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1. PREFACE

The work described in this thesis is a part of a larger project
on the meta bol ism of mamma lian tissues in vitro and the effec t of hormones
thereon, which is under progress at the McGill University Clinic, Royal
Victoria Hospital, Montreal.
The original intention hdd been to first establish parameters
for the utilization of glucose for lipid synthesis by human adipose fissue,
and then to extend the investigations to tissue from obese ànd diabetic
patients. A technique 1 developed by Dr. J. Hirsch of the Rockefeller
lnstitute, by which metabolically active fragments of human subcutaneous
adipose tissue could be obtained by needle biopsy held great promise
for the project (1 ,2). However, the data obtained with this technique,
and kindly supplied by Dr. Hirsch prior to publication,showed thathuman
adipose tissue was in most cases unresponsive to the biosynthetic effects
of insulin. This seemed unusual,as the stimulatory effect of insulin on
the utilization of carbohydrate by rat adipose tissue has led to views
thot: adipose tissue is a major site for this action of this hormone (3,4).
ln man, excessive blood insulin concentrations are frequently associated
with obesity (5-8}. Furthermore, human adipose tissue (1,2,9-11) resembles rat adipose tissue (12, 13) in thot it carries out lipogenesis from
glucose and acetate and the esterification of fatty acids. lt has been
shown thot insulin stimulates the uptake of glucose by human adipose
tissue in vivo (14), as weil as in vitro (15, 16).

-2ln view of these considerations, the effect of insulin on
glucose metabolism by human adipose tissue from surgical patients,and
sorne of the factors which influence it,was investigated. The results
obtained in turn led to studies on lipogenesis by rat adipose tissue in
vitro.
A part of the results has been presented at scientific meetings:
a)

Montreal Physiological Society, December 1964;.

b)

Canadian Society for Clinical Investigation, January 1965;

c)

American Federation for Cl in ica 1 Research, Mil y 1965; abstract in
Clinical Research: 13, 322, 1965 (17).
A short communication entitled "The Effect of lnsulin on

the Metabolism of Human Adipose Tissue in vitro 11 has appeared in the
Biochim. Biophys. Acta: 106, 199, 1965 (18).

Il. INTRODUCTION

Un til the appearance of an ortie le by Wertheimer and
Shapiro in 1948 (19), adipose tissue evoked little interest as a physiological and biochemical entity. Developments in this field became very
rapid after Hausberger et al. (20) 1 Feller (21) and Favarger and Gerlach
(22,23) demonstrated lipogenesis in adipose tissue. The vast literature
on adipose tissue, accumulated up to 1964, culminated in the appearance
of Section 5 of the Handbook of Physiology (24) 1 a volume which lists
weil over 4000 references. Taken together with the reports which have
been published in the last Iwo years, it is obvious thot a comprehensive
review of adipose tissue metabolism would be more thon a monumental
task for any one reviewer. The short review presented here is therefore
limited to the subject of lipogenesis, i.e. fatty acid synthesis.
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A.. Mechanisms of Lipogenesis.
Research in lipogenesis up to 1953 established that certain
features in this process are common to animal tissues and micro-organisms.
The most important of these is undoubtedly the utilization of a twocarbon unit- the acetyl group- as the building stone for fatty acids.
Thus, it was shown that acetate or metabolites which form acetate can
give rise to fatty acids (25-27), that ali the carbons of straight chain,
even numbered fatty ac ids originate from acetate (28-:1>) 1 and that the
two carbons of acetate are incorporated intact (28,31). Fatty acids are
produced by the head-to-tail linkage of acetyl groups (:1> ,31). This
process was initially regarded as a reversai of the steps in oxidation of
fatty acids, a mitochondrial process (32). Subsequent studies with purified
enzymes and cell-free preparations indicated that the subcellular localization of certain lipogenic systems and their cofactor requirements are
not in agreement with this mechanism of synthesis (33,34). ln the last
few years, a number of 1ipogenetic systems, differing from each other
in subcellular origin, mechanism of action, cofactor requirements and
products have been described (35). These systems are of two types. The
first synthesizes fatty acids, especially palmitate, de novo from acetyiCoA. The second elongates fatty ac ids of medium or long chain length,
and is also associated with the desaturation of fatty acids.

