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CHAPTER I

INTRODUCTION

Crigin of This Study

With the advent of'isotopig tracers a whole new array of techniques
has become available for a fresh attack on many of the perplexing preb-
lems of lipid metaholism, The use of these tracers in the intact animal
has made‘possible detdiled investigation of certain previously uncharted
metabolic pathways, More recently, however, most of the attention has
been focused on the more refined but less organized systems, i,e., the
tissue slice, the homogenate and purified enzyme. This shift of interest
from in vivo to in vitro methods was natural in light of the many in-
herent problems associated with studies involving the intact animal,
Difficulties encpuntered in the intact animal studies are briefly dis-
cussed below,

First, in vivo studies, even with isotopic labeling, are subject
to much interpretation since the multitude of hemeostatic mechanisms,
both neurcovascular and endocrine, which complicate the intact organism
are fully operative and not subject to precise control.

Second, in vive experimentation often requires rather gross tech~
niques involving large volumes and lengthy analyses. In addition,
adequate control measures dictate prolonged nutritional and environ-

mental preparation of experimental animals,



For these and other reasons this laboratory has, in recent years,
been one of the few remaining sources of in vivo informatiom on lipid
metabolism, From the beginning one of the aims of our laboratory has
been to correlate this in vivo information with in vitro results obtained
by other investigators. Unfortunately, animal pretreatment, experimental
design and analytical technigues among the various laboratories have been
so varied that any satisfactory correlation between our intact animal
data and that reported from in vitro studies has not been possible,

It became apparent that the only way to accurately correlate in
vivo and in vitro data was to pursue both techniques in the same labora—
tory, using identical materials and methods in so far as was practicable.
It was cleaf that our in vitre approach could not proceed far down the
scale of tissue subdivision without sacrificing much of our goalland for
this reason the more conservative tissue slice technique was adopted.

The slice technique, occupying, as it does, an intermediate positien
between the intact animal and the crystalline enzyme preparation, wasg
well suited for our purpeses., With the tissue slice, cell boundaries
remain intact and the use of appropriate media mekes possible a quasiu
physiological intra and extracellular environment, Thus the study of
lipid metabolism is possible.without the influence of variable homeo-
static controls and yet cellular integrity has not been entirely sacri-
ficed, By identical pretreatment and analytical techniques, the quali-
tative information obteined from the slice should be more readily
correlated with quantitative data obtained from the intact animel.

In undertaking these liver slice studies, every attempt has been

made to simmlete our intact animal methods, This has invelved careful



controlled-feeding of the rats prier teo sacrifice, use of the same
isotﬁpic tracer materials end identical biochemical end radio-assays,
In addition, ap attempt has beén made to duplicate in vivo experiments
wnenever possible, Jt is recognized that the slice technique is more
amepable to the study of certain deteiled phases of lipid metabolism
than is the intact animal and no attémpt has been made to limit eur im

vitro studies to previeusly performed in vive experiments,

Ibeory ¢f the Slice Technigque

The fellowing discussion has beeniassembled from a pool of imfor-
mation which has resulted from four years of study of the tissue slice
technique, Credit has been given whenever applicable but much of this
material has grown out of our own observations and discussions and for
this reason references are frequently lacking, At the present time
enly three critical analyses of the slice method are available,l’g’s
including the original descriptiens by Warburg, and since many of the
factors ocutlined below are inadeguately dealt with in these works, we
have included our own suppleméntary ebservatiens,

As has already been pointed out, the tissue slice represents an
attempt to free surviving cells from neurovascular and endecrime‘influences
while mainteining intact functioning cells in as nearly e physielogiecal
extracellular environment as possible, This technigue, developed im most
of its details by Warburg and his co-workers in their studies of tumor
metabolism,l represents organized surviving tissue, the metabolism of
which gqualitatively if not quantitatively, reflects that of the origimal

tissue, Purther, the slice method allows for contreslled variations in



the suspending medium in aedditiem to chemical amalysis of both the

intact slice and the suspending medium for changes in metabolite eontent.4
The preparation of metabolically active slices as well as the

provisien of a compatable environment are based on certain theoretical

considerations, the details of which are briefly outiined belew,

Tissue Slice Thickness

Since the rate of diffnsion of gases and metabolites will be deter-
mined inm part by the thickness of the tissue slices, it is essential
that they be of uniform thickness within certair limits, These limits
are determined by the diffusion constants of the reacting substances,
the rate of metabolism of the tissue in question, etc. As derived by
Warburg,4 the limiting thiclmess in cm {d') for oxygen consumption of
slices of a given tissue can be calculated from the equation:

D

t o =
d 806 i

where D = diffusion constant for oxygen in ml (NTP = 1,4 x 10>

ml /min at 38°¢ through tissue of one square ecm cross

section,
ml 02 uptake

ml tissue x min.

A = rate of respiration

C_ = exygen cencentration ocutside the slice (in atmospheres),

1]
Teking 5 x 107 as A for liver slices, 1.4 x 10~°

as D and 1,0 as Co for
pure oxygen, d! is caleculated to be 4,7 x 10"2 em o 0,8 um as the limiting
thiclmess for liver slices in pure oxygen. Under these conditions; the

oxygen tension at the center of the slice will be about 0.8 atmoapheres.4



Temperature of Tissue and Medium

In order te reduce the oxygen requirements of the tissue while it
is being sliced, it is important te chill both the uncut organ and the
slices as they are cut, This serves two purpeses. First, the devas-
cularized organ is far teo thick to allow diffusion of oxygen further
than the outermost layers of cells, The presence of capsular tissue
sur:ounding most orgams precludes even this small contributiomn. As a
result, the vast majerity of cells within the organ are immediately sub-
ject to & comdition of relative anoxia which, in the presence of any
appreciable metabolic activity, would quickly leed to cellular distur-
bences making the tissue unsuiteble for use, This avascularity can be
at least partially compensated by chilling the uncut organ and reducing
metabolic activity to a level where hypexia will be less significant,

Second, once the slice is cut, exygen diffusion improves and becomes
more adequate for metabelie requirements and the utilization of available
substrates or emergy stores begins., Since it is desirable to preserve
as much reserve energy as possible umntil the slice can be suspended in
the test wmedium in the Warburg flask, the cut slices must be kept chilled
until the actual incubation peried is begun,

This chilling of the organ amd cut slices cam be readily accom-
plished by storing them om cracked ice until tramsfer to the Warburg
flask can be completed. Details of a conmvenient chilling procedure can
be found im Chapter II,

The temperature of the imcubation bath should be as nearly physio=
logicel as possible but considersble variation will be found when

specific funmctions of a cell are being studied. Certain reactioms may



occur mest rapidly and with greatest yield at temperatures several
degrees above or belew the mammalian body temperature of 3706. Most
studies are however conducted at temperatures ranging between 37° and
38.5°C,

A more important comsideration is the wniformity of temperature
within the bath since, as will be detailed later, a 0,5°C variation in
temperature between two flasks in the bath will result in a significant
error in oxygen utilization measurements due to the resulting change in
flask constants, It is usually considered essential that all parts of
the bath be maintained within X 6,08°C limits,

Suspending Medium

The commonly employed Krebs-Ringer solution5 is s¢ constituted as to
closely appreximate the iomic composition of mammalian serum, This medium
provides a physiolegical extracellular environment and insures the metabolie
integrity of the surviving celle.4

The use of KErebs-Ringer-Bicarbonate would be most desirable since the
COznbicarbonate system of the extracellular fluid is the chief buffer
system in the bedy and the absence of 002 limits the maximum respiratory
activity of tissue slices,g In most applications however, Erebs-Ringer-
Phosphate is preferable since the presence of bicarbonate in the medium
complicates manometric measurements of oxygen utilization and makes more
difficult the gquantitative estimation of 002 production,

Erebs-Ringer-Phosphate medium is made from aliquots of the following

solutions:



1). 0,154 M (0.90%) NaCl
2). 0.154 M (1,15%) EC1
3). 0,11 ¥ (1,226) CaCl,
4). 0,154 M (2,11%) KH, PO,
8). 0.184 M (3.82%) MgS0, ° TH,0
8). 0,1 M Phosphate buffer (17.8 gm. Na BP0, » 2H,0 + 20 ml 1 N HCI,
diluted to 1 L),
To prepare & working Krebs-Ringer solution, the following amounts of the
above standard solutions are mixed:
100 parts of soluticn 1).
4 parts of solutien 2).
3 parts of solutiem 3).
1 part of solutien 4).
1 part of solution B).
12 parts of solution 8).
A solution prepared from the first five componente, without the addition
of the 0,1 M phosphate buffer, is stable in the cold about one week.4
In practice, the original solutions are prepared in five times the
indicated concentratiomns (4.5% NaCl, 5.78% KC1, 6.10% CaCl,, 10.55%
KH2P04, 19.10% MgS0

refrigerator are stable for menths.4 A stock Krebs-Ringer solution may

. 7H20) which, when stored individually in the

then be prepared frem these concentrated solutions in the propertions
listed above (100 parts sclutiom #1, etc.) but exeluding the 0.1 M phos-
phate buffer. The five-fold concentration mmst be taken inte account in
preparing this stock solution (436 parts of H20 for each 109 parts of

the concentrated stock solution).



The 0.1 M phosphate buffer is freshly prepared at the time the
mediom is to be used and 12 parts of this buffer are wixed with 109
parts of the stock solution (an slternative method is te dilute 10 ml
of the phosphate buffer to 100 ml with the stock sclutiom), The phosphate
buffered Krebs-Ringer solutien is then adjusted to pH 7.4 with 0.1 N HC1
or 0,1 N NaOH as required, chilled and gased with 100% 02 for ten minutes,
This gased solutiom should then be used within six to eight hours since
bacterial growth is extremely rapid even when stered in the refrigerator,
Agitation

It has been previously pointed out that 0.5 mm is the limiting thick-
ness for liver slices, This calculation assumes an oxygen tension of omne
atmosphere at the surfacé of the slice, It would be impossible for simple
diffusion of oxygen through a non-agitated suspending medium to account
for this tension but if the flask amd its contents are agitated, the slice
will be constantly exposed to & new surface of buffer which can provide
the required oxygen tension. Dixon and Elliott investigated this require-~
ment and concluded that a rate of 100, 2 em oscillations of the flask per
minute is sufficient for tissues requiring €00-700 ul. of oxygen per gram
of tissue per hour and that & rate of 138 oscillations per minute can
supply sdequate oxygenation to tissues requiring 1500 uL/gm./huureﬂ

Calculation of Oxypen Consumption

The conversion of manemeter readings to oxygen utilization is simple
in practice but is based on a rather complex calculation of the flask
constant (k), a thorough discussion of which is beyend the scope of this

paper. Certain general principles, however, do deserve memtion,



Constant volume respirometry is based om the principle that if the
temperature and volume of a reaction vessel are kept comstant, the
utilization or liberation ¢f a gas by the contained reacting mixture
will be reflected in an altered pressure within the enclosed system,
This change in pressure can be measured by means of a manometer attached
to the reaction vessel., Therefore, if one knows the gas volume of the
reaction vessel, the volume of fluid in the vessel, the temperature of
operation, the gas being exchanged and the density of the fluid im the
manometer, it is possible to calculate the amount of ges used up (or
given off), providing only one gas is being changed.l This consists
of so calibrating the system that from the observed pressure changes
one can calculate the amount of gas utilized by the formula:

x=h+k

where x = volume of gas utilized im ul at 0°C and 760 mm pressure

h = observed change in mm in the open side of the mapometer
when the closed side of the manometer is adjusted to
the "zero point® (uswally 150 mm or 250 mm), thus pro-
viding a constant volume within the reacting system.

k = flask conestant
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The flask constant (k) is calculated from the formmla:

vhere Vg = volume in ul of the gas phase in the flask including
connecting fnbes down to the "zero point" on the clesed
side of the manometer,

V} = volume in ul of fluid in the vessel,

= temperature of the bath in absolute degrees (273 +
temperature in °C),

o = solubility in the liquid in the vessel of the gas in-
volved (expressed as ml of gas/hl of liquid when the
gas is at a pressure of one atmosphere at the tempera-
ture T). |

P = 760 mm Hg expressed in terms of the manometer fluid

13.60
specifie grevity of manometer fluid

760 x

A sample calculatien fellows: our flask #1 has & volume of 162,461 ml

or 162,461 ul up to the "zero point" on manometer #1 (150 mm mark).

To this flask we add 25 ml of suspending medium (Krebs-Ringer-Phosphate
buffer), 1 ml of labeled acetate and 0.2 ml of 8.7 M NaOH, giving a total
fluid volume (?f) of 26.2 ml or 26,200 ul.. The incubation temperature

is 37°C and the manometer is filled with Brodie's solution,¥ Tﬁe flask

comstant (k) would then be:

3*
23 gm, NaCl + 5 gm, sedium choleate (Merck) in 500 ml of water, density
1,033, Color with 200 mg/liter Evan Blue or acid fuchsin,



11

V, = 26,200 ulL
v, = 162,461 - 26,200 = 136,261 ul
& = 0,0239 (solubility of oxygen im NaCl at 37°%¢)
13,60
P, = 760 x 1.083 = 10,000
vﬁ:‘z v o
Kk = T £
Q2 Po
273 3
(136,261) 576 * (26,000) (0.0239)
= 10,000
k0 = 12,05 ul/mm change in manometer
2

Therefore, if a difference in 10 mm is observed on the manometer, the
oxygen utilization would be:
x = hk
= (10) (12.08)
x = 120,5 ul oxygen (0°C, 760 mm)

In the development of the flask comstant (k), a value P is employed
which is assumed to remain constant throughout the incubation period.
This value P represented the initial atmospheric pressure., The pressure
in the room and the temperature of the bath are likely to change, however,
and these changes are corrected for by & thermobarometer, This thermo-
barometer consists merely of & flask containing water attached to a2
manometer; the volume of the water is not eritical. Amy changes in the
manometer readings of the thermobarometer will then represemt changes
in temperature of the bath or atmespheric presaure; Correctien of
manometer readings from flasks comtaining tissue by adding er subtracting

thermobarometer differcnces will then give the true manometer differences



12

for the respiring flasks which would have been cobserved if the bath
temperature and atmospheric pressure had remained constant,

The only error involved in this thermobarometer correction is the
use of the wrong flask constant when the temperature of the bath changes,
If the whole bath is at a uniform but lewer or highér temperature than
that used to ecalculate the flask constants, this error is not sigﬁificant.
Thus, if the whole bath has dropped teo 3600 from the imitial 37°C, our
flask comstant would be 12,09 instead of 12,05 or amn error of 0,33%.

A more serious problem arises however if the temperature of the bath is
not uniform, In this ease, a flask at a temperature 1°C below another
flask would indicate a pressure corresponding to about 33 ul of gas less
per 10 ml of gas volume in the flask, due to the decrease in pressure
exerted by the gas at a lower temperature, For this reason, the tem-
perature within the bath must be uniform within 0.05°C (a difference of
0.05°C = 1.7 ul per 10 ml of gas volume or about 23 ul in our flask which
represents about 1,5% of the hourly oxygen utilization per gram of liver
slices), This requirement for uniformity of temperature within the bath

necessitates vigorous stirring of the water in the bath.4

Techniques of Other Investigators

Current tissue slice techniques as reported in the literature dis-
play a certain uniformity despite the large number of laboratéries using
the procedure, Principal variations are found in the size of the reactiom
vessel, the methed of slicing and the concemtration of tracer used, A
review of the techniques reported by two of the major investigators im
the field of lipogenesis will serve to indicate the two principal tech-

nigues now in use,
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I, L, Chaikoff and his coworkers use the following technique.7
The rat is sacrificed by cervical fracture and the liver excised and
sliced free-hand with a razor blade, The slices are collected in a
petri dish containing cold BRinger-Bicarbonate solution'prepared according
to Krebs and Henseleit. Approximately 300-500 mg., of slices are gently
blotted on a moist filter paper, weighed on a torsiom balance, and placed
in a 15 ml incubation flask containing 4.5 ml of the bicarbonate buffer
and 0.5 ml of a solution containing 10 uM of labeled acetate per ml.
Incubation is earried out for three hours at 38°C in a gas phase of 95%
oxygen and 5% 002. The reaction is stopped at the end of the incubation
period by adding 6.25 ml of 5 N H2$04 from the side arm, 002 is collected
in the center well on a roll of No, 50 Whatman filter papernmoistened
with 1,25 ml of 30% KOH which is injected into the center well at the end
of the incubation peried through a rubber policeman attached to a tube
passing through the bottom of the flask and into the center well,

The following technique of Medes and Weinhouse was obtained by
personal communication with Dr, Grace Medes and is, essentially, the
techniqné empioyed in this laboratory. |

The rat is killed by decapitation and the liver quickly removed
and sliced with the Stadie-Riggs microtome, The slices are transferred
to a tared crystallizing dish containing ten ml of cold Krebs-Ringer-
Phosphate buffer solution., The tared dish plus slices is then reweighed
to obtain the tissue weight (usually 5 gm.) and the slices plus buffer
are transferred to a 250 ml reaction flask with the aid of an additional
40 ml portion of buffer, The flask is then gased with a high flow of

pure oxygen for a few seconds and then attached to the manometer and
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incubated for three hours with 40 uM of labeled acetate, A% the end of

the incubation peried the flasks are acidified with 0.5 ml of 18 N H, SC

2" 4"
502 is collected on a roll of KOH-moistened filter paper in a glass tube

placed inside the center well of the flask,

BReview of Lipogenesis

Although a complete review of the field of lipogenesis is beyond
the scope of this thesis, certain essential features will be discussed
as a background for imterpretatiom of the experimental data to be pre-
sented,

Acetate and Lipogenesis

The choiee of labeled acetate as a tracer substance for the experi-
ments to be reported in this thesis is based on the fact that this twe-
carbon fatty acid molecule serves as the principle precurser for the
biosynthesis of both long-chain fatty acide and the complex steroid
molecule, cholesterol (cf.,). The fate of trace amounts of isotepically
labeled acetate may therefore be interpreted as indicating the flux of
these two-carbon building blocks within liviag tissues., The precise
quantitative interpretation of some of the date so obtained is difficult
however and erroneous conclusions of reaction rates may be made,

Despite this problem of interpretation, the tracing of lipegenie
pathways with labeled acetate has become an acceptible as well as ex-
tremely fruitful techmique, and has been responsible for mmch of our
present knowledge of lipogenesis,

A more detaziled treatment of the role of this two-carbon unit in
lipid metabolism as it specifically relates to fatty acid and cholesterol

metabolism will be presented below,
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Fatty Acid Metabolism

Although the primary concern im this thesis is with fatiy acid
synthesis, imowledge of fatty scid oxidation has provided much of the
foundation for more recent developments in the understanding of bie-
synthesis and therefore will be dealt with first,

Oxidation—in 1004 Enoop8 tagged the hydrocarbon ends of both
even—-and odd-carbon fatty acids with the phenyl group and fed these
phenyl-substituted fatty acids to dogs, Examination of the urine
showed that when even-carbon fatty acids (02, 04, etc,) were used, the
end product of their oxidation was phenyl-aceturic acid, while odd-
carbon fatty acids (03, C5, etc,) caused the excretiom of hippuric acid.
Enoop concluded from this that the oxidation of fatty acids takes place
at the carbom atom in the/d&position to the carboxyl group.
| These observations were extended and confirmed im 1909 by Daking
who comcluded that fatty acids in general are oxidized at the/ﬂwcarbon
with the splitting off of the two termimal carbons, leaving the fatty
acid chain shorter by twe carbons than the eriginal acid, By successive
repetition of this process Dakin considered that each molecule of fatty
acid oxidized would give a four-carbon acid, butyrie, whieh would in turn
be oxidized at thefgncarbon to form only one molecule of aceteacetic or
offgshydrozyhutyric acid {later proven incerrect, ef.).

