ﬁ
values < 0.05 < 0.0L > 0.10
8 Normal Acetoacetate 0,11 # 0.024 0.49 * 0.95 1.6 C.2
L Disbetic Acetoscetate 0,02 * 0,001 0.0l + 0,001 2.0 % 0.1
e { 0.05 { 0.02 > 0.10
6 Normal  Mevalonate  0.26 * C.OL™ 5.8+ 0.6  1.34 * 1.0
6 Disbetic Mevalonate 0.38 + 0.0k 5.6 * 0.2 0.88 * 0.2
ﬂ-pﬂ o -
valmes > 0.10 > 0,05 J 0.05

#* Mean * standard error

#*  As per cent of the active isomer.



In Table VI there are recorded the nean values obtained from this
time course study. The data 1s not presented with & statistieal
evalustion, but it is clear that the rates of labeling decline after
the first two hours, The high rate of label incorporation in the
first hour indicates that tracer perpeability (i.e. availability to
the cell) was not seriously limiting, It is likely that the equili-
brium period pernitied sttainment of ce}lular mevalonate levels
commensurate with the hich rate of utilization recorded for this
first psricd, OSince adequate levels of tracer mevalonate remained
in the redium, it is likely that the decline in imcorvaration is due

to a lack of accessory factors,

Yable VI, Rates of labeling from mevalonate-2-GLb

i ¥
Hour No.Animals # Incorporation per gram per hour

Fatty Acids Cholestercl COy Total
2nd 2 0,07 2.50 1.50 4,07
3rd 2 Gg@l& 2010 0;8(\3 2»9!{.
4th 2 U, 08 1.30 0.20 1.58

¥ Mean values

Series III: In vive metabolism of mevalonste.

Tﬁese studies constitute the observations obtalned after intra-
peritonesl injection of mevalonie acld-2-0*# into intact rats. The
aninals veighed 80-100 graws at time of saerifice. Young animals

were utilized because of the observation of Wright (145) that tissue
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from young rats favored incorporation of MVA into cholesterol in rat
liver homogenales. In vivo work in our laborstory has indicated,
however,that young adult rats (200 grams) show no less incorporatien
of label nor a grossly different labeling pattern. A totsl of 27
andmals was used in the pressnt studies.

In Table VII are recarded the amounts of cholesterol found in
the major fractions studicd, as weil os a detailed gseraration of the
conponentz of the carcass fraction, The carcass tissues contain
appreximately 55 per cent of the animels total cholesterol, while
the gub, skin and liver contein 23, 15 and & per cent respectively,
It 1s interesting that the amount of cholesterol per gram of tissue
1s relatively constant in the four large fractions. Brain aand adrenal
tissue have higher cholesterol concentrations than other tissues,

The amounts of cholesterol in the various fractions sre ir agreensnt
with Chevallier's findings (35),

Table VIII presents the par cent of the administered dog- found
in the tissues in the tiwe pericds between 15 mirmtes apd . hour's,
The molecular species containing the radicactivity of the blood =rd
urine were not characterized., The first cbservatlon of interest irom
Table VIII is that the cholesterol labeling is 95 per cent maxirsl in
30 minutes and is maximal st the 1 hour post injection time. The
same is true for the acidic fraction. It appesrs thst zlrost 1/4
of the tracer dose is the maximum which can be incorporated into the
sterol fract’ion, Gf the ‘total‘aiose, 3.8 per cent is directed to the
acidie fresetion. Urinary excretion of ¢lb activity was 90 per cent

complete within the first hour, psralleled by a decresse in activity
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Table VII. Cholesterol content of tissue

No. of  wmg/gm  Weight  Wgt. Total % of total
Fraction Animals tissue tissue cholesterel  body cholesterol
grams ng
Liver 16 2.6+ 0.6% 4.5 1.7 o2
Gut 16 2,02 0.6  21.4 42.8 22.8
Skin 17 2,92 0.9 10.3 299 15.9
Total 17 2,6 0.3 5L.7 103.4 35,1
carcass
Kidney 7 Le3% Ouly .88 3.8 2.0
Brain b 13.1% 2.9 1.70 22.3 11.9
Adrenals 8 3.5+ 11.0 .02 o7 b
Leg nuscle 3 +85 1.00 .85 5
Diasphragm 3 .73 o 32 .23 o1
Gonads 2 1.9 «8h 1.6 «83
EJF.P. 2 o51 80 &l o2
Lung 2 L5 o 6ly 2,88 1.53
Spleen 2 3.8 «31 1,18 63
Heart 3 33 o3 45 23

# 4
Mean * standard errar.



53

Table VIII. Per cent™ recovery of injected radiocactivity

No. of , —_ Total
Time  Animals COp™  Cholesterol fAcidic Urine Blood Recovery

15 min, 3 0.k 15.9 2.5 1.0 7.0 41.9
30 min. 2 Lol 22,7 3.0 23.3 5.0 55.4
1 hour 3 3.50 23.8 3.8 52,5 2.5 85.8
2 hour 8 6.40 21,0 2.3 59.6 2.4 91.3
3 hour 3 8.00 21.9 3.3 58,6 2.5 9403
L hour 5 9.00 18.0 3.6 57,0 2.7 50.4

* Per cent of the total dose of D,L NVA-2-glé
*¥ The COy deta was obtained from a total of 5 snimls, the serial
samples being so spaced in time <s to yield a minimum of 3 values

for each time interval.

of the blood to a low level by the end of the l-hcur time period. At
the 15 and 30 minute time intervals, total recovery of activity is
secn to be only 41,9 and 55.4 per cent, respectively. It has been
shown previously that NVA is not extracted in the procedures for
iselating fatty acids or cholesterol so that it cen be assumed that
the total zetivity uneccounted for in the early time periods was as
EVA per se. A larger amount of zetivity is accowrted For in the urine
in the 30-minute to l-hour periods. By the end of the first hour,

86 per cent of all the administered radiaéctivity was acgounted for

in the total recovery ,
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The respiratory Gu‘()g activity is seen to rise regularly (Pigz. 4)
during the first 2 hours and then to decline sarewhat during the
subsequent 2 hours, Of the total of the 9 per cent incorporation in
b hours, 3.5, 2.9, 1,6 and 1 per cent were excreted per lst, 2nd, 3rd
and kth hour respectively,

Table IX presents data on the sctivity found in the cholesterol
fraction of liver, gut, careass, skin, rnd brain over a 2h-hour period
foellowing injection. The radioactivity of both corcass snd skin
froctions appear to reach high valueswithin a short time. The brain
tiesue is, as reported by others, relatively inert as regards choles-
terol synthesis even in ihese young sninals, ‘There was s loss of
¢holesterol [raction activity frowm the liver during the 24~hour time
period &nd there was a concomitant increase in the lzbeling of the
cholesterocl of the gut fraction. The lsbeled cholesterol nmovement
from the liver, after gynthesis frow “:-‘:-NA—Q—-—CM, inte gut, occurs
presumably via the bile duct (ductus choleductus). If the infermation
concerning liver and gut (Table IX) is plotted as in Fig. 5, a biphasic
curve becames apparent for both fractions. The liver Ffraction has a
rapid corponent with 2 half life (t}) of 1.5 hours and o slower
cowponent of 7.5 hours, The activity in the gut fraction is seen
to increase (Fig. 6) snd the curve of response is resolvable into 2
components that have half times of 1.3 and 7 hours. The initial fast
turnover component of liver is of course made up of two processes,

the slow and the faster fraction., However, the effective rate of
cholesterol wmovement was of more interest than the individual contri-

butions of either component.
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Fig. 4: Re Eéiahery C 0, activity from

The,per cent of the dose of mevaloniec acid-
2-C** converted to CM0_ by intact rats
after iniraperitoneal iﬁjeatiaa of the low
bel is plotted with reapect to time., The
CUy data was obtained from a total of §
animals, the serial samples being so specéd
in time as to yield 2 minimur of 3 values
for each time interval,
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Table IX. Time course of cholestercl labeling from ¥VA-2-Clh

Post-Inject. % of labeled body cholesterol in ,
Time Liver Gut Carcass Skin Brain