-5De novo synthesis of fatty acids.
The enzymes which carry out de novo synthesis from acetylCoA are chiefly located in the high speed supernatant fraction of
homogenates of a variety of cells and tissues such as liver (36,37),
brain (38) 1 adipose tissue (33 1 39) 1 yeast (40) and bacterie (41 ,42). The
discovery of malonyi-CoA as the critical intermediate in de novo
synthesis (43) indicated thot two constituent reactions are involved in
lipogenesis. ln the first reaction, the enzyme acetyi-CoA carboxylase
catalyzes the fixation of

co2

ATP + C02 + Biotin-Enzyme

to acetyi-CoA to form malonyi-CoA:

Mn++

C02- Biotin-Enzyme + ADP + Pi

C02-Biotin-Enzyme + CH3CO-SCoA
ATP + C02 + CH3CO-SCoA

Mn++

Mn++

la.

Biotin-Enzyme +COOHCH2CO-SCoA lb.

> COOHCH2CO-SCoA + ADP +Pi

1.

Acetyi-CoA carboxylase, a biotin enzyme, is inhibited by avidin (44 1 45).
Reaction 1 is stimulated by intermediates of the Krebs cycle (44,46). Of
these, citrate is by far the most stimulatory on partially purified preparations

rom rat adipose

tissue (44). lt has been demonstrated thot this stimulation is

not due to the formation of metabolites or derivatives of citrate,or to its
chelating properties. lt is uncertain whether citrate stimulates only the
ha If-reaction lb (47), or both la and lb (48). ln the presence of citrate,
acetyi-CoA carboxylase undergoes conformational changes, as indicated
by an increase in the sedimentation rate in sucrose gradient centrifugation

(49).

-6The second enzyme system, fatty acid synthetase, catalyzes
the condensation of acetyi-CoA with malonyi-CoA to form fatty acids
(39). The stoichiometry for the synthesis of palmitate is shown in reaction 2:
CH3COs-CoA + 7 COOHCH2CO-SCoA + 14 TPNH
CH3(CH2)14COOH+7C02 +8CoASH + 14 TPN +6 H20
As condensa ti on takes place

2.

C02 is lost from the free carboxyl of

malonyl CoA (38,50). ln highly purified preparations of fatty ac id synthetase
only acetyi-CoA or propionyi-CoA react with malonyi-CoA (40 ,51). The
acetyi-CoA forms the methyl end of the initial condensation product,
and fatty acids are formed by stepwise decarboxylation-condensation with
malonyi-CoA and reduction of the product (39 ,52). There are two reductive
steps in the conversion of the condensation product, a B-keto acyl derivative, to the acyl derivative (34). TPNH is an absolute requirement
for these reductions by purified fatty acid synthetase from rat adipose
tissue and DPNH cannot substitute for TPNH (39). lntermediates in lipogenesis appear to be bound to prote in, and CoA derivatives of intermediate
products have not been detected (33,40). Unlike the synthetose from
bacteria 1 the enzyme from yeast and animal sources behaves as a complex
and attempts to fractiona.te it have failed (33,35). Figure 1 shows the
sequence of reactions in lipogenesis with bacterial (17) and yeast enzyme
(53) prepara ti ons.
The synthe tose compl ex from E. coli has been frac tionated
into acyl carrier prote in (ACP) 1 acyi-CoA-ACP transacylases, condensing

-:-7~igure

~echanisms

1

of Action of Fatty Acid Synthetase (33,35).
A. From E. coli

CHJCO-SCoA
+
ACP-SH

3

E' - fatty ac id transocylase
AC P - acyl carrier prote in
E111 - condensing enzyme

lE'

En•

CH CO-~ACP----~

COOHCH2CO-S-ACP

t--------...,.. CH 3COCH2CO-~ACP
-teo2

t---~ CH3(CH2)_t:OCH2CO-S-ACP

A

ÇH (CH 2) CO-S-ACP
3
2
FMNH

l

C

TPNH

B

CH3CH=CHCQ-5-ACP.f--------_._- CH3CHOHCH2CO-S-ACP
-H20

\B.