Km@op,g in his theeory of/ﬁ-@xidation, postulated‘a four-stage cyele
in which the fatty acid was 1) dehydrogenated to the 2:3 unsaturated
derivative which was then 2) hydrated to yield the g ~hydroxy derivative
which in turn was 3) dehydrogenated forming the d-keto derivative,

Finally, this/é;keto derivative was split at thefﬂwposition, leaving
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the fatty acid chain shorter by two carbon atoms and resulting in the

formation of 002 and H20°

This theory implied that the oxidation of a long-chain fatty acid
mst involve the formation of a whole series of shorter evem-carbon
fatty acids in additien to the unsaturated,/d-hydrexy and S-keto deriva-
tives of each, It seemed reasonable to expect that some of these
derivatives would be present in detectable amounts. These intermediates
have, however, mever been iseolated and sensitive radio~isotope methods
have even failed to reveal traces of them.le The most complex inter=-
mediate found has been acetocacetic acid (04) which Knoops explained as
being the unoxidizable stump of the fatiy acid chain,

As an alternative theory to explain the absence of intermediate-
chain fatty acids, Hmrtleyll suggested in 1815 that oxidation takes
place simultaneously at alternate carbon atems, followed by fragmentation
of the whole chain. This theory alse would explainm the finding of more
than one molecule of acetoacetate from the oxidation of a single fatty
acid molecule,12 a finding incempatable with Kncop's original theory
where acetoacetate was considered the unoxidizable stump of the fatty
acid chain. Hurtley's mmltiple-alternate-g-oxidation theory was however
never accepted simce it required the insertion, in the fatty acid mole-
cule, of a series of conjugated double bonds which weuld be readily
detected speetroscopically, The lack of spectroscopic evidence for this
conjugated system, im additien to the observatiom that certain fatty
acids with conjugated double bomds are dietary essentials and therefore
not bicsynthesized (limoleic, linolenic, and arachidenic), cast mmeh

doubt en this theory,
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Recently support for Emoop's sequentia{/ﬁwaxidation theory has
been provided by experiments with fluoracetic acid, The use of fluer-
acetate 28 a blecking agent in the tricarboxylic acid eycle had been
shown to be due to the condensation of the fluoracetate with oxalacetate
to form fiuwerecitrate which was not metabolized by the enzyme systems of
the cycle.13 Fluoracetic acid was therefore highly toxie when fed to
rats. In 190564, Dominguesz, et. a1,14 prepared a series of @-~fluoro=~
fatty acids and found that only the even-carboen derivatives were toxic,
indicating that the end product of the edd-carbom compounds waz fluero-
propionic acid which would met need to be metabolized in the cycle and
therefore was non-toxic,

Despite the accumulated body of data supperting Emoop®s theory, it
could noet be accepted as proven until the reguisite enzymes had been
demonstrated, The first step in this development was made in 1948 with
the report of Grafflin and Greenl5 on their "cyclophorase” preparation,
This cell-free preparation, consisting of nuclei and mitechondria, con-
tained all the enzymes of both the Krebs cyecle and the eytochrome system
and would oxidize both short-chain fatty acids (except formic and prepionic)
and "Knoop intermediates® (a:s umsaturated, g-hydrexy and g-keto deriva-
tives), Their system required "sparking” by trace amounts of ome of the
Erebs® cycle intermediates Qﬁ_keteglutaréte or succinate) and thus gave
suppert to a lonmg-established relgtionship between fat and carbohydrate
metabolism, In addition to the previously pestulated relatiomship of

the oxidation of fatty acid-derived acetate to CO_, in this normal pathway

2

of carbohydrate metabolism, it appeared that the eycle was also necessary

in erder to activate the fatty acid exidatien prz:access‘.u:II
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The discovery of Coenzyme A by Lipm,annlB in 1945 and the subsequent
isolation of acetyl-Coenzyme A by Lynen and chorker$17 in 1951 breught
to a close nearly half a century of searching for this "active acetate",
The =8~C0~ link is a high energy bond comparable with high energy phosphate
linkages and capable of performing all of the functions which had been
assigned to "active-acetate.“l8 One of the unique features of acetyl-Cod
is that the methyl group of the acetate is rendered active making the com-
pound extremely valuable in the biosynthesis of carbom te carbon bonds.lo

The final links in the proof of Knoop's theory of S-oxidation of
fatty acid have come within the lest five jears with the iselatien,
chiefly by Green and Lymen, of & series of enzymes capable of completely
oxidizing a leng-chain fatty acid. Two excellent summaries of this work
are the recent papers by Crane,l9 et al, (1958) and Kinglo (1956). The
following outline of this enzymatic sequence is taken from the revieﬁ
by King.l0 Briefly, the oxidation of & fatty acid chain takes place im
the following stages:

1), Activation of the fatty acid by conversion to its CoA derivative,
This step is dependent on ATP for the creatiom of the high emnergy bend.
The exaet nature of the engyme invelved has not been determined, although
en "activating enzyme"” capable of coupling fatty acids to CoA has been
demonstrated by Mahler, et 31.29 The energy requirement fer this step
may be provide& by either ATP per se, or as demomsirated by Stern, et al.,gl
an aetivated Krebs cyele intermediate (succinyl-CoA)may exchange its CoA
with the fatty acid, giving the acyl=CoA fatty acid plus de-activated

succinate, This would explain the "sparking® action of Krebs cycle

intermediates in initiating fatty aeid oxidation as found by Greenl5 in
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bhis "cycleophorase™ preparation, Since the cycle is antocatalytic once
this initial emnergy requirement is met, only trace amounts of the Krebs
intermediate are required,

2)., Dehydrogenatien of the acyl-CoA derivative resulting in the
&3 unsaturated acyl-CoA derivative, Four flavoproteins have beemn shown
4o be invelved in this step, Three of these are metailo-flavoproteins

which represent the three dehydrogenases which have been isolated by

Green, et ai.lg These dehydrogenases each have a different substrate

specificity and their use is determined by the chain-length of the fatty

acid being debydrogenated (Ensyme G—C, to Cg, Ensyme Y—C, to C,,, or

16

Enzyme Y'==C_, to C The fourth flaveprotein has been named ETF

6 16)°

(electron transferring factor) and is necessitated by the fact that
the above dehydrogenases cannot transfer their electrons directly to
the cytochrome system but require the agsistanee of this intermediary
transferring factor.

3). Hydration of the unsaturated acyl-CoA derivative to give the
A=hydroxyaeyl-CoA derivative, An enzyme invelved imn this step is cro-
21

tonase which has been isclated as a crystalline enzyme by Stern, et al,

4), Dehydrogenation of the g-hydroxyacyl derivative to give the

F=ketoacyl CoA derivative., This step is carried out by the DPN-linked
enzyme 4 ~hydroxyacyl dehydrogenase, which has been characterized by
Wakiluzz

5). Thiolysis with cleavage of the two carbon unit by the enzyme
ﬂ-ketoacyl thiclase. Less is known about this enzyme which has been
demonstrated by Green,23 and Lynen,24 Lynen24 has suggested that this

enzyme is attached to its substrate through an —SH greup and that this
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linkage may persist after thiolysis has taken place, resulting in a pool
of acetate-enzyme complexes which may then'react with the "acetyl-CoA
pool" with the reformation of acetoacetyl-CoA and the liberation of the
thiolase enzyme, (This concept has particular application in the field
of ketone bedy formation where it helps explain much of the isotope-~
labelling data.lo)

Diagrammatically, these steps in the fatty acid cycle may be

represented as follows:

*¥%
* 1 f
(a) R—c—c-(f) + HSCoA + ATP ———> R—C~C~( + AMP + P-P
OH . oA

/0 2 /0
W _C;s-coa hEd —L(E—cm ead

(¢) R_O—O—{-c +Ho-——> —ép

(D) R—g-o—{_c ——)n—zo-((’
(E) HOA g .-——_) R—{-‘COA 0‘-{—COA

*
Succinyl CoA may replace both the HS—CoA and ATP in this step.

-
1 = "activating enzyme"

2 = one of the 3 flavoprotein acyl dehydrogenases (G, Y or Y!)
3 = "Electron Transferring Factor” or ETF (alseo flavoprotein)
4 = cytochrome system

5 = crotonase (enoylhydrase) 7 = DPN

6 =/ﬁ-hydroxyacy1 dehydrogenase 8 = d-ketoacyl thiolase
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With the demonstration of enzyme systems capable of carrying out
the sequential/ékoxidation of fatty acids, the theory of Knoop is now
generally eccepted, The failure to demonstrate-“ﬁhoop intermediates”
is explainéd by their presence in very small amounts as the CoA deriva-—
tives and the failure to find ehort-chain fatty acids has been explained
by Green25 on the basis of the substrate affinities of the emzymes of
the cyecle, which favors the complete degradation of a fatty acid omce
the oxidation is initiated, Support has been given te this “all-er-none”
thesis of Green by the recent series of reports by Chaikoff and his co-~
workera26 on their studies of the sparing of fatty acid oxidatiop by
cafbohydrwte, These workers have injected labeled fatty acids of various
chain-length into rats and have found fhat injected acids of chain-length

less than C., are almost totally oxidized to 01402 while the lenger—chain

12
acids (814 to CIS) are largely stored as the C,, acid. This indicates
that few if any short-chain acids escape the oxidative action of the acyl
dehydrogenases and once attacked by these enzymes they continue the
oxidative spiral to ultimate Krebs cycle exidatien., On the other hand,
longer chain acids are more apt to be shortened or lengthened to 16-carbon
chains end stored as such, As with the shorter acids however, once
attached to a acyl dehydrogenase the only products are acetate or 0023
Synthesig—Although it had been pestulated as early as 1997,27 the
firet experimental demomstration that twe carbom compounds are used in
the synthesis of fatty ecids was not reported until 1926. At this time
Smedley-MacLean and Hoffertzs demonstrated the sccumulation of fatty

acids (and sterols) in yeast cells grown in a medium comtaining elther

ethenol er sodium acetate as the sole carbon source,
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The importance of two-carbon compounds in the biosynthesis of fat
in animals wes however not fully appreciated until after 1935 when
Schoepheimer and Eittenbergz9 introduced the technique of isctepie
‘labeling for the study of this problem, In 1842 Bloch and Hittenberg30
reported that the small molecules from which fatty scids (and cholesterol)
are synthesized in animals are acetic acid units, or 2 more reactive
derivative of acetate,

Since 1942 the central role of acetate in the metabolism of fat
has been well established, almost entirely on the basis of work carried
out with the aid of isotopic tracers. One such study was the report by
Popjak, et a1.31 in 1951 en the relationship between specific activity
and chain~length of fatty acids froem goat's milk following the intra-
venous injection of carboxyl-labeled 014—acetate. By the stepwise
splitting off of two carbon atoms as acetic acid from the carboxylkend
of the recovered fatty acids, they were able to determire the origin of
each of these two-carbon fragments. They concluded that fatty acids are
synthesized by a process corre5ponding te a reversal offguexidatien.
This invelves the condensatien of two acetate molecules to form aceto-
acetic acid, which is then reduced, dehydrated and the double bond
saturated to give butyric acid, This is followed by the addition of
another acetate unit to the carboxyl endlof the butyrie acid to form
the six carbon fatty acid, caproic acid, which then combines with another
acetate unit to yield the eight-carbon caprylic aecid, ete., up to
pelmitic acid.

The choice of milk fat for demonstration of this stepwise synthesis

was a fortuitous experimental circumstance for nowhere else do the



23

intermediates of this synthesis occur in detectable amounts, Rittenberg
and Bloch,32 reporting on the im vivo synthesis of fatty acids from
acetate in 1945 and Brady and Gmrin,33 in reperting this synthesis in
vitre in 1950 found only uniformly labeled lomg-chain fatty acids and
none of the intermediates as reported by Pepjak. According to Popjak,34
the glyceride fatty acids of milk represent metabolic products which
have become stabilized by esterification with glycerol and secretien
inte the milk ducts, This precess of secretion thus intervenes with
great rapidity between'the fermation of these acids and their further
metabolism in the cell, thereby trapping in the milk-glycerides substances
which otherwise would be metabolized so rapidly as never to accumulate in
detectable amounts, This rapid secretion, according to Popjak has only
the effect of preserving the intermediary products eof synthesis,

In support of Popjak's two-carbon unit synthesis, many reports
have accumulated which demonstrate the occurence of stepwise two-carbon
additions to the more readily studied longer-chain fatiy acids, Stevens
and Chaikoff35 reperted in 1951 the conversion of lauric (612) and
myristic (C;,) acids to palmitic (016) and stearic (018) fatty acids by
the addition of two-carben units. In the same year, Zabinas demonstrated
the conversion of palmitic acid to stearic acid by a two-carbon additiom
beth in vivo and in vitro. This con%erni@n had been studied earlier
in vive by Schoenheimer and Bittenberg29 using deuterium-labeled fatty
aseids,

The isolation of enzyme systems capable ef the '/ =oxidation of fatty
acids described abeve proved to be the answer to the question of two-

carbon unit synthesis of fatty acids, for all of these reactions are
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reveraibleglg Thus it was possible to demonstrate the enzymatic synthesis
of long-chain fatty acids by a reversal of the oxidative sequence pre~ |
viously illustrated. In faet,/ﬁkoxidation of a fatty acid provides not
only the two=e¢arbon building bloék for fatty acid synthesis but also a
ready source of the energy for this synthesis since all of the acetate
unite will be present as acetyl-CoA, As with/ékoxidation, the s&nthetie
eycle is autocatalytic once initiated since the newly formed acid
(Butyryl-CoA) retaine its high energy bend and is prepared for the next
condensation wiﬁh another acetyl-CoA malecule.37

As pointed out by Green25 the substrate affinities of these enzyme
systems favors the formation of 016 or 018 fatty acids once the synthesis
is initiated, which accounts for the absence in mature of the 06 to 614
fatty acids (with the notable exception of milk fatty acids as pointed
out above).
Cholesterol Metabolism

The transformation of labeled acetate inte cholestérol in liver
slices was first demonstrated in 1946 by Bloch, Borek and Bittenbergess
(Bloch and Rittemberg had previously reperted this conversion in vivo.)ae
Since then, abundant confirmatory evidence has been reported from several

laberaterigg¢39340,4l,42

Less iz kmown, however, abeout the metheod of
bicsynthesis of cholestercl than the related synthesis of fatty acids
from acetate. Fragments are slowly being pieced together to provide a
more adeguate understanding of this puzzle but at present comparatively

little is known about the metabolic intermediates in this synthesis of

cholesterel from acetate.