15 min. 25.0 6.8 63.2 2.2 0.3

30 min., 21,0 7.5 70.3 2.9 0.1

1 hour 17.3 8.3 72.0 2.5 e

2 hour 11.2  13.2 77,0 2.7 -

3 hour 10,1 lhk 7340 23 0.2

4 rour &4 17.3 7.2 2.9 0.3

2, hour Lok 11,7 81,0 2.9 —

Because of the heterogeneity of the carcass fraction regarding
types of tissue, it was felt desirable to better define the particie
pation of the several tissues. Table X records the values obtained
on the total body distribution of labeled cholesterol 2 hours post
injection, Tﬁa results for the liver, gut, and skin fractions agree
well with the previous deta (Table IX) for 2 hour snimals., A nmost
interesting finding is the relative armnt of radicactive cholestercl
found in kidney tissue, The other fractioms of the carcass contri-
bute relatively little of the radicsctivity of the newly formed
cholestercl when compared to the kidney, The adrenal gland has sn
appreciable concentration of radioactive sterol, but it represents
a swall part of the total carcass sterol,

With the finding that at 2 hours the kidney contained the greater

part of the radicactivity of the carcass fraction, it appeared



Fig, 5: Turnover of liver cholesterol,

The per cent of labeled body cholesterol found in
the liver has been plotted with resveet to time
after injection of mevelonic acid-2-C**, The
straight lined curves were ciuiained by the method
of least squares after the transformation of num=
bers to their logarithmie function. The differ-
ence in slopes of the two lines were compared and
found to differ statistically. The half-live of
the fast conponent (t}) = 1.5 hours and the slow-
er component (ti) = 7.5 hours.

Fig, 6¢ Turnover of gut cholesterol.

The per cent of labeled body cholesterol found in
the gut has been plotted with respect. o time

after injection of mewvalonic acid-2-C™*, The evale
uation of the lines of the slopes were as listed

in Fig. 5 above. The time necessary for the gut to
double its radicactivity is also seen to be bi-
phasic. The more rapid component has a half-life
(t1) = 1.3 hours and the glower component (t}) = 7.0
hours.



30

20

% lncorporation

20

% Incorporation

LIVER
CHOLESTEROL

10
o)

GUT
CHOLESTEROL

Hours

Figare 6



58

desirable to better define the role of the kidney in cholesteropenesis.
Te this end; & special time course study was made to follow the
metabolism of cholesterol in kidney tissue, From the data of Teble XI,
it is eclear that at the 15 minute tine the kidney contains sore 79 per
cent, of the radiocactivity zenerally attributed to the carcass cholesterdl
frection., The activity of the kidney chelesterol fractlon rises during
the first hour, but it is ot koown if this increase 1s significant.

In any event, kidney sterol radimaétivity renained hich during the

4 hour period of stuly. Some 4O per cent of the total ¢c.rcass acldie

fraction was also found in kidney tissue.

Table X, Total body distribution of labeled cholesterecl 2 hours post-

injectiaon,

Y¥o. of %4 of lsbeled ¥o. of 4 of labeled
Fraction Animals cholesterol Fraction Animsls cholesterol
wa gt
Kidney b 57.5 lung 3 0.7
Carcass™ I 11.5 Spleen 3 0.6
Gut. A 11.9 VYuscle 4 0.3
Liver L 4.1 Diaphregr 3 0.2
Skin b 2.5 Heart 2 0.3
Adrenal 2 "ol Tesbes 3 0.2
Bpididymal 3 2
fat pads

Nuscle mass and body structure.

™ ks percentage of the total nctivity found in the entire animal.
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Table XI. Kidney time course date

% inc,of ¥A~2-C1h into ¢ of total amimal ¥ of total animal
No. of cholesterol acidic cholesterol-C aeidic-Clh
Time animels fraoction fraction present in kidney present in kiduney

15 min 2 12.5 0.9 791 36.0
1 hour 2 17.9 1.5 75.2 39.5
2 hoar L 15.8 U6 75.2 25.0
3 hour ) § 15.6 0.9 71.0 27.3
4 hoar 2 13.0 C.6 72.2 16.7

Series IV: In vitro metabolism of kidney tissue

The following group of experiments was an in vitre approach to the
problem of cholesterol and fatty acid synthesizing pathways in the
normal and diabetic kidney slice. The anirels used vere trained to
feeding, weighed 2 O~ 225 grams at sacrifice, and were fasted for 3
hoars prior to use. The three GJ“* compounds, acat&te-—beu, aceto-
aeetahe—ﬁwcu, and mevalonie acid--awﬂu, were utilized in tracing
various metabolic sequ.nces,

The kidn&y slice studies were carried wut to compare kidney and
liver tissues in their utilization of the almvé rentioned tracer com-
pounds, The study was also esigned to compsre the normal kidney slice
and the alloxan diabetic kidney slice in the areas of (Oy production,
oxygen utilization, lipid content of tissue, and the incorporstion of
label fror iracer compounds inte CUp, fatty acids, and cholesterol.

The amounts of ocxygen utilized per hour per grau of tissue of

the normal and alloxan dlabetic kidney sliceare listed in Table XII,
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as well as the amounts of COp produced., The p values assoeciated with

the comparison of these preparations are also listed,

Table XII., Respiratory gas measurements for kidney tissue

. No. Ho. umoles per hour per gram of tissue
CUMAYEN Animals Samples
oxygen utilized €0, produced
Normal 10 10 88.6 * 5.4 114.8 * 6.5
Alloxan
Disbetic 12 17 88.4 * 5.4 117.5 + 7.1
t!pﬂ‘ '
values 7 0,00 2 0,10

* Mean * standard error

It is seen from Table XII that the amounts of oxygen utilized by the
nowral and diabetic animals were the samwe, A eimilar finding is ob=-
served for the €O, produced. There is also seen to be an increased
amount of CO, produced per volume of Oy, yielding an B.Q greater than
X

The amounts of lipid present in the kidney of normal snd dlabetic
animals were determined and the results of these analysis are listed
in Table XIII, The compariswr; is nade betwsen the fatty acid present
per gram of kidney tissue in the two preparations, normal and diabetic,
as well as the amount of cholesterol present. It is apparent from
Table XIII that the 1lipid eanten%; of the kidney tissue iz not altered
by the condition of experimental slloxan diabetes, for as can be seen,

the mg, of fatty acid and cholesterol per gram of kidney tissue remaim
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the same in the normal and diabetic, The findings of a lack of alteration

in lipid composition of the kidney tissue is similar to that obtaining
in the liver slice (Series 1).

Table XI1I, Lipid analysis of kidney tissue

Condition  Wo, e of lipid per gram of tissue
Animals Fatty Acids Cholesterol
Normal é 48,1 i 7.8 L3 .t 693
Allexan
Diabetic  © 7.8 » 6,1 hel 2 0.3
ﬂpﬂ
values > 0.30 >0,10

* Mean + standard error

Table XIV lists the comprisons that were rade between normal and
disbetic kidney preparations as regards the activity of this tissue in
incorporating ae@tat&—l—-em, the labeled corpound, inte respiratory

Cﬁg, fatty acids, and cholestercl,

Table XIV. Acetate-1-C1* incorporation into kidney tissue

Per cent incorporation per hour per 100 mg

Condition  NO°

Animals  Fatty Acids Cholesterol €O,
Normal 7 0.16 + C.04" 0.11 * 0.05 53,4 * 1.90
41loxan
Biabetig 6 0015 :_ 0.01} 0009 :‘ 0-02 1"50@ : GDBG
) Hp?ﬁ

* Mean + ghtandard error
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The {inding of a lack of alteration in the incorporation of acetate-
LwClh jianto the twe fractioms, {altly acid and cholesterel, differs "rom
the findings presented in Series I for liver tissue. The diabetic liver
slice was shown to have é decreased incorporation of acetabe-l1-Cl4 into
fatty acids as well aza cholesterol. The amount of acet\atemlncl‘g' oxidized
te GO, by the diabetic kidney slice as compared to the normal kldney ls
seen to be decreased.

wWhen acetoaﬁetaf,ewsmcu‘ is added to the suspending medium of incubating
kidney slices, there is seen to be a di erent response in hendling of
t'is tracer than is elicited by !iver tissue., Table XV presents ihe
data obtained from the incorporation o scetoacetate~3-Ct4 into g

fatty acids and cholesterol of normal and allexan diabetic kidney slices.

Table XV. ﬁce’beaeetam»ﬂ?wgl‘e* incorporation into kidney tissue

rer cent incorporated per hour per 100 mg

Condition No.