From Yeast

CH CO-SCoA
3
+
HS-E-SH

HS-E-SH

-

yeast synthetase complex

·

Hs-J:.s-cocH 3

~

1

~

COOHC HzCO-S-E-5-COC H3+C H;f=OCH CO- 5- E-SH
2

COOHCH2CO-SCoAr

-tC02

COOHCH2CO-S-E-S-CO(CH2)2CH3

H~E-S:f0(CH2) 2CH

A

CH3(CH2)2CO-S-E-SH
FMNH

1

C

TPNH

B
CH3CH=CHCO-S-E-SH ~------ CHa(:HOHCH2CO-S-E-SH
-~0

A - B-ketoreduc tase
B - B-hydroxylacyl dehydrase
C - enoyl reduc ta se

-8enzyme, B-keto-ocyi-ACP reductase and enoyi-ACP (de)hydrase; the
enoyi-ACP reductase reaction has been demonstrated but the enzyme
has not been purified (54). The transacylases convert both acetyi-CoA
and malonyi-CoA to the ACP derivatives (55,56). Condensation-decarboxylation of acetyl- and malonyi-ACP is carried out by the condensing enzyme (57). During subsequent steps in lipogenesis 1 the intermediates remain bound to ACP by thioester linkage (56 1 58 1 59). CoA
derivatives of intermediates are not utilized for lipogenesis (54).
Majerus et al. (59) and Pugh and Wakil (60) have worked out the
structure of ACP. As in the case of acetyi-CoA 1 4 1-phosphopantetheine
of ACP provides the sulfhydryl group to which linkage occurs (61).
lynen (53) has isolated the synthetase complex from yeast
as a homogeneous prote in. Disruption of the complex leads to loss of
activity. According to the scheme proposed by lynen 1 there are two
types of sulfhydryl groups in the complex, as indicated by H5-E-SH in
Figure lb. A central SH group (HS-E-) reacts with malonyi-CoA and
the condensation decarbozylation and reductive steps occur here. The
product of these reactions is transferred to a peripheral SH group (-ESH) before another molecule of malonyi-CoA reacts with the central SH
group. The cycle is then repeated until palmitate is formed.
Although attempts to fractionate it have so far been unsuccessful (33) 1 mammal ian synthetase has been shown to carry out some
of the reactions already described. ln contrast to the synthetase from

-9liver (36,62) and yeast (40) 1 partially purified preparations from rat
brain (38 ,63) and adipose tissue (64) can incorpora te acetoacetyi-CoA 1
~hydroxybutyryi-CoA

and crotonyi-CoA into long chain fatty ac ids.

Acetoacetyi-CoA is, like acetyi-CoA 1 incorporated into the methylend of fatty ac ids. If TPNH is omitted from the reaction mixture,
elongation does not occur, and condensation-decarboxylation must therefore precede reduction. ln animal tissues both reductive steps require
TPNH (33). The second reductive step with yeast (40) and bacterial
enzyme (41) utilizes reduced FMN

generated from TPNH or DPNH.

E. coli ACP derivatives of the four-carbon intermediates
can readily substitute for the CoA derivatives in mammalien enzyme
systems (56). A prote in similar in function to the bacterial ACP has
been implicated in lipogenetic systems from animal (65) and plant tissue
{66), but mammalien ACP has not yet been identified. lt is possible thot
the ACP derivatives react with mammalian enzymes simply because of
the end-group similarities between ACP and CoA. One major difference
between bacterial, and the mammalien and yeast synthetase is that the
first is soluble 1 whereas the other two can be sedimented by centrifugation
at 140 1 000 x!! {33). On the other hand 1 the sedimentable enzyme systems
also differ from each other. Thus the reductase component co-purifies
with the yeast synthetase (53) but not with adipose tissue synthetase (33).
Furthermore 1 the inability of rat liver synthetase to utilize acetoacetyiCoA for lipogenesis (36), whi le the rat adipose tissue enzyme readily
incorpora tes this substrate (64), indicates the presence of different synthetases
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in the same animal.
The enzymes associated with de novo synthesis of fatty acids,
which have been discussed up to this point, are not believed to be of
microsomal of mitochondrial origin.