In 1950 Little amd Bloch43 studied the incorporation of both methyl
and carboxyl labeled 014=acetate, a8 well as acetate labeled with both
‘013 and 014, into cholesterel, They were able to demonstirate the incor-
poration of methyl carbon eof acetate into positions 18, 19, 26, 27, and
prebably 17, while the carbon atom 25 and probably 10 were shown teo
arise from the acetate carboxyl atom. They also found the ratiec of
methyl to carbexyl derived carbons in cholestercl to be 1,27. This was
shown to be due to the greater incorporation of carboxyl carbons inteo
the nucleus of the cholesterol molecule than intavthe iso-octyl side
chain, The ratie of methyl/earboxyl groups incorperated into the mucleus
was calculated to be 1.1 while the corresponding value feor the side
chain was 1,67,

It should be pointed out that contrary to earlier assumptioms,
acetate is apparently not the only precursor utilized directly by mammalian
tissue for the biosynthesis of cholesterol., At the present time, acetate,gs
acetone,44 pyruvate,45 butyrate, hexanoate and octanoate,33 as well as the
isopropyl fragment of iaovalerate46 have been shown te be incorporated
directly into cholesterol by rat liver slices without first being com-
verted to acetate. That acetate is, nevertheless, & primary carbon source
for the biosynthesis of chelesterol, as well as of fatty acids, appears
to be well documented,30’47

At the time this discovery was made, no biochemical reactions were
known which would account for the formation of this complex sterol -
structure from such a simple substance as acetic acid, Ounly within the

past five years has any signifieant order been achieved from the array

of conflicting information, largely through the work of Dr, Konrad Bloch.
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Prior to the advent of chémical degradation procedures applicable
to this sterol, significant advances in the understanding of the bio-
synthesis of the molecule were hindered since it was impessible to
identify the labeled positions arising from ome or the other of the
carbon atoms of acetate. In addition, such procedures as were developed
required large amounts of labeled cholesterol for the extensive chemical
menipulations required, The demomstration of in vitro synthesis of
cholesterol from labeled ﬁcetate in liver slices by Blech, Borek and
Rittenbergss in 1946 made available for the first time a biosynthesized
preparation of sufficiently high isotepe content to allow dilution with
non-labeled carrier cholesterol without less of accuracy, Practically
all degradations of cholesterol biosynthesized from labeledrprecursors
have been carried out on material obtainmed from liver slices.48

The results of many degradation experiments, utilizing cholesterol
biosynthesized from labeled acetate were summarized im 1955 by Popjak,48

who presented the following composite picture, where m are methyl and

¢ are carboxyl carbons of acetate:

/I\VI\LCC
B
a7
x
Ne” N/
Carbon atoms 8, 9, 11, 12 and 14 had not been characterized at that time

but atoms 8 and 12 have since been found to be methyl carboms, The

origin of atems 9, 11, and 14 has yet to be determined,
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Largely as a result of studieé on synthetic rubber polymerizatiom
by Bonner and ﬁrreguin49 in 1949, Blochso had proposed a theoretical
scheme for the distribution of acetate carbons in cholesterol, based on
the cyclization of squalene, which was entirely consistent with Pepjak's
summary of degradation studies feported above, This theoretiical scheme
was suggested to Bloch by the acetate carbon distribution found in the
isopentane skeletbn ("isoprenoid unit") from which Bonner and Arreguin4g
had been able to synthesize rubber, éloch recognized this écetate
carbon diétribution as being compatable with the theory postulated inm
1932 by Bobinson51 in which the triterpenocid hydrocarben squaléne, oMM
posed of six of these isoprenoid units was considered an intermediate
in the biosynthesis of cholesterol, The application of Bonner and
Arreguin's reported distribution of acetate carbonse in isopremoid units
to these same units in squalene led to Bloch's proposed distribution of
acetate carbons in cholesterol, which wéuld result from the folding and
cyclization of squalene. This hypothesis required the migration of one
methyl group from position 8 (er 14) to position 13 when the cyclization
of the hydrocarbon takes placé. This folded squalene molecule would
have the following structure (m = acetate methyl carbom; ¢ = acetate

carboxyl carbon; isoprenoid units included between the dotted limes):
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Bloch52 provided experimental support for his hypothesis in 1953
when he demonstrated that squalene could be synthesized from acetate im
the rat when the rat is fed squalene and labeled acetate simultaneously,
Feeding of this biosynthesized squalene to mice resulted in its conver=
sion imto cholesterol much more efficiently than any precursor previously
tried., These observations have since been confirmed by others.53’54
The biosynthesis of squalene sufficiently labeled to allew chemical
degradation and identification of the acetate carbon positions was
accomplighed hy Popjak55 in 1954 and was found to be in complete agree-
ment with Bloch‘sﬁo earlier hypothesis, The schamatic formmla of squalene
showing the disﬁribution of acetate carbons as demomstrated by Popjak is

as follows (m = methyl; ¢ = carboxyl; dotted line = isopremcid unit):

’

m—??npc%u-z;m-c;m-csm-c%e-mac-m%csmﬁ ~m%¢-m=o-m

Porther illucidation of the origin of these isoprencid units has
recently been presented., In 1954 Rudney58 raeported the isotope distri-
butien in hoth/A;hydroxrﬁﬂ-methylgluconic and/ﬂwﬂgdimethylacryiic acids
synthesized from Cl4uacetate and found the isotope distribution im both
acids to be in accordance with the known distribution in the isoprenocid
units of squalene. He envisaged the biosynthesis of isoprencid units
to proceed by a condensation of acetoacetyl-CoA with acetyl-CoA in a
manner analogous te the formation of citrate from oxalacetate and acetyl-
CoA, Dehydration and decarboxylation of this condensation product would

Yield,Awé-dimethylacrylic acid in which the acetate carbons are dis-

tributed according to the pattern of isoprenoid units,
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In summary, it has been established that cholesterocl is symthesized
entirely from two-carbon acetyl-CoA units, probebly along the following
pathway:

A), 2 acetyl-CoA —> acetoacetyl-CoAd

B). acetoacetyl-CoA + acetyl-CoA ——¥ 4-hydroxy-A-methylglutaryl-CoA

C). p=hydroxy-/methylglutaryl-CoA ——> Ahydroxy-J-methylbutyryl-

CoA + CO

2

D). /f-hydroxy-g-methylbutyryl-CoA ——> A F=-dimethylacrilyl—CoA + H20
E). 6 /,f-dimethylacrilyl-CoA ?—} squalene

F). squalene L} cholesterel + 3 methyl groups

The method by which acetate condenses to yield the "isoprenoid umit"
with the acetate carbon distribution porpesed by Bloch may be diagrammed

as follows on the mext page57 (red x indicates acetate carboxyl carbom):
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Cﬂa—l{_‘: + CHa-’({i_c A). 2 acetyl-CoA = H3Cehy
oA oA

(<= HS=Col)
Cﬁa-ﬂcﬂz;{_c + Cﬂs{.‘; B). acetoacetyl-CoA + acetyl-CoA 2550,
oA oA
. (~ HS~CoA)
0H
g = iy
CH ,~C~CH, C). p-hydroxy=g-methylglutaryl-Cod ——=)
r‘;a oA (EMG)
{2
(%C\S-CaA
o
(" 002)
x?H P - Hgo
cn,;—o-ma-ﬁd' D). g-hydroxy-g-methylbutyryl-Coh ——==>
: (IJHS ¥=CoA (p~bydroxyisovaleryl-CoA; HIV)
Cﬂa"ﬁCzCH-’{_c E). }g,/sdimethylacrilyl-CoA
[IZH oA ("Isoprenoid Unit")
3 (#-methylerotonyl-CoA; semecioyl-Ced;

IMA)
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Summary
A number of workers have established that acetate is the primary

building unit from which animals synthesize fatty acids and cholesterol,sa
but the manner in which the acetate molecules condense te form these sub-
stances was not known with certainty until recently in the case of fatty
acids and our knowledge of cholesterol is still sketehy. Based onm the
foregoing discussion, a general scheme of acetate metabolism is given in
Figure 1, Although not directly related to lipogenesis, the role of
&cetaté in the tricarboxylie acid eycle is included because of its
importance both in supplying the energy requirements of lipid symnthesis,

and in the oxidation of acetate units derived from fatty acid oxidation.



Figure 1
Scheme of Acetate letaboelism

A simplified outline of the
three major metabolic pathways
of acetate in the body: 1)
oxidation to C0, and water via
the Erebs cycle; 2) synthesis
of fatty acids; 3) synthesis
of cholesterel.
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CHAPTER II

MATERIALS AND TECHNIQUES

Animal Preparation

Source of Animals

The animals used in these studies were albino rats of the Sprague-
Dawley strain, All were young adult males weighing 200 to 250 gm. at
the time of sacrifice, About one half of the animals were obtained
from the Sprague-Dawley Rat Farm at Madison, Wisconsin, and the remain-
der from the Northwest Rodent Co, at Pullman, Washington, and the colony
of Sprague-Dawiey Strain Rats maintained by the University of Oregon
Medical Scheol Department of Biochemistry.

The rats weighed between 125 and 175 gm., when obtained and were
maintained in a cage-hood assembly developed in this laboratory.59
We have observed the most satisfactory weight gains when two to three
rats are maintained in a standard 8" x 8" x 16" wire cage and this
maintained in the cage-hood assembly,

Trained-Feeding

Controlled feeding was, in most cases, started at the time the
rats were received, The controlled feeding regime consisted of two
~ daily feedings of ten grams of Purina Laboratory Chow per animal,
The chow was placed in the cage at 12 héur intervals and, at the end

of one hour, any food remaining in the cage was removed, Water was



allowed ad libitum and the rats were weighed daily prior to the morning
feeding,
Four to six days of this regime was sufficient to train the rats

to eat the entire ten grams almost immediately and rarely was it neceas-
sary to remove any food from a cage after the first week of controlled
feeding,

After an initial five to ten gram weight loss while the rats
adjusted to the regime, they would show a consistent daily weight gain
of four to six grams a day. All rats msed in these experiments had
been train-fed for at least one week and had showm a constant weight
gain for at least three days prior to use, For a more detailed dis-

cussion of train-feeding, refer to The Influence of HRefeeding upon

Lipegenesis in the Intact Fasted Rataea
Fagting
Since these studies were designed to suppleneht and extend the

in vivo studies previously reported from this laboratory,61’62'63’64

it is desirable to adhere as elosely as possible to the definitions
used in these reports, Unfortunately our current definition of fastimng
periods is mnot entirély adequate for in vitro discussions and a modified
nomenclature has therefore been adopted.

Twe factors were considered in arriving at the definition of
fasting. Firsit, since these rats had been trained to consume ten grams
of chow within one hour, this first ome hour peried after the foeod is
placed in the cage will be defined as the feeding period. Thus an
animal sacrificed 60 min, after food is placed in the cage is termed

a one hour fed rat. Second, since any food remaining in the cage at
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the end of ome hour is removed, this interval between one hour after
food is placed in the cage until eleven hours later when the animals
would normally be fed again is termed the fast period. Thus, if an
animal is used twe hours after food was placed in the cage or ome hour
after the remaining food was removed it is fermed a one hour fasted rat,

Two fallacies in this nomenclature are immediately apparent but
unavoidable, First, simce the rats often learn to eat the entire ten
grams of chow in less than 30 min.,, this entire one hour period does
not represent a period of continued food intake, Second, as will be
deseribed below, there is a ome hour interval between sacrifice of the
rat and the time acetate-cl4 ies added to the substrate containing the
liver slices, Since the slices are deprived of normal circulating
metabolites during this period it might be comsidered one hour of fasting.
Although this ome hour interval is constant in all experiments it assumes
greater significance im the short term fasted animal, (as the 30 min, fed
rat where it contributes am appreciable period eof food deprivation),
than it does in the 12 hour fasted rat where it may be considered insig-
nificant, For the above reasons, a true "short-term fast" as described
in previouws in vive studies from this laboratory60 cannoet be duplicated
in in vitro studies, since the shortest pessible fasting period must
include this 60 min, periocd of metabelite deprivation.,

Although liver glycogen levels may be used as an index of thé "fed"”
or "fasted” conditiom, the dramatic respomses of lipogenic processes
previously reported from this labor&toryee ocecur very shortly after

feeding and prior te the deposition of appreciable smeounts of hepatie
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glycogen, FYor this reason, no attempt was made in the present studies

to measure this metabolic reserve.

Slice Preparation

Several techniques for the preparation of liver slices were tried
in an attempt to ebtain metabolically active slices which would conform
to the conditions of thickness, uniformity of thiclmess and cellular
integrity as outlined in Chapter I,

In our initial experiments, éliees were prepared free-~hand using
a 4 cmx 6 cm glass plate with a longitudinal groove 0.5 mm deep by
2.5 em wide and a double edge razor blade. The block of tiasue was
held against the glass plate and the blade passed between the block of
liver and the glass plate, thus slicing off only that portiom of liver
which bed been pressed intc the 0,85 mm groove in the glass plate.
Although this technique provided fairly active slices, it was found
to be toe time consuming and the slicgs lacked uniformity of thickness,

In order to obtain slices more rapidly, an attempt was made tév
use the freezing microtome, A small bleck of liver was placed on the
micretome and quickly frozen with a blast of compressed 002. Slices
were then cut as rapidly as poseible and transferred to a solution of
Erebs-Ringer-Phosphate buffer maintained at 4°c. This technique wase
guickly discarded when it was found that even the brief peried of freezing
employed (less than ten seconds per block of tissue) caused complete

inactivation of respiration in the slices,
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Our present slicing technique, described below, utilizes the
commercially available Stadie-Riggs microteme* (Figure 2), Using this
apperatus, four grams of slices of uniform thickmess averaging 0.5 mm
can be cut within 15 min, with minimal trauma to the slice,

Technique of Slicing

Animals prepared as previously described are killed by decapitation
and the liver quiekly removed as atraumatically as possible by ecutting
it free of its ligamentous attachments and then sectioning the portal
vein and hepatic artery and vein. The organ is transferred to a
crystalizing dish containing iced bﬁffer.

A block of tissue of convenient size, generally about one cm square,
is cut from the liver and placed on a disc of moistened filter paper on
the microteome, A few drops of buffer are put on the tissue block; the
microtome and blade are lubricated with a small gquantity of buffer and
slices quickly cut with a to-and-fro motion of the blade., We have found
it convenient te leave the thumb-screws om the microtome loose and hold
the two parts of the microtome together by holding the lower part between
the thumb and the third, fourth, and fifth fingers of the left hand and
providing the necessary pressure on the upper part (B) with the index
finger of the same hand., The entire left hand then provides the slight
amount of pressure on the two parts together (A-B) which is required to
compress a portion of the tissue block inte the 0,5 mm indentation in
the upper part (A) of the microteme, Using this technique, the two

parts of the microtome (A-B and C) can be separated slightly after the

*
Arthur H. Thomas Company, Philadelphia



Figure 2
The Stadie-Riggs Microtome

See text for description.
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slice has been cut and the slice will adhere to the blade which is then
withdrawn and the slice removed from the blade with a small pair of
thumb forceps. Tﬁis éliminates the necessity of fleating the slice off
the inverted slicer as suggested by Stadie.65

éince the first slice from each block of tissue is composed par-
tially of liver capsule, it is discarded.. Subsequent slices are dis-
tributed to four or more 2,5 by 6 cm flat bottom vials prepeared prier
to decapitation of the rat so as to contain a weighed quantity of iced
buffer as follows: five ml of buffer solution is measured into the first
vial, which is then weighed, and to the other viels is added buffer to
make each of their weights equal (: 0.006 gm.) to that of the first,

In this manner, the weight of slices may be obtained by subtracting
this tare weight of the vial plus the buffer from the gross weight
after the slices bave been added to the vial., These vials are kept in
a tray of ice during slicing to maintain the slices at about 8°c.

In early experiments, each vial in turn was filled with slices
obtained from the microtome. Thus, the first vial contained the first
gram of slices cut, the second vial contained the second gram cut, etc.
Oxygen utilization measurements from these slices showed that the first
gram of slices had the highest oxygen utilization, the second gram had
the second highest oxygen utilizatien, ete. This difference was
apparently due to the fact that the slices obiained last had been

maintained in a relatively hypoxic condition in the uncut liver ome to

39

three times longer than slices cut earlier, This assumption was confirmed

when the slices were randomized among all four vials by placing the first

slice in the first vial, the second slice in the second vial, ete., In



this manner, each vial contained slices from each block of tissue.
Oxygen utilization measurements from these slices were essentially
identical (Figure 3),

Transfer of Slices to Warburg Flasks

The vials containing the slices were weighed and the slices trans-
ferred to Warburg flasks with the aid of a small fumnel, The vial and
funnel were rinsed with a 20 ml portion of buffer previously measureq
into a test tube and stored in a beaker of cracked ice.