Animals  Fatty acids Cholesterol G0,
Normal g 0.21 + 0.06° 0.09 & 0.02 50,5 + 2,0
Ailoxan
Diabetic 10 0.5 + 0,03 0.09 ¢+ 0,02  55.8 & 2.6

et

* Mean ¥ standard error.
The "% values for the above table are all > 0,10,
The information for &w‘amwtata-—-j}«{}u* atilization reserbles that
for acetata—»l-{}u‘ for there is seen to be a sindlar mamitode of

labeling of the ¥ fractions by these two btracer compounds. There is



also seen to be little differsnce in the swount of acet%cetatw}—ﬂm

axidized to COp, incorporated into fatty acids and/or cholesterol
when the normel and diabetic preparations are compared,

The final observations concerning kidney tissue were obtained
utilizing mevalonic acid=2-Cl4 as the tracer molecule, The results
of mevalonic acid-2-01% incorperation into €U, fatty acids and chol-

asterol are listed in Table XVI,

Table XVI, FKevalonie a,cid-z-cu" incorporation into kidney t,iésue
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Per cent incorporation per hour per 100 mg

Condition  No.
* Anims

s Fatty Acids Cholesterol cea
#* , 4t .
Normal 7 Osl5 » 0,10 502 + 0.82 3.7 x 0.89
Alloxan Y : P
B
ﬂl§e5 7 0.10 Y 0.10 > 0,10

% Mean * standard error
¥ e per cent of the active isomer.

Mevalonie acid-2-C'% labeling of C0,, fatty acids and cholesterol

is similar in the normmal and cisbetic kidney slice preparations. The
findings obtained from the liver slice with mevalonic acid as tracer
is analagous to the findings obtained from the kidney, i.e, there is

normal incorporation of the tracer im both prepzrations,
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CHAPTER IV
DISCUSSIONS

Because the experimental results were presemted in a sequence of
four interrelated series, it seems appropriaste to discuss the findings
in & similar fashion, However, prior te such a discussion, there are
some genersl remarks to be made which pertain to the overall problems
of oxidation, lipogenesis, and cholesterogenesis of the experimental
animal under considerstion, i,e. the rat.

In the mammal, acetyl-S«CoA is the focal point for several mete-
bolic sequences so that the sime of, and the flux through, the acetyl-
S-CoA pool are dependent on a variety of interrelated reactions,

The relationship of a nunber of the key metsbolites are indica-
ted in Fig. 7. The intermediates znd end products with which this
thesis are primarily concerned are shown without brackets,

The decreased lipogenesis of the alloxan diabetic rat has been
considered due to variations in a mimber of regulatory factors (2k,
32,119,140). Some investigators have felt that the availability of
oxalacetate was the limiting factor while others have proposed the
need of glycolytic intermediates for the normal synthesis of fat.

The decrease in fatty acid labeling in diabetic rats has been postu-
lated a2lso to be due to decressed availability of TPNH which is norm=~
ally kept at optimum levels by carbohydrate metabolism via the hexose
monophosphate shunt (99). Cofactor requirements for the DPN system
have been shown at B,C and G and for the TPN system at ¢, D, E, F, and

G, Fig. 7, (%31&2;63-,65,70).%

*Hecent evidence by Chaikoff et al suggests that TPN/TIPNH ratios are not
altered in the diabetic and therefore TPNH supplies are not the control-
ing factor in fatty acid synthesis(147).



Fig. 7: Relationship of some kev meta-
bolites in lipogenesis.,

The schematie representation listed is
an aitenpt to show ths interrelationship
of a nunber of intermediates in lipid
metabolism and also to show the central
position of acetate,
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Fig. 7
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Cholesterol labeling from acetate—l—ﬂlh has also been shown to be
diminished in the intact disbetic (119), as well 28 in diabetic liver
slices as reported in this thesis, The observation of decressed
cholesterol labeling in the diabetic is a2t veriance with the findings
of Hotta and Chaikoff (34) who observed increased cholesterol labelw
ing from acetate. Gurin et al (50) showed no difference in cholesterol
labeling between normal and diabetic liver tissue.

Some of these discrepancies have srisen as a consequence of come

paring in vitro work from one laboratory with in vive results from
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from another. It was felt desirable, therefore, to conduet in vitre
versus in vivo responses in the same laboratory using similar conditions
of feeding, fasting, etc., and this has been attempted., The present
results deal with the in witro utilization of various tracer molesules
as well as the comparison with in vivo information obtained in this
laboratory.
Series It In vitro metabolism of acetate in normel =nd diabetic rat
T liver.

is one would attenpt to assay the utilization of scetate in mammale
ian systems, as 2 measure of lipogenesis, it is necessary to make availe
able to the cell sowe labeled acetate, The 2 main routes of dosage
adrinistration for the intaect animsl are intravenous and intraperitoneal.
For the slice technique, added tracer to the suspending medium is the
usual practice for following the fate of the label. In all of these
methods, it i2 a primary need to move the acetate from the extracellu-
lar énvironment into the cell, After entry into t&e cell, the first
enzymatic step in scetate wetobolisw is undoubbably its "activation®
by combination with eoenzyme A to give a high energy thiol e:ter
linkage which we e¢ali acetyl-t-Uod, After activaticen, this molecule
has severzl routes availsble to it (see Fig., 7}, and the pathways of
choice will depend on the conditions prevailing in the eell at that
time, Factors influencing the metabolic routes of acetste have been
shown to be starvation and experimental alloxan disbetes., In Series I,
the attempt was made to assay and evaluate the influence of the disbee
tie preparation on acetate utilization fﬁr fatty acid synthesis,

choleaterol synthesis, and for oxidative metabolism.
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The diabetic preparations utilized 2 decreased amount of 02 and

produced a decreased amount of C&z in the experimental period, but

the 802 formed contalned a2 significantly greater amount of the tracer
carbon than did the control praparaiions (Table I), This observation,
that the disbetic slice preparation produced a decreased amount of

€Oy, is again not in accord with the conclusions of Hotta and Chaikoff
{34). These workers, on the basis of an increased amount of Clhﬂz,
concluded that the disbetic slice oxidi-ed acetate to a slightly
greater degree than did their normals. Foster and Villee (127) re-
ported that musecles of diabetic rats oxidized acetate at a reduced
rate, The data on the actual amounts of 002 produced, togsther with
the data on the radicactivity of the CO

2
but converts more of the labeled acetate to

s Indicates that the diabetie
rat produces less COQ,
Clhﬂz. An explanation of the above findings may reside in the sugw
gestion that as less CU, is produced in the face of more label bew
coming incorporated, it is reasomable to prediet a decreased acetate
pool in the dizbetic liver to account for the increased specifie
activity., A dilution decrease, i.e. increase in acetyl-S-CoA specie
fic actitivity, greater than the decrsased flux would result in the
production of an increased amount of ﬁlkﬁz in the presence of a de=
creased Cﬁz production. The present findings on the SQZ fraction are
in partial scecord with in wivo findings from this laboratory (117).
Although the group of intact rats did not produce less QOQ, it did
produce more 81462 than did the normals. It would appear that the

diabetic liver slice has adeguate cupacity to utilize exogenous tracer

scetate, A ten-fold increase in acetate conecentration made zvailable



to the cell shows esseutially the same responses, indicating that
perreability of acetate across the cell membrane, or acetate activa-
tion, is not a limiting factor., It is not likeiy that the depressed
labeling of fatity acid and cholesterol fractimns is due Lo an increased
dilution of the acetate~Clh by endogenous acetate, for as shown, the
GOy informstion would suggest a decreased rother than an lncreased
pool size in Lhe in ggﬁgg diabetic liQer slice preparation,

The large decrease seen in fatty acid labeling (Table II) is
pimilar to that previously re orbed {ram this laboratory (119, 140)
and also by othera (22, 50}, and muy be due to several factors, such
a8 pyridine nucieotide requirevents, and acetate avail bility., It is
likely that the inerensed mobilization of depot lipides that oceurs
in llabetes can account for the maintenance of lipid levels in spite
of the decreased liposzenesis.

The data presented for the clolesterol fractions (Table II) reveals
thet the amounts of stercl were maintained, bot Lhat cholesterogenesis
was depressed in the Jisbetiec, the liporenic and cholestercgenic
reactions being depressed to about the same degree. This depression
in hepatie cholesterogenesis is greater than originally reported
by this laboratory for the intact rat (140}, but is in agreevent
with later studies (119). These later studies were carried out on
acube diabetic preparations end involved the use of a larger number
of (ninals and the statistical treatment of Jata, It is not yet clear
how the liver sterol levels have been maintained in the face of de-
yressed cholesterogenesis, It is probable that the ani als used in

the preseot study had the same degree of hypercholesterolemia as the



animals used in the in vive study (119), and that the levels of liver
cholesterocl may be reilsted to the "turnover® of the sterol as well as
sterol synthesis (126).