The elongation and desaturation of fatty acids.

Palmitate is the major fatty acid synthesized by purified fatty
ac id synthetase from supernatant preparations of tissue homogenates (39).
However, in intact tissue (69-72) and crude homogenates (.11,73) a greater
variety of fatty acids is produced although palmitate predominates. Dauben
et al. (3:>) observed thot palmitate isolated from tissues of animais injected with acetate-1-14c was uniformly labelled in alternate carbon
atoms, while stearate and oleate were more highly labelled in the
carboxyl carbon. This suggested the presence of pathways by which
fatty acids longer thon palmitate could be formed. Horion and Wakil
(67 ,68) studied lipogenesis with liver microsomes and mitochondrie, and
found thot acetyi-CoA was incorporated into a variety of long chain
fatty acids, especially unsaturated acids having a chain length of Cl8
and C20. The fatty acid produced were of a type and pattern similar
to those found in phospholipids (74). As the corboxyl end of these fatty
ocids wos disproportionotely heavily labelled, they concluded thot
elongation of shorter chain fotty oc ids had token place. ln distinction
to the mechanism of de novo synthesis, lipogenesis by cell particles did

-11-

not require C02 or Mn++,both DPNH and TPNH were suitable as reducing cofactors, and the system was not inhibited by avidin. Some of
these observations indicated that acetyi-CoA carboxylase is not involved
in the elongation mechanism, and indeed malonyi-CoA was not required.
When malonyi-CoA was added to the particulate system or 02 was
elim inated from the gas phase 1 on ly saturated fatty ac ids were formed.
ln the presence of oleyi-CoA, the incorporation of acetyi-CoA into
fatty ac ids by liver mitochondria is stimulated. The condensation of acyiCoA with acetyi-CoA was neither ATP-dependent nor sensitive to avidin.
A similar system has been described in particles from avocado mesocarp.(75).
Gibson (34) and Wakil (51) have pointed out that the
equilibrium constant for the thiolase reaction in the condensation of two
molecules of acetyi-CoA is of the order of

w-4,

which would limit

the reaction in the direction of acetoacetyi-CoA synthesis. The enzymatic
mechanisms in the elongation of fatty acids are therefore problematical
and their elucidation awaits the purification and characterization of the
enzymes involved.
Nugteren (76) has recently reported the presence of an
elongation system in liver microsomes which is malonyi-CoA and TPNH
dependent, and therefore different from that of Harlan and Wakil (67 ,68).
This system elongated medium and long chain saturated acids, as weil
as long chain polyunsaturated acyl CoA derivatives to higher fatty acids.
ln contrast to the findings with systems which. synthesize fatty acids

-12-

de novo, Nugteren was able to detect CoA esters of the intermediates
formed during the chain elongation of myristyl CoA.
On the ba sis of experimenfs wi th intact rats, Mead (77)
proposed that elongation is an integral part of the pathway leading to
the formation of unsaturated ac ids. Using liver mitochondria, Harlan
and Wakil (67,68) provided evidence that elongation of fatty acids
with acetyi-CQA alternates in a stepwise fashion with desaturation as
homologous higher fatty ac ids are formed. The desaturation of saturated
long chain fatty acids has been demonstrated in yeast (78) and liver
(76 1 79 180) 1 plant tissue (81) and adipose tissue (69 ,80). Elovson (80)

found that desaturation and elongation are less prominent in extrahepatic tissues 1 including adipose tissue 1 than in liver. Molecular
oxygen and TPNH or DPNH are required for the desaturation of saturated
fatty acids to monoenes in tissues (69) and cell-free preparations (82,
83). Similar requirements hold for the desaturation of mono- 1 di- and
triunsaturated fatty acids {84-87).
The pathways for the elongation and desaturation of long
chain saturated and unsaturated fatty ac ids in the rat, summarized from
the work of several investigators (67 168,76 177,79 1 80,82-84 1 86)aiegiven
in Figure 2. The scheme is essentially based on the inability of rat
tissue to introduce double bonds into the carbon chain between the first
double bond and the methyl end of the chain. Thus,oleic acid (Cl8:1'49)
cannot be converted to linoleic acid (Cl8:2 4 9112) 1 an essential fatty