Following transfer of the slices to the Warburg flasks, the flasks
were individually flushed with 100% oxygen for one min.,, the gas flowing
at a rate of six liters per min, through a 6 mm delivery tube, After
oxygen flushing, the 002 absorber tube described below was placed in
the center well of the flask, - |

The Warburg flasks, containing the slices and CO2 absorber, were
quickly attached to the manometer and placed in the constant temperature
bath for 30 min, of thermal equilibration before tipping in the acetate-

14

C" " from the flask sidearm, Total time from decapitation of the rat

until the beginning of thermal equilibration was usually 28 %9 min,
Incubation

Incubation Flasks

Custom made, double sidearm, Warburg type, reaction flasks obtained
from Machlett Co. were used in these studies., These flasks had a capa-
city of 125 ml and had two sidearms of about 5 ml capacity each for the

addition of substances to the suspending medium, The flasks were fitted



FPigure 3

The Influence of Random Slicing on
02 Utilization by Rat Liver Slices

The upper figure shows the spread of
values obtained when the first gram
of slices cut are placed in flask
number 1, the second gram in flask
number 2, ete, The lower figure
shows the essentially uniform 0o
uptake between flasks when the slices
are randomized by placing successive
slices in each of the four flasks so
that each flask contains slices ob-
tained from the beginning to the end
of the slicing procedure, 0, uptake,
in uM per gram of liver slices, is
shown for the first hour of incuba-
ticn for each of the 4 flasks com-
prising a single experiment,
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with a female ® 16/20 joint for attaching to the manometer amd each of

the sidearms was fitted at the top with a glass stoppered ¥ 7/15 jeint.

Buffer Preparation
Krebs-Ringer phosphate buffer, pH 7.4 was used for all experiments

and was prepared according to the method of Umbreit, Burris amd Stauffer,

described in the monograph "lHanometric Technigues and Tissue Metaholism“.4

The final solution was chilied and gassed with 100% oxygen for tem min.
Fresh buffer was prepared for each experiment from the concentrated
sclutions which were stored in the refrigerator, Once prepared, the
buffer was kept chilled and was used in less than 8 hrs,

COZ Absorptien

CO0, of the gas phase of the flask was continually absorbed by NaCH

2
absorbers which were prepared in adwvance by placing 2 roll of Whatman
No, B0 filter paper in & small test tube selected to fit concentrically
inside the Warburg flask cemter well, The tube was cut to a length
slightly longer than the center well and flared slightly at the top to
facilitate grasping it with a pair of rat-tooth thumb forceps and to
prevent creeping of the Naf0H. 0,2 ml of 8,7 N NaOH was used to moisten
the filter paper in the tube. This tube with its moistened filter
peper was stored in a sealed jar comtaining a saturated solution of
NaOH until transferred to the Warburg flask, At the end of incubation,
0.5 ml of 12,5 N stﬁ4 was added to the substrate by means of a2 syrimge

and needle introduced through one of the sidearms in order to stop the

metabolic reactions eof the slices and to liberate 002 contained im the
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tissue slice and the liquid phase of the flask., The flask was then
replaced in the bath for 80 min, to allow liberation of all 602 and
its absorption on the filter paper.

Aecetate Addition

All acetate-cl4 used in these experiments was cbtained from the
same lot of sodium acetate-la014 which was prepared in this laboratory
as previously described.66 This acetate, number 104, in a velume of
25 ml, contained about 20 uC per ml or 2.5 x 106 cpm per ml as an

infinitely thick BaCO, plate counted in a windowless gas flow counter,

3
One ml of this solution was found to contain 6,33 uM of acetate when
steam-distilled and titrated., This stock solution was kept frozen in &
pnarrvow-mouth, rubber-stoppered centrifuge tube and 1 ml of this solutien
was diluted to 25 ml with distilled water as needed to provide a useable
dilutien of ace‘i;a’oe_--cﬁ"gr for addition to the liver slices, This 1 to 25
dilution of the original stock solution was labeled #104-A, #104=-B, etc.,
as new dilutions were prepared and contained about 100,000 cpm in 0.25
ud of sodium acetate per ml,

In most experiments, one ml of this 1 to 25 dilution was added to
the sidearm of each flask prior to transferring the slices into the
flask and was tipped into the substrate exactly one hour after the
animal had.been killed or about 30 min., after the flasks containing
the slices had been placed in the comstant temperature bath, After
tipping the acetate inte the substrate the sidearm was washed three
times by tipping the substrate inte the sidearm and then tipping it
back into the flask, The entire label addition procedure required

less than 30 sec, per flask,



Oxygen Utilization

Two min, after the acetate was tipped into the substréte the mano-
meter was adjusted to the 15 e¢m mark and the stopcock closed, This was
considered the zero time for oxygen measurements, Manometer readings
were made every 15 min, thereafter for the duratiom of the incubation,
The thermobarometer readings were taken 15 sec., before each oxygen read-
ing and approﬁriate corrections made in the observed manometer readings,

In order to provide equal incubation perieds, acetate was added
to the substrates at two min., intervals, For this reason, there was a
two min, interval between the manometer readings for each successive
flask. $Since the acid was added to the substrate of successive flasks
at two min. intervals, the total incubation time for each flask was

held equal,

Tissue Fractionation and Assay

002 Transfer and Plating

Thirty min, after the contents of the flasks were acidified, the
flask was removed from the bath, quickly removed from the manometer,
and stoppered briefly until the 002 absorber was removed from the
flask, After removal of the absorber tube, the filter paper roll was
removed from the tube with a pair of rat-teooth thumb ferceps and trans—
ferred to a 50 ml thick-walled centrifuge tube. The absorber tube
was then washed five times with hot, Coszree, distilled water, the
washings being added to the centrifuge tube containing the paper roll,

The tube was then sealed with a tight-fitting rubber vial closure and
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allowed to stand until the filter paper roll was removed (see below).
The effectiveness of the rubber clesure was easily confirmed by the
presence of a vacuum in the tube when it had cooled to reom temperature.
At a convenient time, usually the following day, the tube was opened
and the filter paper strip was grasped at one cornmer with a small hemo-
stat and held over the tube while hot, Cﬁz-free, distilled water was
allowed to drip on it until fhe total volume in the centrifuge tube

was about 40 ml, About ten ml of this velume was contributed by the
five washings from the 002 absorber tube and the remaining 30 ml was
the quantity of water used to elute the NaOH and Na,CO, from the filter

278

paper strip, 0.5 ml of 0,498 M ngcﬂ was gdded to the tube to serve

3
a8 carrier and the carbonate precipitated as BaCO3 and plated by our
naual technique.67

Control flaske, contairing buffer, 002 absorber and acetate-{:‘l4
were run repeatedly amd never contained more than two ul of COé after
one hour of incubation and the tramsfer and pleting procedure described
above, This emount of C0, represents only about 2% of the total CO,

found at the end of ome hour of imcubation, These control sawples

never counted more than five cpm above background,

Slice Transfer and Saponification

After removal of the COZ absorber, the substrate was decanted off
the slices and the slices were then transferred with a small spatula
to a 50 ml screw-cap culture tube, These slices were then washed, with
swirling, using four 10 ml portions of water and the washings added to
the substrate, The tube containing the substrate and the washings was

stoppered and frozen until it was amalyzed.
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Twenty ml of 2 M KOH in 95% alcohel was added to the tube con-
tainiﬁg the washed sliées and the tube was covered with a large glass
marble, It was then placed on a steam bath and allowed to reflux
slowly for two hours. Additional alcohol was added as necessary to
maintain the volume,

At the end of twe hours, the marble was removed and all alcohol
blown off. PFour ml of alcohol was then added back to the tube and the

volume taken to 20 ml with water, giving a 204 concentration of alechol.

Lipid Extraction

All extraction precedures were cerried out in the 50 ml screw=-cap
culture tube into which the slices were initially transfgrred, washed,
and later saponified, thus eliminating at least two tramsfers which
would have been necessary if the usual separatory funnel extractiom
technique had been used,

The significance of minimal transfers and solvent volumes can be
appreciated in light of the small quantities of lipid present in one
gram of liver, these being about 25 mg, of fatty acid and two mg. of
cholesterel per gram of tissue. Our technique of carrying out all
procedures in one vessel minimizes losses which would be umaveidable by
more bulky methods employing several transfers to boiling flasks and
separatory fumnels and has enaﬁled us to obtain extremely reproduceable
recoveries,

In order to provide the gas-tight seal necessary fer extraction
with lew-beiling solvents, the cork liners sﬁppiied with the screw caps
on the culture tubes were removed anmd replaced with discs cut from 1/16

inch polyethylene sheets,
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Thirty ml of low-boiling petroleum ether (8., P. 30° -80°C) was
added to the tube containing the saponified slices dissolved in 20 ml
of the water-elcohol solution, The cap was screwed on securely and
tested for leaks by shaking a few times by hand. Several such tubes
were then placed in a horizontal pesition om 2 shaking machine and
shaken for ome minute at @ rate of 280, 1} in, strokes/min, The tubes
were then allowed to stand in a vertical position about five min, mntil
complete separation had eccured. The cap was then removed and the
petroleum ether layer aspirated with a 30 ml syringe equipped with a
four~ince, 18 guage, blunted needle, The aspirated petroleum ether
was trensferred to a 250 ml wide mouth erlemmeyer flask contaiming a
quantity of anhydrous sodium sulfate sufficient to layer the bottom of
the flask,

Five such extrsctions were performed to remove the non-saponifiable
lipid. The contents of the culture tube were then gcidified with concen~
trated HC1 (te congo red paper) and cooled to room temperature. Five more
extractions with petroleum ether were performed to remove the saponi-
fiable lipid, the petroleum ether again being transferred to flasks
containing sodium sulfate,

The two lipid fraetions were allowed to gstand over sodium sulfate
over night and then filtered into 500 ml flat-bettom boiling flasks,
using five 50 ml petroleum ether washes. The petroleum ether was then
evaporated almost to dryness on a steam bath, removed from the bath,

and taken to dryness with a stream of dry nitrogen.
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Four ml of alcohol was then added to the flasks containing the
non-saponifisble lipid fraction (meinly cholesterol) and five ml of
acebone was added to the flasks ecntéining the saponifiable lipid
fraction (mainly fatty acids), The flasks were then returned to the
steam bath and warmed until the refluxing columm of selvent just reached
the mouth of the flask when they were removed from the bath and allowed
to return to reom temperature,

The cocled solvents were then transferred to appropriate con-
tainers with the aid of volumetric pipettes, The solvents were aspirated
into the pipettes just to the bulb, thereby avéiding loss of lipid in the
expanded portion of the pipettes. This process of refluxing, cooling and
transferring was repeated five times, using a total velume of 20 ml of
alcohol for the non-saponifiable fraction and 25 ml of acetone for the
saponifiable fraction,

The non-saponifiable fraction was transferred without filtering to
25 ml volumetric flasks, The saponifiable fraction was transferred to
tared 15 by 40 wm flat-bottom shell vials supported im a 70°C water-
bath. As each five ml volume of acetone was transferred to the shell
vial it was blown off with a stream of dry nitrogen, thus allowing

several transfers into these small, light weight vials,
Badiocassay

Color-reacting sterols in the non-saponifiable fraction (mainly
cholesterol) were assayed by the colorimetric method of Zlatkis.68

The saponifiable fraction was dried in a vacuum desicator overmight

and then weighed.
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In our initial experiments both cholesterol and fatty acids were
combusted by the Van Slyke wet combustion technique and the 002 pre-
ecipitated as barium carbonate and plated by our usual technique.69
More recently we have abandoned the time-consuming wet combustion tech—
nique in favor of the direct plate method of radiocassay., Aliquots of
the cholesterol solutions (usually 0.5 ml) are pipetted into 5 cm2
aluminum cups and the alcohol allowed to evaporate undisturbed at room
temperature. The cups are then dried for one hour at 105°C and counted
under a windowless gas-flow counter as infinitely thin plates. Samples
of cholesterol so rrepared mast contain less than 0.3 mg, of cholesterol
per & cm? to be regarded as infinitely thin.70 The fatty acids are trans-
ferred with a small spatula to a tared aluminum planchet on which has
been inseribed a § cmz circle, The 1i§id is spread out in a thin layer
with the spatula to cover the inscribed circle and then warmed under an
infrared lamp to allow it tg flow into an even layer, The planchet is
then placed briefly on a cube of ice to quickly resolidify the fatty
acid, The planchet is then reweighed and the radicactivity assayed as
for cholesterol. We have been able to direct plate five to temn mg. of
fatty acid on a planchet with good reproducability by this technique.

The specific activity of the cholesterol samples is determined as follows:

total cpm ~ background
mg, of cholesterol in cup.

SA = cpm/mg, cholesterol =

This specific activity figure may be converted to its infinitely thick

BaCO3 plate equivalent by dividing by a factor of 10.0.* Fatty acid

*This factor was experimentally determined in this laboratory and was
found to be applicable for all cups containing less than 0.3 mg. of
cholesterol per cup ("infinitely thin"),
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specific activity is calculated as follows:

total counts/min/plate~bkg
g

x 100 = counts/min/mg. fatty acid = 8A,

The g factors used for the conversion of these fatty acid specific activ-
ities to equivalent activity as infinitely thick barium carbonate were

determined experimentally in this laboratory.



51

CHAPTER II1X

RESULTS AND DISCUSSION

Preliminary Studies

Since tissue slice studies had not been performed previously im
this laboratery, it was felt necessary to precede any actual metabolic
studies with experiments which would establish the viability of our
slice preparation, This was accomplished by studying the respiration
of a number of flasks containing rat liver slices in a Krebs-Ringer-
Phosphate buffered medium, In the first two such experiments, 16 flasks
containing 0,5 to 0,8 gm. of slices each, obtained from two animals,

were used, 02

of slices per hour with an average of 66 uM/gm,/hr. This value corres=-

utilizatien ranged from 31 to 85 uM 02 per gm, wet weight

ponds elosely to the value of 61 uH/;n,/hr reported by Field, et al. in
71

their study of tissue respiration in the rat. 002 recoveries ranged
from 36 to 74 ul/gm,/hr with an average of 53 ull/gm./hr. These averages
give an RQ (Cﬂg/ﬁz) of 0,81 which is compatable with the mutritiomal
state of the animals used., It isvinteresting that 02 utilization was
usually well maintained up to three hours with a maximum decrease of

17% over the emtire three hour peried while Field, et al. report a

20% decrease in 02 utilization in the first hour of incubation. In

moat cases, we have actually observed a small increase im respiratory

rate during the first hour of incubation amountimg to 5 to 10% above

the respiratory rate for the first 15 min, of incubation.
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Time Course of Incubation

Intreduction

It is apparent that several factors are invelved in determining
the metabolic status of a liver slice preparation at any given time
from the sacrifice of the animal until all metabelic activity has
¢ceased, Initially, the nutritional state of the animal will determime
both the character of the metabolic processes taking place in the
liver (i.e., predominately synthetic or oxidative) and the amount of
metabolic reserve present (primarily as glycogem), This metabolic
activity is subsequently modified by the conditions §f slice preparation,
composition of the suspending medium, composition of added substrate,
composition and availability of the gas phase, temperature of incubationm,
and finally, by the duration of the incubation, The integration of all
of these factors will conspire to determine the qualitative and guantie
tative status of the surviving tissue at any given time of incubation.
Because of this, it is important to determine the time or lemgth of
incubation at which the reactions to be studied are proceeding at
measurable as well as fairly stable rates.
Methods

Since previeus reports from this laboratory had indicated that
hepatic fatty acid synthesis in vivo was maximal about one hour post-

60,61,63 it was decided to use ome hour fasted animels im

prandially,
in vitro incubation studies, Since there is a one hour delay from
sacrifice of the rat until the acetate=1=€14 addition, this may be

considered as an hour of fasting as far as the liver slices are con~

cerned. For this reason, it was felt that slices obtained from an
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animal sacrificed immediately following the one hour eating peried
would probably more nearly reflect the metabolic status of intact liver
tissue in the one hour fasted rat used for in vive studies. To aVOid
confusion, these animals were called "zero-fasted" or "60 min,-fed" as
per the standard nomenclature in this'laboratory even though it was

felt that the slices so obtained had been deprived of circulatory
metabolites for one hour prior to labeling with acetate-1-014 and would
be the equivalent of one hour fasted rats used in vitre, In this initial
group of experiments, seven animals were used., All animals were young
adult male Wisconsin Sprague-Dawley rats carefully trained to feeding
and sacrificed by decapitation immediately follewing the standard one
hour feeding peried, Slice preparation was as previously described and
1 ml of an acetate-l-Cl4 solution containing 100,000 cpm in 0,253 uM

Na acetate was added to each flask, Serial flasks were removed from the

\

incubation bath at 30 min., 60 min,, 90 min, and 120 min. following

14

addition of the acetate-1-C™~, and the tissue "killed" by acidification.

Results and Discussion

Table I presents the 02 utilization and 002 recovery data for these
animals, 0, utilization is seen to have increased from 52,4 uM/gm,/hr
to 68,2 ulM/gm,/hr, a 23% increase in the rate of 02 utilization during
the two hour incubation periocd., During this same interval, 002 production
has decreased from 67.8 to 60.2 uM/gm./hr, an 11,24 decrease, This
increase in 02 utilization and decrease in 602 production results in a
32% decrease in the RQ (002/02). This decrease in R§ from values near

unity to 0.7 is indicative of the putritional status of these animals

prior to sacrifice as well as the absence of organic metabolites in the



Table I
TIME COURSE OF INCUBATION

0. and CO

2 2
ull/Gm, /Hr
Min of Imcubation
30 min min 90 min 120 min
0 Co 0 Co 0 co 4 co

2 2 2 2 2 2 2 2

1) 65.6 63.8 44,5  51.8

2) 51.0 70.1 63.3 55.6 28,2 45,0 62,2  45.4
3) 36.8 66.4  33.3 78,0  57.9 53.8  59.7 80,2
4) 65.4 50.6 71.3 71.3

8) 56,8 71,0 85.2 60,7 74.5 59.8 75.9 60.6
8) 50.6 82,7 68.8 79,8 61.7

7)  40.8 50,9 69.1 83,5 72.1 74.5

X) 2.4 67.8 52.9 62,9 63,3 60,7 68.2 60,2

Range) 37-66 64-71 33-65 52-78 28-80 45-84 60-76 45-75

Mean B 1,29 1.19 0.96 1,03
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slice substrate. Since these animals were sacrificed immediately
following their one hour meal, it does not seem likely that there was
opportunity toireplenish the depleted glycogen reserves incﬁrred during
the prier 12 hour fast. Kowever,'the RQ of near unity at the beginning
of the experiment indicates that predominately carbohydrate was being
utilized. As the RQ wvalues of Table I‘indicate, this supply of ecarbo-
hydrate was not adequate for the full 120 min. period.