The decrease seen in total ketene bodies of the diabetic liver
slice seema to be at varience with the general concept of the hyper-
production of ketones by the disbetic liver, It has been shown (1),
hoiever, that liver slices of the fasting diabetic rat did not cause
an increased accwmletion of kotones over that of normals, ﬁna it is
well known th%t the addition of carbohydrate Lo the diet will supr~
press ketonuris and direct scetoacetate carbon to oxidative pathways
(135). The rats of the present series werc fed prior to use, The
recent findings of Scow et al (97,98} with totally pencreatectomized
rats on the c¢lose correlation between ketone body forration and the
amount of liver lipid appear to be related to thislprmblem. A& nuwber
of workers have reported fatiy livers of allaxan dicbetic rats, and
this has also been observed in this laboratory. However, this condi-
tion is most often found in rats diabetic over six months, rather
than the relatively young diabeties used in these experiments. The
requirenent of severe imsulin deficiency, elevated liver 1lipid, and
cortical stirulstion for maximun ketogenesis, appear not to be met
by our preparations. The susgestion of Wertheimer (139) that none
acidotic animals are only partiall y disbetic may be partinent,
Although certain of these facts tend to make the alloxanized rat,
that can be maintained without insulin, less desirable as an sxperi-
mental animal, i% is to be noted that we have shown alloxanized ani-

mals to be equivalent to conventionally pencreatectomized animal in

69
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several parameters of comparison (119,126}, and tlet both of these
preparations show metabolic lesions not seen in eontrol animals,

At this point we would recall that we have suggested a decreased
acetate pool size in the diabetic liver. Since energy production is
a prime function of an organisw, one would expect axidation to prefer~
entlally use available acetate., If the pool size is low, there would
be less acetate available for synthesis, which might well be reflected
in a decreased amount of lsbel appearing in fatly neids ond cholester-
ol. At the same tima; there would be found more label in the expired
GQQ. To test this hypothesis, it would only be necessary to lock at
the activity of same other wstabolie pool which lies on the pathway
of both fatty acid and cholesterol synthesis to see if label iz arrive
ing at this point from the acetate pool. Since others have felt the
block in fatly aeid and cholesterol synthesis to be due to s TPNH
defeciency, one would need lock at a metabolie step following acetate
activation, but preceding any TPNH dependent reactions. These ree
quirements are met by the acetoacetie-3-Cok molecule,

The liver has an effecient beta-keto thioclase enzyre which ¢one
verts acetoscetyl-S~Coh to free acetoacetic acid. It is this reaction
which is felt to give rise to the condition of ketosis when acetylei=
CoA is being formed in the syster in inereased amounts, such as dur
ing fatiy aciﬁ oxidation following starvation or during the condition
of disbetes, The observation that the amount of label incorporated
from acetate is reduced 38 rer cent in the ketone bodies of the dia-

betic (Table III} would support the hypothesis that less lsbel is
avallable for synthetic purposes in the disbetic than in the normal,
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The fact that there is not a2 marked ketosis in the diabetic liver
would also lend support to this hypothesis.

The finding that the diabstic liver slice preparation produced
as wuch acetuacetate as did the normals 1s of interest in the face
of the postulated decrease in acetyl-SeUol pool size, However, this
seemingly increased ketogenesis iz more then off-get by the decreased
forration of beta~hydroxy butyric acid resulting in a decreased total
ketone body production. The decrease in Cl@ label incorporation into
the total ketone bodies is similar in sognitude to the decrease seen
in beta-hydroxy butyrste production. Assuning that acetoacetate is
the wrecursor of betashydroxy buiyrate, il then becores necessary to
expiain these findings on the basis of decreased synthesis of aceto=
acetate because of decreased supplics of acetyl-S~CoA. However, an
additional cause of depressed bets-hydroxy butyrate formation may be
the presence of a break in the reductive conversion of acetoacetate

to beta-hydroxy butyrate by the DPN linked dehydrogenase enzyme ast
Aostoacstate + DPNH wee—scmad  bota-hydroxy Butyrate + DPN

That such a break ray be due to decreased supplies of DPNH seems
possible for in addition to the depressed glycolysis of the dia~
betic we have shown that when the clh acetate dosage to the liver
slice is inereased there is an inerease in acetoacetate production
(both in mass and in radicactivity), but there is not a correspond-

ing inereasse in beta-hydroxy butyrate production., Fsintenance of a

C=0/C=0H ratio would asprear to be controlled by factors other than

the acetocacetate concentration,



Fig., 8&: Reactions associated with acetate
' metabolisk.

A pumber of reactions assceclabed with acetate
metabolise are shown, 2nd it is apparent that
the source of, and the fate of, acetate in
metabolic systers is a complex phenomenon.



Figuwre 2 outlines 2 nunber of the resctions associated with the
metabolism of acetate., When the secuence and the interdependence of
these reactions sre cunsidered, 1t appears unwise to attribute to a

single step in the scheme the complete control of the systew,
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Fatty Acids

- Fig. 8. General reaction sejuences

Although the T¥NH reguirement of reaction 4 has been wsll
documented (61,99); the presence of crofonyl-S-Cod iz directly
connected to the supply of beta~hydroxy butyrylei~CoA which in
turn is coupled through DPNH Yreaction 3} and the dehydrogenase
enzymes associated with the interconversion of the beta-keto/veta-
hydroxy forns. The supplies of keto form are again dependent upon

supplies of acetyl-S~lod and to the diversion of this metabolite to
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either oxidative or synthetic pethways, Although the phosphoglue
eonate pathway does indesed produce 1PN (31,135,90) required at

Ly 5, and 6, (Fig. 3;, glycolysis and oxidetive reactions of carboe
hydrate metabelisn produce DPHH required at 3. In fact, stimulation
of the citric acld cycle with the additicen of isocitrate, as 1» custo-
warily done, produces both DPFNH and TPNH., These rezerks are inbtendsd
Lo direct attention to the ased for consideration of the necessarily
involved requirenents of a conplete physiologic system, requirerents
not always present in refined systeme concerned chiefly with the
enzymic cheracteristles of a particular reaction., In our diabetic
slice preparations, the decressed beta~hydroxy butyrate formation
nay have been due to a decrease in DPNH avallubility with conseguent
slowing of reaction 3. 1In addition, the postulated deereased availa~
bility of acetyl-3-Col may ateount for depression of reaction 2,
which is of course, a key reéetion.ﬁrier to the need for the reduc-
tive intermediates DPRH and TVNH, The magnitude of depression of
reactions 2 and 3 may be approximated as follows: there was found an
80 per cent to 90 per cent decrease in lipid labeling, but only some
4O per cent decrease in acetoacetate/beta~hydroxy butyrate libeling.
It is possible then that depression in either reaction 2 and/or 3
uay aceount for about half of the observed depressicn in fatity acid
Jabeling, If acetyl~-i~Cod concentration is limiting in resction 2,
then a simllar decrease would be jredisted for reaction secuences

$ and 6, a prediction verified by the experimental findings,
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Metabolism of acetate, acetoacetate, butyrate and mevalonate.

Serjes II:

As was shown in the previous section, the diabetic liver slice

preparations from this laboratory show decreased fatty acid and chole
esterol synthesis as measured by Clh incorporation from acetate~1-Clb,
Also demonstrated was a reduction in the formation of ketone bodies,
This decrease was shown to be due to a decrease in the beta~hydroxy
butyrate fraction, for normel amounts of acetoacetate were found,

- Decreased conversion of the keto acid to the hydroxy - eid ray be

due to DPFH deficit as detailed previously. However, our findings

of an incresse in CIAGQ specific activity and a decrease in C02 pro=
duction led us also to susgest a decressed acetyl peol size and dee
creased availability of acetyl-8-Cod for synthetic purposes. It is
recogniged that the interconversions of a nurber of the Ck acids are
most complex (49,65), and as yet not clearly understood. Studies of
the present series may add additional information as to the reactions
proceeding wnder eunditiaﬁa of the liver slice technique.