e

e

Figure 2

Elongation-Desaturation of Long Chain Fatty Acids in the Ratc

Chain Length of Fatty Acids
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Reaction
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ac id. Desaturation occurs only towards the carboxyl end 1 of the fatty
acids,

r to

previous double bonds.
Although the pathways of lipogenesis have been delineated

to sorne extent on a qualitative basis, little information is as yet

available on the interaction between the de novo and the elongationdesaturation systems in animal tissues. However, the predominance of
palmitate synthesis from glucose and acetate in animal tissues (50-53) 1
strongly suggest that lipogenesis from these substrates occurs mainly by
de novo synthesis. Hollenberg (89) recently reported that SOO..b of the
glucose label incorporated into fatty acids by rat adipose tissue is
stored in who li y saturated triglycerides 1 and that no change occurred
in the distribution of fatty acids over a period of weeks. The conversion
of saturated to unsaturated fatty acids must therefore be limited, and
the princip:~! function of the elongation-desaturation pathway(s) in
adipose tissue may be to process short or medium chain fatty acids
obtained from dietary sources.

-15-

B. The Source of Substrate for Lipogenesis.

Fotty acids are. synthesized from acetyi-CoA units 1 and
therefore the source of substrate for lipogenesis is essentially the same
as the source of acetyi-CoA. As it stands at the crossroads of cell
metabol ism 1 acetyi-CoA can be formed from carbohydrates, ami no
acids 1 fatty acids and ketone bodies.
The production of acetyi-CoA from pyruvate derived from
glucose is a mitochondrial process (90 1 91) and acetyi-CoA must be
transferred to the extramitochondrial site of lipogenesis (92-94).
Figure 3 (modified from Lowenstein) shows the pathways by which the
translocation of acetyi-CoA may be accomplished(94).
The first pathway 1 direct diffusion of acetyi-CoA across
the mitochondrial membrane 1 is too slow to account for the observed
rates of lipogenesis. Thus, labelled acetyi-CoA incubated with mitochondrie is oxidized much more slowly thon acetate (95), and loss of
endogenous CoA or acetyi-CoA from isolated intact mitochondrie does
not occur until they begin to swell after prolonged standing (94). TPN,
a coenzyme similar in size and charge to acetyi-CoA, moves only slowly
across the mitochondrial membrane (96).
Acetyl cami tine 1 a high-energy ester of acetate 1 has been
proposed as the product transferred (97-99). ln this pathway 1 acetyiCoA produced in the mitochondria is converted to acetyl carnitine by
the enzyme acetyi-CoA-camitine transferase, the carnitine ester leaves

-16-

Figure 3

Possible Pathways for the Transfer of Acetyl Groups Across the
Mitochondriol Membrane.

:;~~-~

lntramitochondrio 1

Citrate

4

Citrate

Acetate

Acetyl-cornitine

2

3

Ace\ ;;1-camitine

Extra mi tochondriol
Acetyi-CoA
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the mitochondrie, and acetyi-CoA is regenerated by extramitochondrial
acetyi-CoA-camitine transferose. Bressler and his co-workers (100-102)
showed that camitine stimulates the conversion of pyruvate to fatty
ac ids by whole liver homogenates about twofold. Pretreatment of animais
with carnitine led to increased incorporotion of intraperitoneally injected pyruvate-2- 14c into fatty ac ids of liver and adipose tissue.
Camitine had no effect on lipogenesis from citrate in vivo or in vitro,
probably due to direct cleavage of c:itrate by the extramitochondrial
citrate cleavage enzyme. These findings are in agreement with a transport function of acetyl carnitine in lipogenesis. However, in contrast
to the observations of Fritz (95) and of Norum (97) 1 Lowenstein (94)
as weil as Klingenberg and his co-workers {103, 104), have been unable
to demonstra te acetyi-CoA-carn i tine transferase ac ti vi ty in homogena te
supematants. Lowenstein {94) has also questioned the role of acetyl
carnitine in lipogenesis by rat mammary gland supernatants because of
the poor utilization of this substrate for lipogenesis in comparison to
citrate and acetate. These conflicting findings remain to be reconciled.
The third form in which acetyl groups may move out of
mitochondrie is as free acetate. This mechanism requires the hydrolysis
of mitochondrial acetyi-CoA to acetate· (105) 1 and the diffusion of
acetate into the extramitochondrial space where it is re-esterified with
CoA by acetyl thiokinase:
Acetate + ATP + CoA - - - -