Further infermation regarding metabolic activity during continued
inecubation is available from the distribution of the 014 label added to
the substrate of these tissues, The portion of this tracer recovered

in the €0,, fatty acid and cholesterol fractions is presented as %

2
incorporation®* data in Table Il.

It is apparent that despite the wide range of values found for the
lipid fractions, a fairly constant relationship exists between the four
samples from each experiment, Thus it is possible to plot the averages
as obtained above, giving a graphic representation of these data,
FPigure 4 is a semilog plot of these averaged % incerperation date for
Cﬁz, fatty acid and cholesterel, expressed as % incerporation/hr incu-
batiocn,

C0, shows am initial rather sharp decline in the rate of incor=-

2
poration of label which then stabilizes up to about 90 min, incubation,
followed by a further decline as seen in the 2 hr sample. It should be
remembered that during this ssme 2 hr incubation, am 11% decrease was

seen in the rate of 002 production, compared to a 32% decrease in the

incorporation of label into this fraction. Thus, while the rate of 002

% " . % . = i
4 incorporation_tOtal cpmllg tlssua'fractlon(COQAFattY AFld Of*Cholesuerol)xloo
total epm in acetate added to subsirate

'
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Table II

TIME COURSE OF INCUBATION

% INCORPORATION

002, Fatty Acids and Cholesterol

30 min incumbation 60 min incubation
002 FA CHOL CO2 FA CH@L
T.1 0.52 0.67 11.8 0,71 1.23
7.9 3.00 1,72 19,1 5.47 3,95
5.7 0.04 0.47 7.6 0.04 6,70

14.5 0,31 0.8% 18,3 0.74 1,21
1,01 0,47 1.10 0.84
9,2 0,98 0.84 13.8 1.61 1,89
85o7= 0,04~ 0.47= 7 ¢ 8= 0,04~ 0,84-
14.5 3,00 1,72 19.1 5.47 3,95
1,96 13.8 1.61 1,59

18.4

16,8

80 min incubation

120 min incubation

co, FA CHOL co, FA CHOL
11,0 0,72 1,75 18,9 0,93 2,13
16,0 5,60 5,27 24,6 6.92 7.33
0,08 1.48 17.4 0,08 1.80
22,7 0.43 1,91 27,0 1,00 2,65
33,4 1,60 0.84 36.6 1,60 1.83
20,5 1,69 0,84 36.6 1,60 1.83

11,0- 0,08 0,84~ 17.4- 0,08~ 1,80~
33,4 5.60 5.27 36.6 6,92 7.33
18,7 1,13 1.50 12,5 1,06 1,58

86



Figure 4
Time Course of Incubation

Percent of substrate acetate
label incorporated inte COg,
fatty acids and cholesterel per
hour of incubation. C0y values
have been divided by a factor ef
10, Flasks contained 1 gram of
liver slices in 25 ml Krebs-
Binger-Phosphate buffer, pH 7.4
and 1 ml acetate-1-C1%4 (100,000
cpm, 0,253 w), Incubation was
for 2 hours at 37.5°C,



—4.0

— 3.0

—2.0

=0.8

—0.8

~ 0.7

INCORPORATION /HR.

%

TIME COURSE OF INCUBATION

PERCENT INCORPORATION PER HOUR

C=02 (X O.i),

30

FATTY ACIDS & CHOLESTEROL

INCUBATION TIME (MIN.)

60 90
l [

FIGURE 4

5T



58

production declines during the incubatien period, the incorporation

of label into this CO_, declines at a2 more rapid rate, resulting in

2
relatively "less labeled” 0029
specific activity® datu‘(Table III). The comstant decline in co,

This is seen by examination of the 002

specifie activity may be interpreted as a diminishing "rate" of oxidation
of acetate-1-614 to 002 although other interpretationsﬂof this change in
specific activity will be conmsidered later,

Beferenee to Figure 4 shows that the twe lipid fractions behave
quite differently with regard to the incorporation of label. While the
rate of incorporation of label into fatty acid (% incorporatiom per hour)
shows & relatively constant decrease throughout the incubation period
(1,96%/hr in the 30 min sample compared fo 1,064 /br in the 2 hr sample),
the rate of incorporation of label into cholesterol was fairly constamt.
This is even more apparent if the magnitude of these changes are considered
as % decrease in the rate of incorporation of label. Thus, while the
incorperation into fatty acid decreased to 46% of the activity in the
initial 30 min sample, the incorporation into cholesterol declined only
6% after two hours of incubation., It will be remembered th#t the ineor-
poration into 002 decreased 32% during this same period,

Again, consideration of specific ac¢tivity datae may be informative
since this calculation estimates the activity per unit of metabolite
recovered., As seen in Table III, CG2 specific activity declined 10%
during the incubation period as compared to a 32% deerease in the incor-

poration of label inte CO Fatty acids, on the contrary, had a

20

specific activity 2,08 times as great after two hours incubatien while

%gpecific activity = cpn/nﬁ co, (or cpm per mg., of fatty acid or cholesterol)



Range

Table II1I
TIME COURSE OF INCUBATION
SPECIFIC ACTIVITY
002, Patty Acids and Cheleste

30 Min Incubation

rol

60 Min Incubation

Cﬂz FA CHOL Cﬂg FA CHOL
215 1.5 303 201 26,0 787
223 104 169 236 180 1830

1,12 191 1,33 248
342 23.8 336 279 25,6 582

39,1 23l 47.7 456
260 37,1 246 239 56,1 781
216~ 1,12~ 169- 201- 1,33= 248~
342 104 336 279 180 1830

80 Min Incubatien

120 Min Incubation

602 FA CHOL 002 FA CHOL
158 28,6 759 201 33.4 1013
202 192 2568 188 241 3376

2,21 631 2,64 689
241 30,3 291 210 41,0 1291
242 65,4 362 238 67.9 983
200 63,7 1062 202 772 1470
158~ 2¢21= 362 196= 2.54= = 680
242 192 2568 235 241 3376

59
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the rate of incorporation of label into fatty acid decreased 46%, This
is even more striking for cholesterocl where a 6% decrease in the rate of
incorpeoration into this lipid is accompanied by a specific activity
5,98 times as great at the end of incubation as was found im the 30 min
gample,

This relationship of specific activity in the three metabolic com-
partments being studied is expressed graphically in Figurg 5. From this
it might be reasoned that while the rate at which 014 label is being
incorporated into 002, fatty acid and cholesterol decreases during the

14 ;abel per wnit of

incubation period (Figure 4), the amount of this C
metabolite (Figure 5) decreéses only in 602 but increases 2-fold in
fatty acid and 6-fold in cholesterol, For 602, this is partially
explainable by the fact that the amount‘of 602 being produced decreases
during the incubation peried, thus a smaller quantity of 002 contains
relatively the same concentration of label (actually 104 less). On the
ether hamd, the actual amount of the two lipids remains quite constant
during the incubation peried (see Table IV), Thus, while the rate at
which label is incorporated inte these 1ipids declines (more so for
fatty acid than cholesterol), the actual density or concentration of
this label increases due to the lack of measurable increase in the mass
of the lipids, Whether this increase in concentration is due to a large
gquantity of label present im a few newly synthesized molecules of lipid
or is due to a relatively uniform labeling of all melecules cannot be
answered on the basie of the presemt date.

The decline in rate of label incorporation, without measurable
change in lipid compartment size may be explained en the basis of a

ghift in metabelic equilibrium as shewn below. At all times, in the



Figure B
Time Course of Incubation

Specific activity of €0y, fatty
acids and cholestercl during the
first two hours of incubatien,
Specific activity reported as
cpm per mg, lipid or per ul CO,.
Fatty acid values .have been
multiplied by a factor of 10,
Flasks contained 1 gram of liver
slices in 25 ml Krebs-Ringer-
Phosgphate buffer, pH 7.4 and 1
ml ecetate-1-¢l4 (100,000 cpm,
0.253 ul), Incubation was for

2 hours at 37.5°C,
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Recovery of Fatty Acide and Cholesterol

TABLE IV

TIME COURSE OF INCUBATION

(Mg. Lipid/Gm, Tissue)

FATTY ACIDS
Minutes of Incubation

30 Min 60 Min 90 Min 120 Min
16,2 17.4

31.6 26,1 24.5 27.2
27.0 29‘6 29‘9 27.8
34,0 43,5 32,0 31.6
12,58 28,6 14,3 24,0
23.8 22,1 25,9

24,1 22,5 22.3 22,7
24,2 28,7 23,7 26,7

CHOLESTEROL
Minutes of Incubatien

30 Min 60 Min 90 Min 120 Min
2,30 2,40

2.30 2.10 2,20 2.00
1,77 1.97 2,00 1,97
2.46 2,91 2,34 2,61
2,43 2,05 1,93 2,01
1.21 1.36 1,63

1,86 1,85 1.81 1,78
2.06 2,02 2,03 2,07
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slice as well as in the intact rat, it is assumed that the following

equilibrium exists:
g :
Carbohydrate —> Active Acetate &==——=% Fatty Acids.
B

During the early part of the experiment (30 min) it is likely that
dietary carbohydrate supplied the greater part 6f the energy require-
ments (i.e., the RQ was about 1,0), At this time, reaction B would

be expected to"predominate, that is, the eqﬁilibrium would shift toward
fat st&rage. Predominance of synthesis over degradation would favor the
drawing of appreciable amounts of labeled acetate-l-cl4 sabstrate into
the lipid compartment. At later times, as carbohydrate supplies decrease,
the equilibrium is shifted teo the left (i.e., reaction A predominates)

and less 014

label is "fixed" in the lipid compartment per unit of time.
Another facfor that mast be considered at this point is the nature
of, aﬁd the specific activity of, the acetyl CoA precursor of all three
metabolic compartments that were studied. Should an inflnx of unlabeled
acetate (endogenously formed?) cause the specific activity of the
acetylating precorsor to decféase, a decreased specific activity and a
decreased % incorporation and a decreased rate of incerporation might

well result. The information available from the CO_, and fatty acid data

2
indicates that this phenomena might explain the changes seen in these
fractions, The data of the cholesterol fractions indicates that sterol
014 activity, as specific activity, % incorporation, and % incorporation
per hour was not subject to a gross dilution of the specific activity of

the acetylating precursor., If a common acetyl CoA source furnishes

acetate carbon for the reactions follewed in this study, we may conclude
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that we have indeed followed changes in the rate of CO2 and fatty acid
formetion in the studies described im this thesis,

A final possibility has however not been excluded. Dilution of
the acetate "pool™ by exogenous acetate will not necessarily cause
lowered label incorporatien, fer if reasctien B sbove is stimmlated by
an imcrease in the concentration of acetate, them the dilution effect
might be offset by an increased rate of synthesig--resulting in "normal”
label incorporation, To postulate a situation sueh as this, it is again
necessary to say that the same acetate "pool"™ is mot common to all the
three systems studied, for the nulifying effects postulated for th;

cholesterocl system should alse play a role in the 002 fatty acid systems,

Effect of Faslting on Time Course of Incubation

In previeus discussicen it was pointed out that the animals used
in these experiments were probably mnot optimal with regard to nutrition
since they were sacrificed too seoon postprandially for amy significant
energy rezerves to be laid down in the liver. To test this assumption
it was necessary te repeat this study using fasted animals, For this
purpose, three 12 hr fasted rats were used, along with three 60 min fed
rats to act as a comtrel group. Flasks were removed from the Warburg
bath at 1, 2 and 3 houre incubation, The results of these experiments
are presented in Tables V, VI and ?II..
Results

02 utilization and 002 productien are presented in Table V, From
these date, it is apparent that in both fed and fasted glices, Oz

utilizations increased slightly during incubation while C0_ productiecm

2

decreases, resulting im a fall in RG values from unity to 0.70 during



1)
2)
2)

5)
8)

X)

Range

Range

Table v

TIME COUBSE OF INCUBATION

0, and CO

2 2

ull /G /Hr

Fed (1 Hx
1 Hr Incubation 2 Hr Incubation 3 Er Incubation
02 002 02 602 O2 002
71.9 573 76,8 53,8 73,9 49,9
70,9 51.9
87,8 58,3 66,3 49,8 89,3 49,2
66,0 53,4
8l.2 B7.2 61,3 47,8 63,90 47,8
b8.4 63,6
86,0 57,0 68,1 B0 4 69,0 48,8
58~T2 5264 6177 48=54 64-T4 4T=50
0.86 0,74 0,71

1 Hr Incubation

Fasted !12 Hr!

2 Hr Incubation

3 Hr Incubation

02 002 02 qgg 92 002
58,5 48,8 63.4 40,0 64,7 43,9
59,7 47,7
59,2 68.9 64,7 87,2 67,7 49,1
63.8 78.5
64.6 7.5 65,6 50,2 69.2 52,9
65,4 8.2
81,2 62,3 64.6 49.2 67.2 48,8
5965 4876 6386 40-87 6569 4453

1.01 0,76 0.72

85



1)
2)
3)

5)
6)

Range

#/8x
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Range

#/Er

Co

Table VI
TIME COURSE OF INCUBATION

% INCORPORATION
Fatty Acids, and Cholesterol

29
Fed (1 Hr)

1 Hr Incubation 2 Hr Incubation 3 Hr Incubation
CQZ FA CHOL co, FA CHOL co, FA CHOL
12,6 0,33 1,74 21.2 0,40 2,86 27.4 0,42 3,60
11.2 0,35 1,97
12,4 0,95 2,08 19,8 0,98 4,05 27.7 1,01 4,92
11.8 0,94 2,10
12.0 0,76 1,22 21,2 0,97 2,28 26.8 0,78 2,72
11,5 0,69 1,21
11,9 0,67 1,72 20,6 0,78 3,06 27.3 0.74 3,76

1= 0,3- 1,2« 20~ 0.4 2,3- 27w 0,4 2,7~

13 1.0 2,1 21 1,0 4.1 28 o0 4,9

11,8 0,87 1,72 10,2 0,39 1,53 8,1 25 1,25
Fasted (12 Hr)

1 Hr Incubation 2 Hr Incubation 3 Hr Incubation
o, FA CHOL 002 FA CHOL 002 FA CHOL
8,02 0,98 1,56 15,6 0,88 2.43 23.8 0,20 2,06
8,27 1,069 1,568
16,2 0,86 1,17 22,1 0,84 1,84 24,4 0,60 2,11
16,6 0,46 1,10
9,53 0,15 0,69 18,0 0,22 0,73 25,0 0,18 0.83
10,9 0,22 0,48
11.8 0.88 1.08 18,6 0,58 1,67 24,4 0,62 1,96

B 02~ 0B 18~ 0,2~ 0,7= 24~ 0,2 0,8~
17 1,1 1.8 22 0.9 2.4 25 1.0 3.0
11,8 0,58 1,08 9.2 ©€.,290 0,84 8,1 0,21 0,68
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Range

Gﬂz, Fatty Aeids and Cholesterol

Table VII

TIME COURSE OF INCUBATION
SPECIFIC ACTIVITY

Fed (1 Hr)

1 Hr Incubation 2 Hr Incubation 3 Hr Incubation
co, FA CHOL Gﬁz ‘FA CHOL 602 FA CHOL
207 12,7 754 199 15,2 1269 184 18,1 1651
212 10,2 925
201 35.6 1067 188 32,2 2048 179 33.9 2764
205 26.6 1024
213 32,5 630 212 31,4 1200 180 31,0 1337
174 27,8 603
202 24,2 834 199 26,3 1508 184 27,7 1917
174 10,2= 603~ 188= 15,2-= 1200~ 179~ 18,1= 1337~
213 36.6 10867 212 32,2 2048 190 33,9 2764

Fasted (12 Hr)

1 Hr Incubatien 2 Hr Incubation 3 Hr Incubation
CO2 FA CHOL co, FA CHOL o, FA CHOL
178 33,8 788 190 30,8 1138 177 36,0 1473
188 36,8 788
231 20,1 568 191 24,0 918 186 28,0 1083
216 18.6 526
164 8.32 219 177 8,756 372 156 10.4 503
143 7.61 231
183 20.9 520 186 2l.1 809 166 24,8 1010
143- 7.6l- 219= 177 8,76~ 372- 156 10,4— 508~
231 36.8 788 191 30,6 1138 177 36.0 1473
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incubation, Considered separately, O2 utilization increased 5% in the
fed animals and 9% in the fasted animals while 002 production decressed
144 in the fed end 22% in the fasted animals, Thus it appears that
carbohydrate energy stores are depleted slightly more rapidly in the
fasted apimal than im the fed animel, as would be anticipated.