The fact that acetate; after conversion to acelyl-3-Coli, is an
intermadiafe in multiple pathways, Flg, 7, sonewhat limits its use~
fullness as a tracer of specific pathways, PFor this reason, in the
present series, butyrata-l-clh wag chosen as a tracer to better de-
fine the fatty 2cid synthesizing pathway. As butyryl=5-Cod, this
molecule is seewingly peculiar to fatity acid synthesis. It was felt
that by elimination of the reactions preceding its forpation, infor-
mation would be obtained regarding its role as s precupsor of fatty
acids in both normal and diabetic preparations., Acetate-l-Clé and

acetoacetate~3~61& were alsc chosen because of thelr aprarent comron
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roles In both fatty acid and cholestercl synthesis. HMevalonic
acidwznélh, because of its unique property as a precursor of chole
esterol, was utilized to better define the cholestercl synthesizing
pathways. All four of these tracers were chosen in an attempt to

better elucidate the sites of "metubolic lesicns" in the disbetie.

Table V presents evidence that acetate, acetacetate and butyrate
are used to about the save extent for lipid synthesis in the liver
slice system. The similarity between acetate and butyrate utilization
is even closzer; for in both cases the tracer clb was found in 2ll three
metabolic fractions to the same extent, If the added butyrate, either
free or as its CoASH derivative, could eguilibrate direectly with the
cellular intermediates of fatty acid synthesis, then the fatty aecid
fraction should contain a disproportionate amount of the label, e.g.
the ratio of incorporstion inte CGR; fatty acids, and ehclestercl’
would be altered for butyrate as campared to acetate, The essentially
identical labeling from acetate nd butyrste strongly suggests that
the wajor part of butyrate carbon comverted to GGQ, fatty acids, ard
cholesterol, enters these fractions vis acetyl-S5-UoA as an interrediate.
Whether butyrate per se camnot enter the synthetic systems resdily,
dve to a low dissociation of sone form of this Ch acid from the enw
zyme surface, or whether oxidation is the preferential pathway, is
not demonstrable from the present dsta. That cell perreubility is
not limiting is susgested by the finding of the sawe asmounts of ace~
tate and butyrate being utilized. In the absence of selective
labeling of the fatty aclds, it is concluded that the fote of

exogenous butyreste is catabolism to acetyl-tS~Col.
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The observation that butyrate oxidation by the diasbetic produced
a 802 of higher specific acitivity than the nomals indicates thst
the catabolic reactions from butyrate to acetate are not diminished
in the diabetic liver slice as are the anabolic reactions, With
the recent developments that have taken rlace since the inception of
this work, showing that fatty acid synthesis and fatty acid break-
down are medicted by enzywes and enzyre systers cualitatively diss=-
irilar and moreover geographically separated at the cellular level,
it is nol surprising then that these fi:dings on butyrate production
and use should appear to differ,

Tabkle V also presents the finding that only one-sixth as much
of the raodioactivity of the ac@toacatata~3—clh as the ac@tatemlnclﬁ
appenred in 092, while about 28 much of the acetoacetate label appear-
ed in the lipid fractions as did the acetate label, strongly susgests
that acetoacetate equilibrates with acetcacelyl intermediates of
lipid synthesis either before or after activation,

Vevalonate-2-CM yas converted to C0,, fatiy acids, and chol-
esterol in a pattern quite different from the other intermedirteos,
The major part of the mevalonate used appeared in the cholesterol
fraction. The 5,8 per cent incorperation into the stercl fraction
arpears to be considerably lower then the figures usaslly given for
mevalonate conversion to chelestercl by homogenates, but Gould and
Popjak (85) also found zlices to be less sctive than homogenates in
cholesterol synthesis,

The ancunts of m&valanate~2m614 apprearing in the Cﬁ2 and fatty

acid fractions deserve Turther comment. If the Clk activity found
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in the CO, and fatty acid fractions had been derived from a breakdown
product of mevalonzte metabolism such zs acetyl-8-Cold, it would be

expected that the CU, Ipaction would have a considerably greater a-

2
mount of C** than the fatty scid fraction. Since this was not the
case, and since Popjdk (88) wes unable to identify any labeled sceto-
hydroxarate from his experiments on mevalonate metabolism, it is cone
cluded that nevalonate is not converted to acetate or acetoacetate,

It is likely that the Gl&’activity found in the fatty acid
fraction may be due to varicus higher acids (54,63,81,90), for as
shown earlier, mevalonic acld per se does not appesr in the fatty
acld fraction to 2 significant degree,.

The Glé activity found in the Gﬁz fraction is not too different
from that expected, In the conversion of mevalonate to stercl as
outlined below, some £,3 per cent of the starting ¢l of the DL or
16.6 per cent (1/6) of the active form can be expected to appear

1

ae 070, if there is complete utilization of the isotope.

2

i. 6 DL mev&lanatenzuslu ~—~)-laﬁastercl~ﬁlh + 6 802

2. lanosterol-Cl% —3 cholesterol-c™ + 20, + 1 clho,

The 5.8 per cent incorporation of ¢** fnto cholesterol reprcsents the
use of 0,0133 umoles of the active form (reaction 1 and 2)., This is,
however, only 5/6 of the true amount of mevalonate used because of
the loss of Clkﬁg (reaction 2). Correction for this loss yields a
figure of 0.0155 as the umoles of wevalonate wtilized., It 1s eXe
pected that 1/6 of the CM* of the 0.0155 umoles of mevalonate i.e.

0,0026 umoles of Glhﬂg, would be produced, Our finding that G.0031
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umoles (1.34 per cent of the starting 0,23 umoles) of Glhﬁg were
produced indicates the presence of some 20 per cent more leﬁz
than was expected, These resulis tend to agree with those of Popjdk
who found ”pnly a little more Lthan may be expected® of mgvalonate-clh
in,CGE (88), It is not yet known,however, if this 20 per cent higher
racovery of Glhﬁg is a significant deviation from the amount predicted
by current concepts of mevalomate metabolism,

A eomparison of the data of the control and the dizbetic animals
reverls that the previﬂualy‘reporhad.daf@nt‘iﬁ hepatic lipid synthesis

A as tracer, is also

in the diabetic (Series 1), using acetate-1-C
damonstrable with beth acateacetateﬂﬁ—cl& and butyrata-lrﬁla. The
metabolic defect assoclated with cholesterol synthesls would appear
to be locslized at reaction sequences E, Fig. 7, for mevalonate a-
lone of the four substances was not hindered in conversion to sterol,
The absence of a block in mevalonate conversion to cholesterol in the
diabetic may be closely related to a sindlar finding as shown by
Bucher (29) for fasted preparations. The block of acetate conver-
gion to sterol may reside in the postulated decresse in ucetate availle
ability of the disbetic rat liver, and the decressed conversion of
acetoacetate to cholesterol may reside in this szme defect as well as
in the susgested defect in avallabiliity of the reduced forws of co=-
enzymes I and II (70,99). TPUH has been shown to enhance cholester—
ol synthesis in fractionated liver systems (17). If this recuirement
is present in the liver slice system, it would appear that both norie
al and diabetic preparations contained adecuate amounts of TFPUH, at

least for tracer mevalonate l-corroration into cholesterol,
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Defective fatty acid synthesis, C aend D in Fig. 7, may at least
in part be due to 2 decrease in supplies of reducing coenzyre, for
the disbetic slices showed decreased activity in the incorporation
of acetoacetate into fatty acids. As suggested above, scetoacetate
may equilibrate with fatty acld precursors snd not reguire convere
sion to acetyl-S«Cod, If malonyl=S~Coh is the only required pre=
cursor of fatty acids, and if the vrime condensztion produet is aceto-
ralonyleS-CoA which is then converted to butyryleS-Co4, it is diffi-
cult to understand the selective participation of acetoacetate in
fatty acid synthesis. That this participation is probably not dus
to complete conversion of the keto acid to scetyl-S=Col has been
suggested above, It way be possible thet acetoscetste either free
or activated can condense with malonyl-S~CoA, Whatever the mechanism
of the keto acid utilization, it in turn is susceptible to a block

in the diabetic condition,

Series IIIt 1In vivo metabolism of wevalonate.