Acetyi.CoA + AMP + PP

-18-

Acetyl thiokinase has been found in the intra- and extramitochondrial
compartments of the cell (106).
ln recent years, the role of citrate cleavage enzyme,
citrate and precursors of citrate in lipogenesis has drawn widespread
attention. Srere (107) suggested in 1959 thot citrate may be a source
of acetyi-CoA for biosynthetic reactions. The cleavage of citrate proceeds by the reaction:
Citrate + ATP + CoA _ __...,., Acetyi-CoA +Oxaloacetate +ADP+ Pi
The loss of high energy phosphate per mole of acetyi-CoA generated
is half thot required for the activation of acetate by thiokinase; the
pathway proposed via acetyl carnitine does not require ATP. The incorporation of citrate carbon into fatty acids was subsequently demonstrated in liver (108,110) 1 mammary gland (94, 111) and adipose tissue
(112). Bhaduri and Srere (109) and Spencer and Lowenstein {92) have
proposed thot citrate generated in the mitochondrie diffuses into the
extramitochondrial space where it is cleaved. The diffusion of citrate
across the mitochondrial membrane is not believed to be rate-limiting
for lipogenesis (94).
Lowenstein and his co-workers have studied the activity of
acetyl th iok ina se and citrate cleavage enzyme in 1ivers from norma 1
and diabetic rats under a variety of conditions {93,94). Both enzymes
are equally active in tissue from normal animais (94). Starvation and
induction of alloxan-diabetes depressed the activities of these enzymes

-19to the same extent. However, under conditions which promote lipogenesis, such as feeding a diet high in carbohydrate after a 48-hour
fast 1 the increase in the activity of citrate cleavage enzyme was much
more marked thon thot of acetyl thiokinase, and the values exceeded
the control levels. Insu lin treatment of diabetic an imals resulted in
similar changes. lt is of interest thot the activity of both enzymes
increased in untreated diabetic animais fed diets high in fructose content.
On the basis of these results, lowenstein has attributed great importance
to the generation of acetyi-CoA from citrate for lipogenesis.
Lardy et al. (113) have suggested thot glutamate rather thon
citrate diffuses out of the mitochondrie, and is then converted to acetylCoA via a-ketoglutarate,o.J«Jlcisuccinate and citrate, the so-called
'backward reactions• of the Krebs cycle of Madsen et al. (114). This
jXIthway has been demonstrated in slices of mammary gland (114, 115),
adipose tissue (112,116) and in perfused liver (117) using specifically
labelled glutamate. When glucose was omitted from the incubation
medium, little of the glutamate carbon appeared in fatty acids and
glutamate was preferentially oxidized to C02 (114,116) 1 according to
the usual direction of the Krebs cycle. The distribution of glutamate
carbon in the intermediates of the 'backward reactions• is given by the
following reaction sequence:
~OOH ____-+
lyOOH C02 21 C~OOH
C
.
CHaC~SCoA
a t --+•l
1 • 3 Uoo~HotëëëH o=r-cooH oy-cooH