The distribution of the 614 label is summarized for these experiments
in Table VI, while Figure 6 presents the data graphically. These data
indicate that the standard one hour feeding period is ample time for the
ingested food te influence hepatic metabolism, In every case, the
incorporation of label into 002, fatty acid and cholesterol was greater
in the fed than in the fasted animals showing that the primarily catabolic
processes of the‘fasted animal were shifting to more synthetic activity
after the feeding peried. This increased rate of imcorporation was
greatest for cholesterol (averaging 78% higher) and least for co, (8%).
It was unexpected to find that cholesterel should show the greatest
response to feeding since it usually shows a less dramatic respomse to
nutritional changes than does fatty acid. The small change seen for CO2
is compatable with more comprehensive data om the influence of fasting to
be presented later,

The factor of primary concern at this point is the influence of
prior nutritional status on metabelie activity during incubatien of the
slices, The data appear to indicate that there is no great difference
in the two preparatioms as far as lipogenic activity is concerned up
to at least three hours of incubation since the siopes at which the rate
of incorpeoration of label is decreasing appear to be approximately the
same in the fed and fasted animal if the initial differemce in incor-

poration is disregarded.



Figure 6
Time Course of Incubation

A& comparison of the percent of
substrate acetate label incor-
porated into CO,, fatty acids
and cholesterel, at various
incubation times, by slices
obtained from the livers of
fed and 12 hr. fasted rats,
Solid lines represent slices
from fed rats and broken lines
represent slices from fasted
rats. (0, values have bheen
divided by a factor of 10,
Flasks contained 1 gram of liver
slices in 25 ml Krebs-Ringer-
Phosphate buffer, pH 7.4 and 1
ml acetate-1-C1% (100,000 cpm,
0.253 ulM), Incubation was for
2 hours at 37.5°C,
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Table VII and Figure 7 shows essentially the same changes in
specific aeﬁi#ity as were presented previcusly (Figure 8). Again,
although the abselute values differ, the slopes for the fed and fasted
snimals remain similar showing that although feeding influences the
sbsolute amount of label incorporated inte C0,, fatty acid and choles-
terol of surviving liver slices, it has little influence on the gradual
decrease in the rate at which the processes are going on during the
course of incubation, |
Summs

In summery, liver slices from fed and fasted rats were incubated
for various periods of time from 30 min te three heurs in the presence
of &cetate~l~014 tracer, During the course of incubation, there is &
gradual decrease in the rate at which the label is incorporated inteo 002,
fatty acid and cholesterel; this decrease being greatest for fatty acid
(63% less), and less for CO, (27%4) and cholesterel (33%). This decrease
is, however, largely independent of the previous nutritiomal status of
the animal, the slopes being similar in both the fed and fasted animals,
That there was an actual differemce in the nutritional status of the twe
series of animale is shown by the actual % incorporation data for any
given period of incubation, Thus, "fed slices" iﬁcorporated 23% more
label inte fatty acid than did "fasted slices" and 78% more label into

- cholesterol,

Time Course of Fasting

Introduction

As pointed out in the intreductory chapter, ome of the principle

reasong for these in vitro studies is the extension and confirmation of



Pigure 7
Time Course of Incubation

A comparison of the specific
activities of €05, fatty acids
and cholestereol, during incu-
bation with acetate-1—014, using
slices from either fed (solid
line) rats or 12 hour fasted
rats (broken line) are used,
Cholesterol values have been
divided by a factor of 10.
Flasks contained 1 gram of liver
slices in 25 ml Krebs-Ringer-
Phosphate buffer, pH 7.4 and 1
ml acetate~1-C1%4 (100,000 cpm,
0.253 uM). Incubation was for

2 hours at 37.5°C,
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intact animal studies already reported from this laboratery. Ome of the
phases of our intact animal studies where in vitro correlation is desir-
able is the preblem of the influemnce of fasting om hepatic lipogenesis.
Certain aspects of this problem have already been alluded to in the
previcus section on the time course of incubation,

In intact snimal studies, Cockbuxn60 has shown that hepatic fatty
acid uptake of iEetnte-ligtt (i.e., synthesis) increases rapidly following
the refeeding of 12 hr fasted rats, Within 45 min from the time the
enimals are allowed access to food, 4.5 times as mmch of the intra-
peritoneally injected acetate label is found in the liver fatty acid
fraction as is present following a similar injection im a 12 hr fasted
animal, This increased incorporation continues uwp to about the third
hour of fasting where the amount of label fixed in the fatty acids is
about 6.5 times the 12 hr fasted value, A rapid decline them occurs
and 2 hrs later (5 hr fasted rat) the incorperation inte fatty acid is
only about twice the 12 hr fasted level and by the eighth hour of
fasting, the incorporation of label has returned nearly to the 12 hr
base line,

The in vivo labeling of hepatic chelesterol at these same time
intervals following the refeeding of a 12 hr fasted animal is quite
different from the responses observed for fatty acid., Unlike fatty acid,
there is a slightly diminished incorporation of label into cholesterol
following the feeding period, so that at the end of this 60 min peried
the incorporation of label into cholesterol is nearly 20% less than that
seen in the 12 hr fasted emimal, This may be attributable to the influx
of non-labeled dietary cholesterol with consequent inhibition of hepatie

cholesterocl synthesis, but this point has not been established with
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certainty. A maximum increase in the "fixation" of label into choles-
terel occurs about eme hour postprandiélly and amounts to about 15%

more than in the fasted animal, This is in contrast to the 6,5 fold
increase seen im fatty acid labeling. Following the increased choles-
terol synthesis seen in the ome hr fasted rat, there is a decline imn
acetate incorporation se that at the third hr of fasting only 90% of

the 12 hr incorporation is seen and by the fifth hour, only slightly

more than half of the 12 hr incorporation is found., A steadily increasing
incorperatiﬁn then occurs with continued fasting which by the eighth hour
is 25% below the 12 hr velue,

In vive 002 data shows that fhere is essentially no change in the
amount of the added acetate label which is recovered as 01402 at the
various intervals following refeeding., A discussion of these data as
well as the responses reported for fatty acid and cholesterol in vivo
will be discussed at the end of this section,

Methods

In order to study this problem im vitro, a total of 36 rats were
prepared as before and sacrificed at intervals during and following the
standard one hr feeding peried, Liver slices were prepared as previcusly
described and 1 gm, of slices/flask was incubated for 1 hr at 37.5°C in
Krebs-Ringer-Phosphate medium containing 100,000 cpm Na Acetatem1—614
(0,253 uM acetate/26 ml substrate volume),

Results and Discussien
Respiration—-Oxygen utilization and 602 productien data are reported

in Table VIII. These data are reported 28 ul of 02 utilized erx 002

produced per gram wet weight of slices per hour of incubatiom,



Table VIII
TIME COURSE OF FASTING
GAS EXCHANGE

ulM/Gm, Tissue/Hr

PAST 02 Oy »Q
uld SE* uli SE*

Zero¥* 63.6 2,8 53.9 2,3 0.8%
1 hr 58,1 0.6 52,7 2.9‘ 0.91
2 hr 57,0 1,7 | 57.9 2,5 1,00
4 hr 56,2 1.5 51,7 2.3 0,92
6 hr 58.0 2,3 58,6 1.4 1,00
12 br 62,4 1.3 61.3 3.6 0,98

% SE = standard error of mean

##Rats killed immediately follewing 60 min feeding peried



Both 0, utilization and CO2 production showed & slight decrease

2
from maximum values in the non-fasted animals (zero hour) te a minimum
at the fourth hour fellowing the 60 min feeding period. Although 002
preduction appears to drep slightly mere than 02 utilizatien during

this period this is more an apparent difference than a real onme since
the BQ remains fairly comstant between 0.90 and 1.00 throughout the
feeding-fasting period., If the standard errors of these means are con-
sidered, it is seen that fhe differences observed are not imcompatable
with expected sampling errors, Thus, the maximum change seen in 02
utilization is about 7 uM while the 95% cenfidence interval of the means
with an average standard error of 1.7 uM would be nearly 5 uM. Applica-
tion of the "t-test” for ihe signifieance of the difference between
means further verifies the probability that if real differences are
present, they are small. An additional factor that limits the inter-
pretation of the RQ data is the fact that the sliées were subjected to
the hour of "fasting” invelved in their preparation, in addition %o
which the experiment itself is conducted ever am hour period, an
additional hour of deprivation of metebolites ordinarily supplied by

the circulation,

# incorporation data for the three fractions (co,, fatty acids and
cholestercl) are presented in Table IX while Table X summarizes the
specifie activity data,

In these tables, fasting is represented as the time interval
following the standard 60 min feeding period (i.e., zZero fast meenms
that the animel was sacrificed immediately following the feeding period,

étc.). For each of the three fractions, data are presented as % of the
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FAST

fero

1 hr

2 hr

4 hr

8 hr

12 hr

*# Each number represents the mean % incerporation of 2 or

Table IX
TIME COURSE OF FASTING

% INCORPORATION
C0,, Fatty Acids and Cholesterol

76

002 Fatty Acids Choleaterol
4*  Mean  SE¥* %% Mean  SE** gx Mean  SE**
11,9 11,4 0.28 0.34 0,86 0,13 1.86 1,79 0.15
12,1 0,95 2,09
11,8 0,73 1,22
10,2 0,60 2,00
11,0 1,80
8,12 10,1 0,79 0,63 0.92 0,13 0,80 1,68 0,40
9,45 1,01 2.31
11,4 1,23 1,23
11.3 0,81 2.39
13,2 11,7 0,78 4,00 3,98 0,41 4,49 3,72 0,61
12,8 4,986 3.42
9,82 2.96 2,14
11,1 4,00 4,82
8,11 9.77 0,83 2,01 2,99 0,53 1,70 2,82 0,32
10,3 2,47 1,90
7,584 1.00 1,53
9,85 5,05 2,55
8,78 1,57 2,91
10,1 6,48 1,56
8.80 2,16 2.85
8.25 6,02 4,18
8,94 3.24 2,50
13.9 1.78 1,77
10,7 2,80 1,95
12,38 1,61 5,02
12,3 11.8 0,37 2,84 1,73 0,45 1.3 0,91 0,18
12,2 2.41 0,59
10,7 1.27 0,77
11,9 0,69 0,92
8,656 10,8 1,22 1,04 0,47 0,13 1.57 1,35 (.28
16,4 il 0,51 1,14
10,2 0.19 0.54
11,1 0,47 2,53
7.96 0.43 1.45
10,3 0,17 0,87

from a single animal,
#*%* SE = standard error of mean.

more samples
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Table X ,
TIME COURSE OF FASTING
SPECIFIC ACTIVITY
602, Fatty Acids and Cholesterol

FAST 002 Fatty Acids Cholesterol
SA#*  Mean SE¥* SA¥ Mean - SE¥* SA* Mean - SE**
Zero 210 200 3.4 11,5 24,3 4,6 840 868 77
: 203 3.31 1046
194 30.2 817
203 24,4 998
181 791
1hr 151 185 19 25,0 37.2 5.5 380 816 210
187 42,6 1214
229 49,6 535
184 31.6 1136
2 br 202 199 8.0 149 147 13 2182 1910 278
2290 175 1939
187 111 1128
186 152 2393
4 br 144 186 12 68,7 108 17 870 1235 166
169 86,6 948
131 37,2 766
211 207 1342
- 184 61l.4 1636
155 205 561
151 153 1175
153 112 2090
225 83,3 1280
263 102 706
228 70.3 1000
214 2480
6 hr 186 195 3.9 109 73.8 22 B77 418 59
205 113 398
193 47.4 383
196 28.7 418
12 hr 173 171 12 35,3 17.4 4.2 788 644 127
224 19.4 547
154 7.97 225
173 18,8 1078
- 147 17.1 826
153 602 401

% Each specific activity represents the mean of 2 or more samples from
e single animal,
#* SE = standard error of mean.
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substrate label incorporated inte the metabolic product (Table IX) and
as activity (cpm) recevered per uM of 002 or per mg, of fatty acid ox
cholesterol {fable X), Each value in the % incorporation or specific
activity columms represents the mean of two or more flasks of liver
slices from a single animal.

Since little or no change is found in the amount of 002, fatty acid
or cholesterol recovered from a gram of slices at the various time inter-
vals of fasting, the specific activity calculations add little to an
analysis of the results, For this reason, this discussion will deal
primarily with the % incorporation data.

Fatty Acid——The changes in fatty acid labeling at the various inter-
vals following refeeding are shown in the second column of Table IX,
These mean % incorporation figures may be plotted graphically either as
% incorporation per se, or as changes with respect to the mean value
obtained for the 12 hr fasted animal, The justification for this com-
putation is the assumptiom that the 12 hr fasted animal represents the
maximum duration of fasting prior to the 80 min refeeding period eas
established during the trained-feeding regime to which all animals were
subjected, This twelfth hour of fasting may then be considered the base
line from which the alterations induced by refeeding amd subsequent
fasting will occur and therefore the base line to which these alterations
may be compared, By this calculation, increases in the imcorporation
of acetéte=1~014 label into either fatty acids or cholesterol will be
represented by the number of times greater than the 12 hr fasted value
which these increases represent, and conversely decreases will be repre-

sented by the proportiom of the 12 hr fasted velue which these decreased
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values represent, This calculation has been employed in arriving at the
"nermalized” % incorporation data plotted in Figure 8.

These graphs indicate that, as previously discussed, the fraction
of the substrate label "fixed" in 002 does not change significantly at
the various intervals after feeding., This CO2 data is therefore repre-
gented by a herizontal line extending aleng the abscissa at 1.0,

Fatty acids show a marked increase in the incorporation of acetate
label in response to feeding which may most likely be interpreted as a
marked increase in the synthesis of this lipid. This rise is gradual
during the feeding period and the first hour postprandial, the incer-
poraetion increase being only about 2 fold at the end of 1 hr of fasting.
There follows an abrupt rise in fatty acid activity which at the end of
the second hour of fasting has reached a maximmum value nearly 8% times
the 12 hr fasted value, (This peak represents am actual % incogp@ration
of nearly 44). This two hour peak is followed by a constant decrease
in incorperatiem up to at least the sixtk hour of fasting. Synthetie
activity between 6 and 12 hrs of fasting was studied in only one experi-
ment which was considered technically unsatisfactory and is not reported
here, Further investigation of this 6 hr period of fasting is mecessary
to establish the slope of the % incorperation curve subsequent to the
6 hr fast period.

Cholesterol——The curve for cholesterol (Figure 8) shows the same
gradual rise during the feeding period and first hour of fasting as was
seen for fatty acid., This initial rise is however more gredual, being
only about 25§ above the 12 hr fast level one hour after feeding whereas

fatty acid incerporation was mearly twice the fasting value at the same



Figure 8
.Time Course of Fasting

Labeling response in COg,

fatty acids and chelesterol
with liver slices obtained
from fed or 1, 2, 4, 6 or

12 hour fasted rats, Labeling
response represents the res-
ponse of the system in ques-
tion to either feeding or
fasting when compared with
slices obtained from 12 hour
fasted rats, Horizontal broken
line represents COp which is
uninfluenced by refeeding and
fasting, and therefore this
line also represents the base
line for comparison with the
changes observed in the two
lipids, Lipid labeling res-—
ponse = % incorporation at
indicated fast period/% incor-
poration in the 12 hour fasted
preparation, Flasks contained
1 grem of liver slices in 25 ml
Erebs-Ringer-Fhosphate buffer,
p 7.4 and 1 ml acetate-1-Cl4
(100,000 cpm, 0,253 uM). Incus
bation was for 2 hours at 37.5 C.
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interval, Cholesterosl also resembles fatty acid in that a maximmum
increase in the synthesis of thie sterol is found 2 hrs after feeding
with a subsequent decline in synthetic activity. The maximum rise in
label incorperation into cholesterol is however less than three times
the 12 hr incorporatien value as compared to an 8% fold increase found
for fatty acid.

In addition to the lower peak seen for chelesterol, it will be
seen that the incorporation of label into this fraction subsequently
falls to levels significantly below the 12 hr fast level during the
gixth hour after feeding. Again, the remainder of this curve requires
further investigation to establish the slope during the sixth to twelfth
hour of fasting.

It is interesting to mote the amount of dispersion of the observed
% incorporation figures for the three fractions reported., This disper-
gion, as indicated by the standard error calculations reported in Table
1X, may be expressed in terms of the coefficient of dispersion
52&2§g§%;§2522 making a direct comparison between the various standard
errors possible, It was found that the standard error for 002 averaged
about 6% of the reported meams while it was about 16% for chelesterel
and nearly 19% for fatty acids, Thus the least dispersion was found

for CO, and the greatest for fatty acid, with cholestercl being only

2
slightly less. Thie is comsistent with répeated observations en beth

in vive and in vitre preparations inrthis laboratory which indicate that
fatty acid labeling is relatively labile while cholesterol labeling is
significantly less labile and 002 labeling is quite stable, This has

been observed under many different experimental conditions,
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Summary of In Vitre Data

In summary, the following have been established fof liver slices
obtained from fed and fasted rats incubated with "tracer concentrations”
of acetatea1~Cl4 label:

1). No change in 02 utilization, 802 production or labeling of 002
fellowing refeed;ng and subéequent fasting of 12 hr fasted animals,

2)., Nearly three times as mmch incorporation of label into cholesterol
as into fatty acid in the 12 hr fasted animal.