The intraperitoneal injection of mevalonic acid-2-(Llé into
rats, with subsecuent time course evalustions of cholesterol, fatty
acid, blood, urine, and<302 radiocactivity of various tissues has led
to some very interesting findings. It was, of course; impossible to
follew the turnover of biosyuthesized cholesterol in all extrahepatic
tissues; but preliminsry studies gave a clue that the kidney might
have an important role in the handling of body cholesterol,

This laboratory has previously separated the intact rat into
four tlssue fractions., The distribution of cholestercl in these
four mein fractions of rat tissue, narely, liver, gut, carcass, and

skin has been followed and reported from this laboratory in previous



8c

publications (119,140). The present investigstion has shown the total
carcass to be a metabolically heterogeneous system., The sdrenal gland
is shown %o cortain the highest concentration of eolor preduecing
stercl, The brain econtains by far the highest total amount of sterol.
Liver, gut, skin, kidney, testes, lung, spleen, and heart contain
lesser amounts of cholesterol per gram of tis-ue, but of this group,
kidney contains the highest amount {Table VII)., In contrast to the
organ structures, muscle contains only =rall amounts c:;f cholesterol,
However, since the ruscle mass is large, it does contribute s conside
erable smount to the total body cholsstercl.

The inforration presented in Table VIII shows that 30 minutes
after the intraperitoneal injection of revalonie acid-éz-—cu“, 22.7
per cent of the lsbel 1s found in cholestercl, 3 per cent is found in
the saponifiable fraction, 23.3 per cent is in the urine, § per cent
in the blood and 1.4k per cent in the 062 giving a tokal recevery of
55.4 ver cent of the injected dose, In the 3C~minute to 1 hour pere
jod, an additional 30 per cent of the dose is recovered in the urine,
giving a total recovery of 86 per cent. It is apparent that within
30 minutes, the animal utilized the injected mevalonic acid, In
other words, cholesterol synthesis from this precursor would appear
to be complete after 3C minutes so thet any msjor change in the
activity of the tissue cholesterol radicacetivity during the next few
days would constitute transport and/or metabolisy of sterol,

The radiocactivity in the saponifiable fraction (acidic) was
originally thought to consist of ihtermedistes of cholesterol syn-
thesis,; perhaps farnesole aeld, but the maintenance of this getivity

in the total animal over the four hour period would tend to rule
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this out. If the activibty was present in obligate precurscrs of
choleaterol, these should have diminished in amount of label reralne
ing in the aeidiec fraction after the 3¢ winute Lime period due to
convergion of these compounds into cholesterol, It can e conecluded
thaet the eetivity found eonstitubes sore vroduct{s) nobt on the direct
cholesterol retabolic pathway and porhaps simllar to the fatty acid
described by Langdon mnd Olgilvie {63,31) or to the acldie fraction
of Bucher (29), It is possible that the acidic fraction sctivity
could arise from the breakdown of labeled cholestorol 4o bile salte
wnich would be recovered in the sasponifiable fraction., However, were
this to happen, the gut should be ineressing in its scidic component
a8 the labeled coupounds were excretoed from the liver, bul this was
mot the case. Also, one would not sxpect to find Lils salis in the
kidnay,.

It was found during the cwurse of these studies that the urinary
exsrebtion of radiosctivity is & good indieation of a successful intra-
peritoneal injection of the mevalonste tracer. If the injection is
rade incorrectly, i.,e. into the gu., there is a delayed urinary
exeretion of azctivity., The oececssionsl animel which excrested loss
than LO per cent of the l:abeled douse in the first hour, wes not used
for the present series because cholesterol labeling in these animals
directly paralleled the feulty excretion of the dose up to & paxdsmum
of 23 per cent incorporstion,

The radicactivity of the blood diminishes rapldly during the
first 30 minutes, likely reflecting the combination of rapid tissue

upbake and vrinary clearance during the sawve period. The blood



activity falls to a volue of 2,5 per cent during the subsequent 3-hour
peried. The sctivity in the blood during the (irst half hour probably
is due chiefly to both D and L-MVA, A& detoiled study of the blood
radioasctivity was beyend the seope of Lhe present investigation. The
information reported in Table IX on the mmount of label in the various
fractions, repruogents the resulis of buth synlhesis and mebilization
of sterol, The activity vresent in the liver declines al 2 repid rate
during the 7irst 2-hours, the liver apparently losing a prorinstely 1/2

of ibs newly formed cholestercl in this perilod. This loss lg seen to
be mzde up of st least two processes, the ore rapid having a half life
of abaut 1.5 hours (Fim. 5). It is not possible to deterwmine if all
of Lhe cholesterol of the ilver is this labile., It may well be that
only a small peol of sturol is in this mest rapld sitste «f Lurnover,
It is also :esmme that cholesterol synthesiszed fvor VA may then be
excreted without prelirimry storage. Lhe slower component off the
1iver sterol burnover curve has s half life of 7 bouwre (Fig. 5). This
latter value 1s still less thon the previcusly published hall times
detervined in this laboratwry. Using ‘onger term tii¢ cource ~tudies
(126), there was shoun to be two components of decay, one with a half
1ife of 0.63 duys, and asiower covponent of £.9 days. The two rapid
gopporients described in the precent study werw, of course, not
detectabls in the previcue long fernv experimnl. When the two studies
are conaldered together, it is clesr (hat metabolism of chelesterol in
the liver must be described ss Lhe resultant of s sinimwvm of ot least
four processes, taving helf times of 1.5, 7, 15 and 210 hours.

The get fraciion is seen to inerease in labeled sterol during

the Lehour iotervel (Teble IX). The plot of Fig. § shows a biphasic
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type curve, the half life of the fast component being 1.3 hours and
that of the slow component being 7.0 hours. It can be seen from the
data of Table IX that in the le to 4=~ hour time interval, the liver
fraction lost one half of its sterol radiocsctivity and that the gut
fraction radicactivity doubled in amount. Considering the sizes

and the sterol concentratione of these two tissues, it is not likely
that the gut wes the recipilent of one half of the total liver sterol.
It would seem more likely that at least a portion of the newly syn-
thesized sterol was not in equilibrium,wiﬁh total liver sterol, and
was in fact, selectively secreted from the liver., The 6.8 per cent
of the tracer present in labeled sterol in the gut at the 15 minute
time interval would seer to indicate apprecisble synthesis from the
labeled precursor. It has been shown in this laboratory that the
use of the intraperitoneal route of tracer acetate administration
resulted in gut tissue comtaining wore of the label than from the
intravenous route of dosage. As yet it is not clear if this is due
to a local utllization of tracer before systemic distribution is
effected or whether it is due teo a selective distrilution of the
label to certain tissues.

The skin appears to synthesize a small amouht of cholesterol
during the initisl time when mevalonic acid is available to it.
However, no further inerease or decrease is seen in the activity
during the times studied. In previous studies (119), skin sterol
activity increased in the first 4 days after injection. This slower
reaponse may not be detectsble in the short time of the rresent
experiments. The brain was quite inert as regards synthesis from

mevalonic acid or in storage of newly formed cholesterol, Actuslly,
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the activity given here for brain may represent residual blood
activity not removed at sectilon,

An interesting finding of the present study was that 60 per
cent {Table X) of the label of the Ycarcass fraction" was contained
in the kidneys. The other organs of the carcass fraction contri~
buted 1little to the total labeling, The muscle mass was low in unit
activity, but because of its total weight, it accounted for around
12 per cent of the totazl sterol radicactivity of the animal,

It is clear that the kidney is the carcass tissue which has
the apparent maximum cholesterol synthesis from revalenie ascid in
these rats; about 75 per cent of the labeled carcass cholesterol
boeing found in the kidney at the end of 15 minutes, The activity
of the sterol fraction remained essentially constant during the 4
hour period under investigation,

These findings on the kidney tissue should not be directly
interpreted as representing an unduly high rate of synthesis of
cholesterol: The intact kidney may collect and concentrate the
lzbeled mevelonie acid dese and in this fashion increase the amount
of label directed to kidney biosynthesis reactions. fApproximately
35 per cent of the activity in the total acidic fraction is found
in the kidney at the l- and 2- hour time intervals. This alse would
indieate the increased availability of label to kidrney tissue. Une
fortunately, without knowledge of the specific activity of the pre-
cursor pools of blosynthesis, it is not possible to directly cormpare
the rates of synthesis of various tissues. However, in vitro studies
(next section) confirm the fact of active cholesterol and acid com—

ponent labeling in kidney tiesue fron mevalonic acid-2-01h,
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From previous work in this laboratery (119), it can be calcu~
lated thet 15.8, 35.2, 34.9, and 14.0 per cent of the iabeled chole
esterol was in liver, gut, carcass, :nd skin respectively 2 hours
following injection of ﬁcetatewlﬁﬁla. The present work lists walues
of 11.2, 13.2, 77.0, and 2.7 per cent for similsar fractions labeled
with mevalenic acidw=Cl%, It becores evident that the labeling
pattern of body cholesterol is gro sly different when pevalonic acide

2-CM 15 the precursor as conpared Lo ac@taﬁe—l~ﬁlg.