SrOOH
4 C

2

!N~

C=O

.o~loH

{

1

booH

JooH

s tooH

cooH

----?>

C

!ooH

"' CH 3

--co~-----

-20Madsen et al. (116) have calculated thot in adipose tissue incubated
with glucose, 17% af the glutamate metabolized by the Krebs cycle
proceeded by the 'backward reaction•, and this increased to 34% when
insu lin was present. Carbon-1 of glutamate was not incorporated into
fatty ac ids. Bath C:arbon-5 and carbon-2 of glutamate appeared in
fatty aèids in a ratio of 3 to 1, indicating thot oxaloacetate derived
from ~lutamate via citrate is also utilized in lipogenesis. Leveille (112)
and Hanson have confirmed these findings and have also demonstrated
lipogenesis from aspartate-3-14c and glutamate-3,4-14c. ln fasted,
carbohydrate-refed and in mea lfed rats 1ipogenesis from these substra tes
was considerably increased.
Hanson and Ziporin (118) 1 using mouse adipose tissue,
have studied the conversion of ketone bodies to fatty acids. Factors
which stimulate lipogenesis from precursors of acetyi-CoA also stimulate
lipogenesis from ketone bodies. lt is not known whether ketone bodies
are first converted to acetyi-CoA or are directly incorporated into fatty
ac ids.
Feller (119) has reviewed the subject of utilization of amino
acids for lipogenesis in adipose tissue. The ability of amino acid carbon
to enter lipogenetic pathways appears to depend on the type of products
formed from amino ac ids during their degradation. Of the amino ac ids
tested, leucine, which is metabolized to acetyi-CoA and acetoacetate,
was the most actively incorporated. The ami no acids wh ich yield acetate

-21are more actively converted to lipid than those which yield propionate.

lt is not known to what extent amino acid degradation and other
sources of acetyi-CoA contribute to lipogenesis. However, Flatt and

Bali (120) have determined that less than 3% of the acetyi-CoA in
adipose tissue was of endogenoos · origin when incubated with glucose
and insulin in vitro. ln the absence of insulin over .oiOo/o of the acetyiCoA was of endogenooS''Origin.

-22-

C. Controlling Factors in Lipogenesis.

Masoro (121) has reviewed the mechanisms by which the
homeostatic regulation of lipogenesis in animais is achieved. lipogenesis
is particularly susceptible to alterations in the nutritional and endocrine
status of anima ls. lt is suppressed by fas ting or feeding of diets h igh
in fat content 1 in diabetes and in tissues of an imals treated with hormones
such as epinephrine, thyrotropic hormone and glucagon. Conversely,
lipogenesis is stimulated by diets high in carbohydrate content especially
when given after a period of fasting, and by feeding the total daily
calorie requirements in one meal. The role of insulin in stimulating
lipogenesis in animais has been extensively investigated (cf. reviews by
Winegrad (122,123)). ln this chapter, lipogenesis at the cellular leve!
will be described with reference to the extracellular influences to which
this process is sub jec t.
Enzyme activity.
A number or workers have attempted to correlate the lipogenetic activity of rat liver and thot of the enzymes associated with it.
ln 1960, Gibson and Hubbard (124) reported thot the activity of fatty
ac id synthetose decreases with fasting. Subsequently 1 diminished activity
of acetyi-CoA carboxylase was demonstrated in fasted (125) and alloxandiabetic (126) rats. Korchak and Masoro (127) confirmed these findings
but noted thot the fatty ac id synthetose is about twenty times more
active thon acetyi-CoA carboxylase in normal as weil as fasted rats.
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Moreover, 24 hours of fasting led to a 50% fall in the activity of
acetyi-CoA carboxylase, but only a 22% drop in fatty acid synthetase.
At the same time, lipogenesis from acetate in liver slices feil by 99%
(128). lt therefore appears unlikely thot decreased lipogenesis in
fasting is related solely to the loss of acetyi-CoA carboxylase activity
(48, 129). Hicks et al. (1:Jl) have recently reported thot the activities
of acetyi-CoA carboxylase and fatty acid synthetase in supematants
of liver rise to supranormal levels on refeeding fasted animais, but
thot actinomycin D and puromycin inhibited this response. Both enzymes
thus appear to undergo adoptive changes.
Cofac tor requ ire men ts •
1. TPNH
When the requirement for TPNH in lipogenesis was first
established, it was proposed that the availability of TPNH may be ratelimiting (131-133). There are severa! pathways by which extramitochondrial
TPNH can be generated:
a) substrate-linked reduction of TPN by the pentose cycle

dehydrogenases (132), isocitric dehydrogenase (134) and malic enzyme (135);
b) transhydrogenation of DPNH to TPNH, either directly by
DPNH transhydrogenase (136) or indirectly in a substrate-linked system
(135, 137).
The pentose cycle is particularly active in 1ipogenetic tissues
such as liver and adipose tissue (132), and a direct relationship between
pentose cycle activity and lipogenesis has been demonstrated (120, 138).