3). 37 times as much incorporation per mg, of cholesterol as per mg.
of fatty acid in the 12 hour fasted animal,

4), A gradvally increasing incorporation of label into fatty acid and
cholesterol during the 60 min feeding peried and the first hour following
feeding, representing a 25% increase for cholesterol and a 96% increase
for fatty acid over the 12 hr fasted level,

5). An abrupt increase in the synthesis of both cholesterol and fatty
acid during the second hour of fasting as indicated by an 8.5 fold
increase in the incorporation of label inte fatty acid and a 2.8 fold
inerease into cholesterol as compared to the respective 12 hr fasted
incorporation levels,

8). This greater increase in fatty acid labeling than cholesterol
labeling results in a decrease in the 12 hr fasted Chel:FA specific
activity ratio of 37:1 te a ratio of 13:1 at the end of the second
hour of fasting.

7). A gradual decline in both cholesterecl and fatty acid synthesis
following the peak of synthetic activity observed at the 2 hr fast

interval,
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8)., A fall in label incorporation into cholesterol to a level at the
sixth hour of fasting 33% less than that observed in the 12 hr fasted

animal.

Comparison of In Vitro and In Vive Fasting Studies

As discussed at the first of this section, a study similar te the
above reported in vitro study has been reported for the intact animal
by Cockburn.eo Since these intact animal studies report the % of an
intraperitoneally injected "dose" of acetate label incorporated imte
total hepatic fatty acids and cholesterol while the present in vitre
data are reported as the % of substrate acetate label incorporated into
only one gram of liver slices, the two % incorporation figures are not
strictly comparable, It is pessible however to compare "normalized" %
incorperation calculations as discussed above gsince these represent the
response of fasted tissue to refeeding and subsequent fasting irrespec-
tive of the absolute incorporatiom figures.

Using this computatien, it is possible to plot the im vitro and
in vive response curves, as has been done in Figures 9 and 10,

Changes in the synthesis of fatty acid and cholesterol in response
to feeding and fasting are seen to differ both qualitatively and quanti-
tatively when the in vive and in vitre technigques are compared. These
differences appear to be much greater for cholesterel than fatty acid.
Fatty Acids

The inmcreased labeling of bepatic fatty acids subsequent to refeeding
of the 12 hr fasted animal occurs much more rapidly in vivo than in vitre,
reaching a value 4% times the fasted level during the 60 min feeding

period as compared to rise of less than 50% in vitroe, This initial



Figure 9
Time Course of Fasting

A comparison of the lipid
labeling response in fatty
acids to feeding and fasting
as seen in the liver slice
preparation and in the in-
tact animal, Lipid labeling
response = % incorporation
at the indicated fast inter-
val/% incorporation in the
12 hour fasted preparation.
In vitro experiments are 1
gram samples of liver slices
ikaagbated for 1 hour at
37.5 C in 25 ml of Krebs-
Ringer-Phosphate (pH 7,4}
with 1 ml of acetate~1-C'%
(0.253 uM and 100,00¢ cpm/ml).
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Figure 10
Time Course of Fasting

A comparison of the lipid
labeling response in choles~
terol to feeding and fasting
as seen in the liver slice
preparation and in the in-
tact animal, Lipid labeling
response = % incorperation
at the indicated fast inter-
val/% incorporation im the
12 hour fasted preparation,
In vitro experimentis are 1
gram samples of liver slices
incugated for 1 heur at

37,5 C in 25 ml of Krebs-
Ringer-Fhosphate (pH 7.4%
with 1 ml of acetate-1-¢1%
(0.253 uM and 100,000 cpm/ml),
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rapidly increasing fatty acid synthesis in vivo continues to increase
at decreasing rates up to the third hour of fasting, being nearly
maximal one hour after feeding (6.1 fold increase at 1 hr as compared
to 6.5 at 3 hrs). This is in contrast to the minimal increases observed
in vitro during-thié initial one hour fast followed by an abrupt increase
to the 2 hr fast maximum which is nearly % greater than the maximum
inerease in vivo. |

The decreasing synthesis of fatty acids seen in the later fasting
periods also differs with the two techniques, being relatively abrupt
in vivo and more gradual in vitro, By comparison, the 5 hr incorporation
in vivo is only about twice the 12 hr incorporation while in vitro it is
8till nearly 4 times the 12 hr incorporation.

In vive fatty acid labeling differs from in vitro labeling by:
1), an earlier initiel increase with refeeding; 2). a sustained interval
of increased synthesis; 3). maximum increase § less than in vitroe; 4). an
abrupt fall in incorporation with 5). a returﬁ to nearly minimal labeling
by the sixth or seventh hour of fasting.
Cholesterol

The differences in cholesterol synthesis observed between the two
techniques are similar to those seen for fatty acid but more striking,
In vive, an initial drop in the % of the label incorporated inte choles-
terol has been consistently observed during the refeeding period. This
decreased incorporation, averaging 15% less than the 12 hr fasted level,
has been tentatively interpreted as an inhibition of hepatic “cholesterol-

ogenesis" by the influx of dietary cholesterol during the feeding period.
The initial depression of cholesterol synthesis is recovered rapidly

and cholesterol labeling in vivo reaches a maximum one hour jostprandial,
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which represents only a 154 increase over the 12 hr fast level, There
follows a gradually decreasing incorﬁoration until the fifth postprandial
hour when a minimum level is reached which is omly slightly more than
half the 12 hr level, The return te the 12 hr fast incorperation in
vive is gradual and constant during the remainder of the interval.

This in vive cholestercl response is in contrast te the above
reported in vitre response which by the second postprandial hour has
increased nearly twelve times as wuch as the maximum increase observed
in vivo., There is some similarity between the two systems in the gradual
return to levels below the 12 hr fast incorporation, reaching a minimum
46% less than the 12 hr value in vivo and 33% less in vitre, This
minimum incorporation is also observed at about the same time in the twe
systems (5 hr fast in vivo and 6-7 hr fast in vitre).

In vive cholesterol labeling thus differs from in vitro by: 1), show-
ing an initial depression in cholesterol synthesis during the feeding
period; 2). imcreasing to a maximmm incorporation only 15% greater than
the 12 hr fast level (compared to a 176% increase in vitre); and 3). de-
creasing to a minimmm incorporation 50% less than the 12 hr fast level
by the fifth pestprandial hr (compared to a 33% decrease at 6 hrs in vitro),

An additional difference betwéen in vive and in vitro data is marked
by the use of these "mormalized” incorporation figures. The actual %
incorporation inte chelesterol in the 12 hr fasted rat in vivo is 6.13%
while for fatty acid it is 0,12%. By contrast, in vitro cholesterol
incorporation is 1,35% compared to only 0.47% for fatty acid. Thus the
% of the label actually incorporated inte the two lipid fractions in the
12 hr fasted rat is nearly equal in vivo while in vitro there is nearly

three times as mmch activity in cholesterol as is found in fatty acid,
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Conclusions

To the best of our knowledge, this presentation is the first attempt
to compare in vive and in vitro systems in the field of lipid symthesis,
From the above discussien it is evident that the two preparations are
not identical, Useful comparative information om fatty acid formatiom
might be obtained with either system but potentially imnvalid infoermation
on in vivo cholesterclogenesis could be obtained with the im viire system,
It is entirely possible that in the absence of the homeostatic mechanisms
thought to control cholesterol metabolism entirely misleading information
may appear im the data,

The widespread use of the slice technique has yielded much impor-
tant qualitative information. Attempts to calculate true rates of
synthesis, ete.,, on the basis of slice data are becoming increasingly
frequent, Our findings suggest that the slice preparation may yield

false quantitative informatien,

Acetate Concentration Study

Intreduction

Before arriving at final conclusions with regard to the differences
between the im vitre and in vivo techniques as reported im the preceding
sections, it was necessary to determine if the labeled acetate substrate
in our im vitroe experiments was of sufficient concentration to influence
the rates of the reactions which it wes traecing. Im a survey of the
literature only itwo reports were found which dealt with this subject;

72

ope by Medes, et al, on the estimation of fatty acid synthesis rates

and the second by Franz and Bucher73 who reported on the effect of



inereasing acetate concentration on the incorporation of acetate inte

cholesterol.

<

According to Medes, et al.,72 an important provise im using incor-
poration data to caleculate total synthesis is that the substrate itself
should have no influence on the reactioms being measured, They state
that "in all of the studies thus far carried out, labeled substrates
have been used im concentrations higher than physioclogical” and con-
sidered the possibility that "the results of such experiments may not
reflect the behavior of a substrate when presemnt in low concentrations
as a transient intermediate,” It is also pointed out by these workers
that "if a tracer is being used to determine a reaction rate, such as
the rate of fatty aeid synthesis, it is necessary to evaluate the
effect of the tracer itself on the process, It is conceivable that
the tracer substance may have varying effects on different reactions;
consequently one may find different patterns of metabolic conversions
at different substrate comcentrations.,” In order to %est how the
metabolism of the acetyl group may be influenced by the concentration
of precursors, these authors report a study of Cl4n1ahe1¢ﬂ lactate,
glucose and acetate with regard tq the effect of their comcentration
en their comversion to fatty acids, cholesterol, acetoacetate, and
002 in liver slices obtained from both fed and fasted rats, In each
experiment aliquots of pooled liver slices were incubated with different
concentrations of the labeled substances, Acetate (methyl-labeled) and
DL-lactate (2-labeled) were studied at four concentration levels over
the range, 0,00005 M to 0,05 M. The uniformly labeled glucose was

studied at the three levels, 0.0005, 0,005, and 0,025 M,
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The data that they present shows that for each of the four meta-
bolic conversions heing measured, there is a constant ratio of substrate
concentration to incerporatien of isotope resulting im a linear increase
in the incorporation of labeled molecules into fatty acid, cholesterol,
acetoacetate and 002 with increased substrate concemtration, Moreover,
the curves showing the incorporation inte each of these four compart-
ments are parallel, being linear at lower concentrations and tending
to fall off slightly at higher concentrations, The authors interpret
this fall off as being due te the inability of the enzymatic steps
invelved in formation of "active acetyl" to keep pace with the increase
in concentration of the substrate. These investigators conclude that,
"from the paralleiism displayed by the curves for lipogenesis and
ketogenesis, it is obvious that total fatty acid synthesis proceeds
at a constant rate which is independent of wide ranges in substrate
concentration.” |

Franz and Bucher73 working with rat liver homogenates report
findings which differ considerably from those of Medes, et al. In
studies on the incorporation of acetate into cholesterol, they found
that with increasing substrate concentrations, the rate at which the
acetate was being oxidized to 002 remained fairly comstant over the
range of 10 to 50 uM of acetate and with imcreasing concentration there
was a linear imerease in the incorporation of label into 002. The
incorporation of label into cholesterol was however linear only at the
lewer concentrations and at the 20 uM levella plateau was reached where
ne further increase im incorporation into cholesterol eccurred, and in

fact at the highest concentration level (50 ulM) there was actuslly less
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incorporation than at lower levels. These investigators thus showed

a dissociation between the oxidation of acetate to 602 and its incor-
poration into cholesterol as the econcentration of subsirate acetate was
increased; the incorporation into 002 continuing to rise while the
incorporation into chelesterol reaches a plateau, No explamation of
their findings is offered by these authors,

In view of the paucity of information on this subject as well as
the divergent results which have been reported, we felt that further
investigation of the problem was warranted and undertoock the experiments
reported below,

Experimental

A total of 18 rats were used in these studies, The first four
were obtained from the Sprague~Dawley Farms, Madison, Wisconsin, the
next seven from the colony of Sprague-Dawley rats maintained by the
Department of Biochemistry at The University of Oregon Medical Schoeol,
and the last seven were from the colony of Sprague-Dawley strain rats
at The Northwest Rodent Company of Pullman, Washingﬁon. All were young
adult male animals, carefully trained to feeding as before and used four

\
hours following the standard one hour feeding period. Slice preparation,
incubation, lipid separation, and radioassay were as previously described
and incubation of the slices was for ome hour,

Composition of Experimental Substrates——Since the range of acetate
concentrations which could be studied with a single labeled acetate
solution was limited by the sensitivity of our redicassay, it was neces-
sary to use several dilutiems of a stock acetate«l=€14 solution (solutien

number 104; 1 x 108 cpm and 2,53 uM acetate per ml = 0.5 mc per 25 ml) inm
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order to investigate the wide range of subatrate concentrations reported,
Two experimental methods were used as a control of the possibility that
the various dilutions might not be identical. In the first study (a-1)
the stock acetate solution (acetate #104) was diluted with water so as
to contain 2,63, 0,253, 0,0253 and 0,00253 uM acetate per ml, Since
there was no unlabeled acetate added the specific activity of each of
the new solutions remained the same as that of the original solution
(i.e., 400,000 cpm per uM) and thus the above solutions contained

1= Y 1= 3e% 106t

and 1 x 103 cpm per ml respectively. This
initial series of solutions was called A-1 and the individual solutions
were labeled l-a, l-b, l~c and l-d respectively, These four solutions
allowed a 1000-fold range of acetate concentrations. In order to extend
this range unlabeled acetate, as sodium acetate, was added to an aliquot
of the original stock solution of labeled acetate (#104) so as to increase
the total acetate concentration of this seolution ten-fold (i.e., from 2,53
uM to 25,3 uM per ml), This new sclution, which had a specific activity
of 40,000 cpm per uM acetate, was then diluted with water as above so as
to obtain three additional solutions containing 2,53, 0,263 and 0,0253 uM
acetate per ml, Since there was a ten-fold dilution of the acetate label
and hence a specific activity one~tenth that of the solutions eof fhe

first series, the four solutions contained the same amount of activity

6, 1x 105, 1x 104, ot 1z 18° epm) despite the ten~fold

per mé (1 x 10
increase in total acetate. This second series of soclutions was called
A-2 and the individual solutions were labeled 2-a, 2=b, 2-¢ and 2-d

respectively, Two additional aliquots of the original acetate #104

solution were diluted with unlabeled acetate so as to provide solutions
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containing 100-fold and 1000-fold increases in total acetate per ml and
each of these new solutions was then diluted with water as above thus
yielding two more series of dilutions, the first containing 4000 cpm

per uM acetate and the second, 400 cpm per uM. The four solutions of

the 4000 cpm series (series A-3) contained 253, 25.3, 2,53 and 0,253 uM
acetate per ml and were labeled 3-a, 3-b, 3-c, and 8-d while those of the
400 cpm per uM series (A-4) contained 2530, 253, 25,3 and 2,53 uM acetate
per ml and were labeled 4-a, 4-b, 4-c and 4-d respectively. As before,
the number of counts remained constant, the first solution of each

series containing 1 x 106 cpm per ml, the second, 1 x 105, the third,

1 x 104 and the fourth solution comtained 1 x 103 cpm per ml, In this
manner, four series of solutions were prepared, each containing the same
amount of activity but with each representing a ten-~fold increase in
total acetate content and a teﬁ-fold decrease in the specific activity
of each succeeding series, (i.e., 400,000, 40,000,4000 and 400 cpm per
uM acetate).

Aliquots of these dilutioms, contained in 16 separate eolutions,
were used in the first eleven experiments which will be referred to as
Study A, 1In éach experiment four flasks were prepared, each of which
contained one gm of liver slices, obtained from a single animal, suspended
in 25 ml of Krebs-Ringer~Phosphate buffer. Te the sidearm of each flask
was added one ml of one of the acetate solutions so that each animal was
used to study a single series of acetate dilutions, each with the same
specific activity,

In the second group of experiments, ®tudy B, an entirely new series

of solutions was prepared from the original stock acetate-l-c14 solution



(#104) in which the amount of activity was held constant in each series
rather than the specific activity as in study A sbove., For the first
series of solutions (B-1) an aliguot of solution #104 was diluted
1 to 100 to obtain a solution containing 0,0253 uM acetate and 1 x 104
cpm per ml, To aliquots of this solution (B-l-a) was added sufficient
unlabeled acetate to make three new solutions containing 0,253, 2,53
and,25,3 uM acetate per ml respéctively (solutions B-l-b, B-l-c and
B-1-d), each conteining 1 x 10% cpm per ml, Since each solution of this
series contained succeesive ten-fold increments of unlabeled acetate the
gpecific sectivities were 400,000, 40,000, 4000 and 400 cpm per uM
acetate respectively, Similar treatment of a 1 to 10 water dilution of
the original stock scetate #104 solution provided the second series of
solutions (B-2) whick contained 0,253, 2,52, 25.3 and 263 uM of acetate
(solutions B-2-a, B-2-c and B-2-d respectively). Each of these solu-
tions contained 1 x 105 cpm per ml and the same four specific activities
as in series B.l, Finally, the addition of quantities of unlabeled
acetate to undiluted aliquots of acetate #104 yielded the third series
of solutions (B-3) containing 2,53, 25.3, 253 and 2530 uM acetate each
wifh 1x 106 cpm per ml and specific activities of 400,000, 40,000,
4000 and 400 cpm per uM respectively, These were labeled B-3-a, B-3-b,
B~3~c and B-3-d.