Serdes IV: In vitro metabolism of kidney tissue.

Alloxan is known to be 2 general tissue poison as well as caus-
ing the destruction of the islet cells in the pancreas, Tassoni et
al (107) have shown histologically in the hamster that 95 per cent
of the beta cells of the pancreas have degenerated and been replaced
by mononuclear cells 5 - 24 hours following injection of =lloxan.
These workers alse found early kidney changes which were character-
istic of hyperactivity and high pressure in the tubules, but were
not degenerative, and in the liver, glycogen was severely diminished
and nucleic acids were greatly reduced,

The experiments considered in the final series were designed to
elucidate the response of kidney slices to various metabolic tracers,
The purpose of these investigations were three-fold; first it was
desired to follow the utilisation of acetate-1-G, acetomcetate-3-cLk,
and mevalonic acid-2-CH¥ by rat kidney slices; snd secondly to compare
these responses in normal end alloxan diabetic kidney tissue., The
third area of interest was to conpare the veristions in response,
if any, between liver and kidney alices, in normal =nd in diabetic

tissue,
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The kidney slice is seen to have a grossly different vpattern of
resplratory sctivity than that previously shown for the liver slice
(Table 1 aud X1I). The smount of oxygen counsuned by the kidney
tissue and the awount of CUp produced is corsiderably higher than
that observed for the liver per unit weight of tissve. The norral
and diabetic kidney slice preparations are seen not to differ, a
finding dissimilar to the liver, where a decressed oxysen consunpbion
or 6&2 production were observed for the diabetie,

The lipids of the kidney were determined snd the rg of fatty
acld and cholesterol found per graw of tissue are listed in Table
XIIT, The finding of similar smourds of 1lipid in the normal and
diwi ¢hie kidney commare well with the findings for liver tissue
(Table 1i), for here, alloxan disbetics showed no change in the amount
of 1iplid contained in the liver tissue, It is 1ntereatiﬁg, however,
that the smounts of fatty acid sud cholesterol present in the kidney
of the rat is higher than that in the liver tissue. It is slso seen
that the 200 grax animels used in Series 1V eontained the sane amuunt
of cholesterol psr gram of tlssue as did the 80 - 100 graw anirals
used in Series Iil (Table VI1), The fatty scid levels were less in
the sraller animals, possibly in&iaating & wore rapld growth rate
with less storage of fat,

The inecorporation of acet&te-lucla into 602, fatty acids and
cholesterol of the kidney slice showed marked differences when come
pared to liver tissue, Approximately helf the dose of acebaie-l-(ié
presented to kidney tissue was oxidiged to 61&62 in a one hour period
(Table XIV), This is in contrast to the 8 per cent figure found for

liver tissue. HKasoro et al (77) have indicated that the kidney was

the most astive in oxidizing ethanol to COy when compared to liver,
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lung, diaphragm, and brain., It is difficult and hasardovs to compare
rates of reactions in different tissues when the nreeursor pool sizes
are unknown, However, the corpariscn of alterations in normal versus
disbetic of the liver and kidney tissue way be valid, hereas the
liver tissue of the dizbetic czidized mare of the ac&t&ta«l»Clh to
ﬁlkﬁz than did the norwal, the kidney tissue shows a slightly de-
cressed conversion of acetate-1-Ctt to Clhﬁz. This finding of a de~
creased ﬁlkﬁz may be related to an altered activetion or permeability
reaction in the diabetic kidney slice,

The utilization of acatate«l~clh by kidney tissue for fatty
acid end cholesterol synthesis is listed in Table XIV, An interest-
ing finding is that the kidney and liver tissues incorporate the sanme
amount of the acetate dese into fatty aclds per unit weight of tissue,
The liver would appear to incorporaste nore of the labeled acetate to
cholesterol than does the kidney, however, as mentioned previously,
comparing two different tissues as to rates of synthesis from Llsotope
data should be done with cauvtion when precursor pools and related
reaction rates cannot be directbly reasursd, The kidney has consid-
erably more cholesterol per graw of tissue than does the liver, which
might influence the rate of synthesis., Westerfeld and Shulman (142)
compe red the utilization of acatate«l~clh'by iliver and kidney slices
with the conclusion that the liver and kidney both carry out fatty
acid and cholesterol synthesis f{rom the G, unit, but that the liver

converts more of the label into these products than does the kidney.
The kidney tissue shows no decrease in lipogencsis in the dia-
betic ar was observed for liver tissve, The alloxan diabetes does

not appear to alter the cellular components necessary for fat and

cholesterol synthesis in the kidney, It would also appear that the
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eitric seid cycle funetioning is adeguate. The msintainance of
liver lipid levels in the diabetic where fatty acid and cholesterol
synthesia were reduced was felt to be due to the inersassed mobiliza-
tion of depot lipids which occurs in disbetes. Since the levels of
lipid in the diabetic kidney are not altered, nor is there a decreased
synthesls, it would seer loglcal teo infer that the mobilization of '
depot lipid does not influence the levels in the kidney as it does in
the liver,

ﬁcetoacﬁtate~3~014 was used in an attempt to ascertain the role
of this molecule in the kidney in relation to axidetion and lipid
synthesis, Table XVI lists the per cent incorporation of acetoacetate-
3ucth into CO,, fatty acids and cholesterol with a comparison between
nermel and diabetic preparations, Thé incorporation of this Clh acid
into §02 is seen to bear a striking similarity to that observed for
&Gﬂt&tﬂ“.*ﬁlh; approximately one-hzlf the dose aprearing in the ree
spired CO, in 1 hour, This observation of 50 per cent cornvrrsion of
acetoancetate to 002 by kidney tissue ia considerably different that
the response of the liver teo this melecule. Ons reason for this
difference resides in the o) arent ease of actiwvation of aaetoacétate
by the kidney cowm ored with the omall activity of the activating
engyre present in liver. The kidney tissue of the disbetic shows
no altered 2’ ility to convert aceboacetste to C0,. Weinhouse (137)
has shown that acetoacetate formation is lower in the kildney slice
than in the liver, but thet its rate of oxidation is far higher., In
this sane work he coneluded that extra hepatic tissues do indeed
produce acetoacetic acid, but that its rate of utilization is gzreat

enough to eliminnte any accumulation of ketone bodies, This is
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contrary to the situation grevailing in the liver, for here forna=
tion emceeds utilization,

The utilization of acetoaeetatema—clh for synthetic pathweys
by the kidney tissue {Table X¥) is again similar to that found for
acetate-1-Cl4, In contrast to the large difference in ﬁlhﬁz prow-
duction by the liver and kidney from asetoacetste, both tissues ine
corporate the ssue smount of label into the fatiy acld fraction,
The incorporativn of label inmto cholesterol is shown to be higher
for liver than for kidney tissue as was also true when acelate was
the trucer: In all of the parameters of measurerent, there i3 seen
to be littie difference in utilization of acetoacetate-3-Ci¥ and

<14

acetate~l=C"" by kidney siices. The diabetie kidney slice is again
shown to have an unaltered metabolic pattern when coamzured to normal
tissue. It appears likely that the initial rescticns ol acetcacetate
in the kidney slice are activation and cleavage to form acetate or
acetyl=S-Coh, which then enters the machinery of the cell, Since
acetoacetate conversion to acetate and hence to {0, in the diabetie
is not alterea ii is difficuit to explain the decrease observed in
01&02 production from acetate-1-Cl, However, the fact that acelate-
1-le is added exogenously and the acetate arising from acetoacetate
is endogenous may be a partial explanstion of these firdings and re-
lated to intra-cellular location and/or orientation,

The preferentisl pathway of mevalonic aeid conversion to chole-
esterol in liver tissuve and yeast is now certain, It was felt of
interest to determine if kidney ti:zsue would ubilize mevalonic acid
in 3 wamner similar to the liver, and if so, whether or not the condi-

tion of disbetes would alter these reaction sequences,
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The three areas investigated were as bhefore, ﬁlhﬁz production,
fatty acld and cholesterol synthesis, The per cent of mevalonie
acid~2~$1b eonvertad 4o kidney cholesterol is not significently al-
tered in the normal as comparcd to the dirbetlc kidney sliice (Table
XVI). Also of interest 1s the fact that the kidney tissue and liver
tissue show the sene per cent incorporation of this precursor. The
large labelling of cholesterol noted in the in vive studies (Series
IIT) would aprear to be dus to the ability of the kidney to concen-
trate the dose of mevalonic acid and sc increase cholestersol lsbel-
ing. It may also be due to its ability to raintain its labeled
choleasterol content during a four hour periocd.