A summary of the flask contents for each experiment is presented
in Table XI, In all, a total of 72 one gm, samples of liver slices
obtained from 18 rats was used to study a ene million-fold range of

acetate concentrations, extending from 0.00253 to 2530 uM of acetate
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ACETATE CCNCENTRATION STUDY
Composition of Experimental Substrates
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uM ¢l uM Unlabeled  Total uM
Study Labeled Acetate® Acetate Acetate¥® Cpn SA%#
A<l a 2,53 0 2.53  1x100 400,000
b .253 0 263  1x10,
c .0253 0 .0253  1x10}
d .00253 0 00253  1x10
A2 a 2,53 22,80 25,3 lxlog 40,000
b .253 2,28 2,58 1x10,
c .0253 .228 253 1x10;
d .00253 .023 0253 1x10
A-3 a 2,53 250.5 253 1x108 4000
b .253 25,0 25.8  1x10)
¢ ,0253 2,50 2,53 1x10,
d .00253 .250 253 1x10
A4 a 2,53 2527.5 2530  1x10) 400
b .253 252,8 253 1x10,
c .0253 25,3 25.3  1x10;
d .00253 2,53 2,53  1x10
B-1 a 0253 0 0253 1x10% 400,000
b " .228 .253 " 40,000
c " 2,50 2,53 " 4000
a " 25.3 25,3 " 400
B2 a .253 0 253 1x10° 400,000
b " 2,28 2,53 " 40, 000
e " 25,0 25,3 " 4000
a " 252,8 253 " 400
B-3 a 2,53 0 2.53  1x10% 400,000
b : 22,8 25.3 n 40,000
c n 2505 253 : 4000
d " 2527.5 2530 n 400

** s

* B
x All values are per 27 ml substrate volume,
specific activity in cpm per uM acetate,
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g to 9.4 x 1(')-2 molar

added to the 25 ml substrate volume (9.4 x 10
with respect to acetate).

Besults and Discussion

When a suitable tracer is added to a metabelic system that is
carrying out a series of sequential synthetic steps it is to be expected
that the tracer will be incorporated into a variety of compounds, If
the tracer is present in small amounts, i.e,, trace amounts, and if the
metabolic sequence does not select between tracer and non-labeled pre-
cursor it is to be expected that as the amount of label iz inereased
there will be a proportional increase in the amount of label incorporated
into the intermediates or preoducts, This is to say that changes in the
spebific activity of the precursor "pool" will be reflected proportion-
2lly in the magnitude of the labeling of the product. Should the amount
of tracer be increased to the extent that the concentration of the pre-
curser changes the metabolic equilibrium, variable increases in the
labeling ofvthe products may occur, A test for "true" tracer conditioms
then is to increase the amount of tracer and to follow the increase in
specific activity of the product.

Data obtained on the gaseous exchanges of the systems are preseanted
in Table XII. A smell steady rise in 62 utilization amounting to a
total change of about 20% is seen for the entire range of acetate
concentrations, The amount of 002 on the other hand did not show changes
of this magnitude, causing a shift in the R{ values, The amount of ace-
tate oxidized to 002 decreased at the 25 uM acetate level from its mean

of 10.3% to 3.7 and 0.42% at the two higher acetate concentration levels,
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Table XII
ACETATE CONCENTRATION STUDY
GAS EXCHANGE AND CO, 4 INCORPORATION

uil 0, or COz/gm. tissue/hr
Aceggte uM/gﬁ%/hr um/gg?/hr ), Cﬁiritiﬁiir“

.00253 56.7 50.9 0.90 9.4

| .0253 55.4 48.1 0.87 10.4
.253 53,8 48.2 0.90 10,2

2.53 57.5 48.9 0.85 10,9

25,3 59.9 52.5 0.88 10.6

253.0 69.0 56.4 0.82 3.7

2530,0 70.0 60.2 0.86 0.42

*#3, A, €O, in c.p.m/uki x uM produced x 100 + c.p.m, dose,

2
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The 002 sgecific activity data obtained from the two studies is
reported in Table XIII and that of the two lipid fractions in Tables
XIV and XV.

Individual values have been reported to show the very narrow range
of 002 specific activities compared to the wide range of lipid specific
activities found in the same experiments. As has been pointed out im
previous discussions, it is not uncommon to find five- and six-fold
differences within a group of values, especially when lipid labeling is
of 2 high order of magnitude. This variation is greatest in the fatty
acid fraction, the lipid compartment known to be most gsensitive to

1,89 and experimental diabetes.74

changes such as fasting
Evaluation of these data can best be made by considering the above
mentioned premise, i.e., increases in the specific activity of a pre-
curser pool will be reflected in proportional increases in the gpecific
activities of the various products of thét pooel, providing that the
label introduced into the "pool” does not materially change the con-
centration of it, A graph of product specific activity plotted
against substrate specific activity will quickly reveal any deviations
from this constant ratio and thus, deviations from "true" tracer
conditions. Figure 11 presents such a graphical evaluation of the
data of Tables XIII, XIV, and XV, Rather than plotting actual
specific activity figures for the various products, these data are
plotted as the percent of the anticipated response, that is, the per-
cent of the specific'activity.which would have been found had the change
in the product specific activity been proportional te the magnitude of
the substrate specific activity increase. Thus, a ten-fold increase in
product specific activity with a ten-fold increase in substrate activity

would represent 100% of the anticipated response, This situation is
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Figure 11
Acetate Concentration Study

Response to CO0_,, fatty acids
and cholestero% specific activ-
ities to increasing substrate
acetate concentrations (both

uM acetate and cpm)., A ten-
fold increase in product specific
activity accompanying a ten-fold
increase in substrate concentra-
tion {and activity) is termed a
100% response, Lesser responses
in product specific activity are
given as the percent of the
reaponse which would have been
anticipated, had the product
label increased proportionately
to the increase in substrate
concentration and activity.

€Oy, O———0; fatty acids,

¥~ = = - =%X; cholesterel,
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well illustrated by the solid line representing the 002 response, The
initial point on this lime, i.e., 0.0025 uMl acetate, is considered
anity. At 0,025 uM (ten times the initial substrate concentration) the

CO0, specific activity was ten times that previously observed. In this

2

way the CO, forming system is seen to respond in this linear fashion

2
from 0,0025 to about 25 uM, a ten thousand-fold increase in substrate
acetate, It is apperent then that up to 25 uM per flésk (9.4 x 10-4
molar) the reactions involved in the oxidation of acetate to 002 are
uninfluenced by the amount of "tracer” which must then have been accepted
into the metabolic sequences without disturbing existing reaction rates,
within the limits of the measurementé used, Up to this concentration of
écetate, it is difficult to determine the effect of substfate concen-
tration on the volume of 062 formed because the small changes that might
be anticipated (0.0005 to 5 uM of 002, assuming 10% of substrate acetate
oxidized to 002) are well within the normal range of values usually
encountered., The 25 uM level represents not only the last point of
linear labeling response but also the last point at which the system
could handle additional acetate as shown by the total 002 formation data.
As discussed by Medes, et a1,,72 this may represent the point at
 which the enzyme system or systems responsible for activation éf the
exogenous acetate to metebolically acceptable acetyl coenzyme A are no
longer able to keep pace with.the inereasing demands being placed on
them, Since the oxidation of acetate to 002 involves some 15 enzymatic
reactions (i.e., one and one-half turns of the Krebs cycle)}, it is
possible that the changes seen in the C0, data at the 25 uM level may

be due to alteration of reactions other than acetate activation,
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The séecific activity response data for the lipid fractions reveals
that these systems are grossly more sensitive to the amount of tracer
present. At the 0,025 ubi level, fatty acid activity is only 90% of
that expected and at the 25 uM level the response is only 35% of the
anticipated response, The lowest value, 5% at the 2500 uM level, is of
the same order as that seen for 002 at this level. The cholesterol
responses show by far the greatest deviations from the anticipated
responses., From the lowest practical concentration level, 0.0025 uM,
up to the first ten-fold increase, 0,025 uM, the response was only 60%
of the expected response, At 250 uM the response was only 5% and at the
2500 uM 1eve1 so little activity was present in the cholestercl fraction
that precise radicassay was difficult. From these data it would appear
that the concentration of tracer is of critical importance for the
cholesterol forming system, This system appears to have little ability
to increase its synthetic capacity when the substrate concentration of
acetate is increased, even by amounts which would be universally accep-
table as "tracer" amounts,

It ies interesting to speculate on the reasons for the effects
reported above and to attempt to pinpoint the metabolic step or ateps
limiting the specific activity responses, As discussed earlier, the
first known step in tracer utilization involves entrance of the tracer
acetate iﬁto the metabolic reactions by an activation process, Since
this step is common to all reactions studied and since the CO2 forming
system responded to acetate increases in a linear fashion up to 250 wul,
it is unlikely that the activation of acetate was the rate-limiting step
for the lipid reactions., Should the acetyl-CoA formed not be common to

each of the three metabolic pathways then activation of acetate for
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fatty acid and/or cholesterocl synthesis couwld be rate;limiting. Only
one other point in the scheme of acetate metabolism (cf, Figure 1)
appears to be common to the two lipid systems, i.,e,, the formation of
acetoacetyl-CoA, It was unfortunately mot pessible in these studies to
follow the formation of this 64 lipid precursor., 0f interest here is the
ketogenic nature of the liver slice preparation as shown by Medes, et
al.72 It could be reasoned from this that the influx of exogenous ace-
tate would tend to accumulate as acetoacetate which the liver appears
incapable of re-activating for further metabolic utilization., In the
abéence of an adequate trensport system to drain off this excess metabo-
lite it may achieve levels toxic to other cellular metabolic processes,
It appears that our data are similar to the findings of Franz and
Bucher73 mentioned earlier, although in homogenates of rat liver they
found the incorporation of acetate into cholesterol to be fairly uniform
up to a concentration of about 8 x 10-3 molar et which point a plateau
was reached where no further activity appeared in the cholestereol
fraction whereas our data shows the incorporation of activity into
cholesterol to be non-linear with acetate concentrations as low as
9.4 x 1('.1"7 molar, The obvious differences between the two experimental
systems could easily account for this difference, Our-data are however
in sherp contrast with both the data and conclusions of Medes, et al.72
Although we have studied substrate concentrations similar to those

5 4o 5 x 1072 molar), using

reported by these investigators (5 x 10~
esgsentially the same experimental technique, we have been unable teo
confirm their findings of linear and parallel responses for 002, fatty

acids and cholestercl throughout most of this range,
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The significance of our data is apparent when ome attempts a cor-
relation of im vitro and in vivo studies where rates of synthesis are
being compared, The lack of a uniform response for the twe lipids in
vitro may easily yield data very difficult to interpret and lead teo
some of the differences reported between in vive and in vitre studies
on such problems as experimental diabetes., At any rate, it indicates
that a reappraisal of the whole comncept of "tracer amounts" may be in
arder; especially with regard to the large volume of data being reported
in which acetate is used as the label,

Summary

A total of 18 animals was used to study the influence of substrate
scetate concentration on hepatic lipogemesis, By using acetate solutions
of decreasing specific activity it was possible te investigate substrate
concentrations ranging from 0,00253 to 2530 uM per 27 ml substrate
volume, 2 one million-fold range. The results have been reported as
percent of anticipated response which indicates the proportion of the
increase in substrate acetate concentration (and activity) which is
represented by the observed change in the incorporation of activity
into the tissue fractiom in question, Thus a ten-fold increase in
product specific activity with a ten-fold incresse in substrate acetate
is called a 100% response, The following results have been reported:

1. The labeling response for 002 is linear from substrate con~-
centrations of 0.00253 to 25.3 uM acetate per 27 ml substrate volume,
Above this concentration, the response declines rapidly se that at
the 253 uM level the respomse is only about 265% of that anticipated

and at 2530 uM substrate acetate the response is less than 3%,
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2. TFatty acid responses are nearly linear at the lower concen-
tration levels (90% at 0.0253 ulM and 80% at 0.253 uM) and fall off at
higher levels, being 65% at 2.53 uM, 35% at 25.3 uM, 17% at 253 uM
and 5% at the highest level of 2530 uM,

3, Cholesterol is seen to respond in a non-linear fashion at
all levels of acetate studied., At the first ten-fold increase in
substrate acetate concentration, the cholestercl response is only 60%
of the anticipated response, At the 2.5 ul level the cholesterol
response is only 35%, at 25.3 wM it is 18%, at 253 uM it ie 5% and at
the 2530 uM level virtually no activity was recovered in the cholesterol
fraction.

4, A discussion of the possible localization of the metabolie
step or steps in metabolism of acetate to 062, fatty acid and choles=-
terol which might be imvolved in this dissociation of labeling responses
is presented,

8. It is concluded that a reappraisal of the concept of "tracer

amounts” is indicated by our results,
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CHAPTER IV

SUMMARY STATEMENTS

1., In an effort to correlate in vive data on lipogenesis, obtained
in this laboratory, with in vitro data as reported in the literature,

a standardized liver slice technique has been developed which incor-
porates as many of our in viveo techniques as possible, including animal
pretreatment, preparation and use of isotopic material, tissue fraction-
stion, and radicassay.

2, Using this technique, certain im vive experiments have been
simlated in vitro and the data reported. 1In addition several other
factors affecting lipogenesis, not previously investigated in this
laboratory, bave been studied in vitro. This includes the time course
of incubation and the effect of tracer acetate concentration studies
reported in this thesis,

3, Using slices obtained from the livers of fed and fasted rats,
the effect of duration of incubaticn on lipogenesis Qas studied.

During the course of incubation, there was a gradual decrease in the

rate at which thé label is incorporated inte Cﬂg, fatty acids and choles-
terol; thie decrease being greatest for fatty acids (63% less at the

end of 3 hours incubatiom), and less for co, (27%) and cholesterol (33%).
This decrease was, however, largely independent of the previous nutri-
tional status of the animal, the slopes being similar im both the fed

and fasted animals, That there was an actual difference in the nutri-
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tional status of the two series of animals was shown by the actual
percent incorporation data for any given period of incubation. Thus,
"fed" slices incorporated 23% more label into fatty acid than did
"fasted" slices and 78% more label inte cholesterol.

4. A total of 36 rats were used to study the effect of fasting
and refeeding on hepatic lipogenesis. No changes were found in 02
utilization, 002 production or labeling of 002 following refeeding
and subsequent fasting of 12 hour fasted animals., In the fasted rat,
there was nearly three times as much incorporation of label imto
cholesterol as into fatty acids and nearly 37 times as much imcorporatiom
per mg. of cholestercl as per mg. of fatty acid. A gradually increasing
incorporation of label inte fatty acid and cholesterol was noted during
the 60 minute feeding period end the first hour of fasting, representing
a 25% increase for cholestercl and a 96% increase for fatty acid. An
abrupt increase was seen in the synthesis of both cholesterol and fatty
acid during the second hour of fasting as indicated by the 8.5~fold
increase in the incorporation of label into fatty acid and the 2,8-fold
increase into cholesterol. A gradual declime in both cholesterol and
fatty acid synthesis followed the peak synthetic activity observed in
the two hour fasted preparation, This decline in activity was pro-
portionately greater in cholesterol, resulting in an incorzoration in
the six bour fasted slice which was 33% less thar that seen in the
twelve hour fasted preparation.

5, A comparison of the influence of refeeding on hepatic lipo-
genesis in vive and in vitro was made., It was found that in vive fatty

acid labeling differed from in vitro labeling by showing: an earlier
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initial increase with refeeding; a sustained interval of increased
synthesis; a maximum increase 4 less than in vitro; an abrupt fall in
incorporation with a return to nearly minimal labeling by the sixth

or seventh hour of fasting. In vive cholesterol lebeling differed from
in vitro by showing: an initial depression in cholesterel synthesis
during the feeding period; an increase to a2 maximum incorporation

only 15% greater than the 12 hour fast level compared to a 176% increase
in vitro; a decrease to & minimum incorporatien B0% less than the 12
hour fast level by the fifth pestprandial hour compared to a 33%
decrease at six hours in vitre,

6. A study was made of the influence of the substrate concentra-
tion of acetate on lipid labeling. Contrary to the prevalent opinion
that the concentration of this labeled substrate may be varied over a
relatively wide range without influencing its incorperation inte
lipids, it was found that each of the fractions studied (002, fatty
acids and cholesterol) behaved in a different fashion to increasing
amounts of substrate acetate, Each failed te show preportional increases
in incorporated activity with substrate activity increases at definite
substrate acetate concentrations, The incorporation of acetate activity
into 002 increased linearly with lineer increases in substrate acetate
concentration (and activity) from acetate concentrations of 0.00253 ul
per 27 ml substrate volume to 26,3 wM, A similar linear response was
seen for fatty acid systems extending from the lower substrate concen-
tration level of 0,00253 ulM up te the 0,0253 ulM level., Further increases
in substrate concentration resulted in more and more marked deviations

from a linear response so¢ that at the 25.3 wlM level only 35% of the



anticipated response was seen. Cholesterol systemé failed to respond
linearly at any concentration level, being enly 60% of the anticipated
response at the 0,0253 uM level (compared to 100% for CO, and over 90%
for fatty acid), and only about 20% at the 25,3 uM level, It was
concluded that a reappraisal of the concept of "tracer amounts" is

needed in view ef our data,
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