The only ¥nown origin of Glhﬁa from metabolic resctions involve
ing wevalenic acidﬁzuclh, at the writing of this thesis, is in the
demethylation of lanostercl formed frem this tracer. Therefore, if
cholesterol labeling is the sere in the norral and disbetic kidney
tissue, and is also the sawe iu kidney and liver tlssve, one would
anticipate that the per cemt conversion to ﬁlhﬁz would also be the
same, This hypothesis is verified by the experivental findings.

Fatty acid labeling is also cbserved to be the same Iin the
norval and diabetic kidney slice from mevalonic aciémzwclh; and
when compured to liver iissue 2lso appears to be similar, It is
concluded, therefor@; that the conversion of mevalonic acid-2~ﬁl“
to 31402, fatty acids, and cholesterol is not altered by experimental
slloxan dizbetes in either the rat kidney or liver slice,

The finding of a normal lipogenic response of the kidney tissue

was unexpeeted, That exveripmental dizbetes would allow conditions
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sultable for decreased synthesis of fatty scids and cholesterol in
the liver snd not in the kidney seeme to be somewhat s’ variance with
our prassnt soncept of the controlling factors associated with this
pathological condition, Howevsr, similar resulis have been obtained
for heart tissue utilizing acetate=l-C and asetoscetate-3-C % as
the tracer cumpounds (76). Teleologically, one might infer from this
inforpation that the kidaney snd hesrt tlssue hsve preferantisl access
to the nutrients being made available fror the blood supply. It is
also of interest that these two organs both utilize acetoacetic acid
very readily. The liver, on the cther hand, wonld ap-ear to be a
tissue which is supplying the blood stream with products such as ace=-
toacetic acid and during the eondition of experimental disbetes 1s in
a more catabolie state than an anabolic one with the result that de-

ereased lipogenesis and cholesterogenssis are manifested,

A concluding statement.

The relation of the present studies to humen welfare may tend

to be cbscured by the wany details presented above, That these ine
vegtigations may in fact have a bearing upon human phyaiclogy seems
likely in view of changing concepts of disease, Atherosclerosis is
no longer considered a product of aging, per se, The overall athero-‘
genic response is felt to be conditioned by retabolie factors, both
loeal and systemic, Some investieators bave gone so far sz to state
that atheroselerosis is a disease of lipid metabolism and transport
and cholesterol metabolism has certainly been asscciated with the
condition of atherosclerosis. It has been reported that arterioe

selsrotic disease has become the chief cause of death in dlabetes,
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aceounting for 75 per cent of all the deaths. Cardiovascular disease
appesrs to be one of the clinical areas where the applicaticn of bio-
chemical and physioclogical feehniques ray prove fruitfull in the
early diagnosis and treatment of a dissase process. It is hoped

that the investigations reported in the preceding thesis wey add a
small portion to the exisbing knowledge of the dynenies of lipld
retabolism in the normal and experimentally prepared condition of

allexan dizbetes,’
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CHAPTER V

CONCLUSIUNS
Series 1,
1. The amount of 662 produced and of 02 utilized per hour per grav
of liver slice was found to be decreased in the diabetic., The incor-
poratien of acetate-l-ﬂlg into 002 was increased by sore 70 per cent
in the diabetic,
2. The smount of fatiy acid per gran of liver glice was the sare for
normal and dianbetic, but the incorporation of acets e«1~clk into
fatty acids was reduced 83 per cent in the diabstic,
3. The amount of nonesaponifiable matter (cholesterol) per gram of
liver was the sare for normal and diabetic, but the amount of betaw
hydroxy butyrie acid formed by the disbetic was decressed, The ircore
poration of acetate»l»ﬂlh into the CA fraction was decreased 38 per
cent in the diabetic.
Le A decreased availability of acetate for 062 and lipid formation
and a decreased "acetate pool' sige is indicated for these diabetie
preparations,
5, The decreased flux of acetate to lipids in the disbetic slice is
shown to be able to account for aboul half of the decresse observed

in lipid synthesis.

Series II,
1. The four tracer molecules, aaatate~l~ﬂlh, acatﬂaeeﬁateuB-le,

butyrate»l-@lh, and mﬁvalanate-2~01k have been used in liver slice
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studies of 302, fatty acid, and cholesterol formation.

2. The datz suggest thet butyrate is first converted to zcetyl-S-Cod
before labeling of the three fractions occurs, Acetoacetate is seen
to equilibrate with acetoscetate precursors of fotty acid and chol-
esterol synthssis, seuningly without couplete conversion to acetyl-S-
CoA,

3. Mevalonate is shown to label cholestercl gelectively, the amount
of 814 of mevalonatewzyﬁlk found in CO2 being about 20 per cent
higher than expected,

L., The diasbeiie rat liver slice preparstion is shown to have meta-
bolic lesions thet influence acetate, acetoscetate avd butyrate meta-
bolism. Mevalonate is handled by diabetic tissue in the same quanti-

tative way as it i= by normal tissue,

Seriesg II1I.

1. Mevalonate~2-i'* yas given intraperitoneally to young white

rats for the purpose of following chelssterol synthesis snd turnover.
¥ithin 30 minutes of injection, the total body cholesterol frection
contained 23.8 per cent of the injec%ed,ﬁL tracer or 47.6 per cent of
the active isomer. Time course data suggest that at the 30 minute
time after injection, utilization of the tracer mevalonic acid was
essentially complete.

2. Some 3 per cent of the dose was recovered in ths acldic fraction.
Since this amount remained cuite constent throughout four hours, it
is concluded that acidic freection activity represents metazbolites not

on the direct route to chplesterol,
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3. Urinary rsdiosctivity accounted for slightly wore than one half
of the dose and presumsbly represenmts excretion of the biologleally
imactive isomer.

L< The total recovery of label was zlmost 90 per cent within the
first hour post injection,

5. Liver and gut cholestercl turnover are suggested to be recipro-
cally related, the proce:ses having half times of about 1.5 and 7
hours,

6. Kidney tissue accounted for the greater part of the label that
was utilized by Ycareass tissue", The high degree of kidney sterol
1sbeling way be related to active cholesterogenesis and/or to a
magnified labeling of a less significant rate of synthesis due to

the concentr:tion of tracer mevalonic :a.c:;’u:i‘--zi-(}li‘L by kidney tissue,

Series IV.

1, The kidney slice was found to heve a different pattern of res-
piratory activity than that shown previovsly for liver tissue, The
0O consumption and the CU, production wereshown to be considerzbly
higher in the kidney tissue than in the liver.

2. The normel and disbetic kidney slice do not differ in the quanti-
ties of respirstory gases either utilized or produced.

3. Acetate=1-C is oxidized to Clkﬁz very rapidly in kidney'tissue;
50 per cent of the dose being converted per hour. There was a slight
decrease in the dizbetics zbility to oxidize the labeled nrecursor,
4. The utilization of aaet&te~l~clk for fatty acid synthesis and
cholesterol synthesis is seen not to be impaired by the condition of
experimental diabetes., This observation is dissimilar to that observod

for liver tissue,
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- Acehoaaataﬁe«B»ﬂlh is nlso readily oxidized to 61402 by normal
and diabetic kidney slices; there being no difference between the
two preparations. Acetoacetate oxidation is shown to be similar to
that obtained with acetste, The conversion of acetoacetste to acetate
nrior to oxidation and/or synthesis is suggested,

6. The incorporation of acetoacetata-juﬂlh into fatty acids and
cholesterol 1s the sare for both freactions as from acetate, énd the
alloxan diabetic kidney slice showed the same metabolic responses
as did the normal,

7. WKevalonic aaiduzmclh was converted to 31402, fatty acids, and
cholestercl in a similar manner for both normal and diabetie kidney
tissue,

8. When conpared to liver tissue, the kidney is seen Lo convert
less label to the cholesterol fraction when the precursors are
acetate-1-C14 op acetoacetate-3-Cl4, However, mevalonic acid-Z-
ﬁl& is shown to be incorporated in similar swounts by liver and
kidney tissue.

9. The condition of experimental -lloxan diabetes does not appear
to alter the lipogenic or cholesterogenie responses in the kidney

tissue as is observed for liver,
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