-24The pentose cycle dehydrogenases, glucose-6-phosphate dehydrogenase
and 6-phosphogluconic ac id dehydrogenase, are susceptible to nutritional
changes, falling in starvation (137, 139) and increasing with refeeding
(140) or meal-feeding (112,141). Direct evidence of the importance of
the pentose cycle in providing TPNH for lipogenesis has been provided
by Katz et al. (142), who demonstrated that label from glucose-3-3H
is quantitatively utilized for fatty acid synthesis. However, carbon
balance studies on adipose tissue incubated with labelled glucose have
revealed thot the pentose cycle con only supply about 65% of the TPNH
requirement under conditions of maximal lipogenesis (120,138}. Other
sources of TPNH must, therefore, be available.
Ponde etal. (137) and Young etal. (135) have drawnattention
to the role of the ma lie enzyme in TPNH formation. They have proposed
that the TPN-Iinked malic enzyme is coupled with the DPN-Iinked malic
dehydrogenase in liver and adipose tissue:

Oxafoacetate

DPNH
DPN
'-""'
)

"'~
1
TPN
TPNH

Malate

1

Pyruvate

The oxaloacetate needed for this reaction sequence could be regenerated
from pyruvate by pyruvate carboxylase (143) or via citrate. Ponde et al.
argue thot the high activity of ma lie enzyme in adipose tissue, which
does not carry out gluconeog:nsis con be explained by the function of
this enzyme in transhydrogenation of DPNH to TPNH. This is supported

-25by the observation that malic enzyme, like the pentose cycle dehydrogenases1 is particularly sensitive to fasting ( 137) 1 refeeding diets high
in carbohydrate content (135), or meal-feeding {112). ln contrast 1 isocitric dehydrogenase does not undergo adaptive changes {112 1137).
Jacob (117) was unable to detect DPNH transhydrogenase in homogenates
of human and rat adipose tissue.
Currently, TPNH production is not considered to be rate
limiting for lipogenesis. Thus, studies of the concentration of TPNH in liver
have revealed thot it is not diminished by fasting (144, 145) and in diabetes
{146). Flatt and Bali (120) and Katz et al. (138) have demonstrated thot the
extramitochondrial production of reduced pyrimidine nucleotides from glucose
exceeds the requir~ments of lipogenesis in adipose tissue from normal and
refed animais in the absence or presence of glucose in vitro. lndeed, Flatt
and Bali have obtained evidence that a lack of oxidized cofactors may limit
the utilization of glucose in insulin-stimulated adipose tissue {147).

2. ATP
As previously discussed, ATP is required for the conversion of
acetate and citrate to acetyi-CoA. Masoro, Korchak and Porter ( 148) showed
that the inhibitory effect of liver microsomes obtained from fasted animais on
the acetyi-CoA carboxylase catalyzed step in lipogenesis is partly attributable
to increased microsomal ATPase activity. Myantand lliffe (149) observed
that liver extracts from thyroxine-treated rats have a reduced capacity to
synthesize malonyi-CoA which could be reversed by addition of ATP.
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Citrate.
Citrate stimula tes the activity of acetyi-CoA carboxylase.

The possibility has been considered thot the extramitochondrial concentration of citrate may control the rate of lipogenesis (33). To the
author 1s knowledge no direct evidence for the control of lipogenesis
by citrate has been reported. Although the concentrations of citrate in
tissues fa Il within the range stimula ting acetyi-CoA carboxylase (33,

44), a large part of the cellular citrate may be located in the mitochondria ( 150) and th us be inaccessible to the enzyme. Furthermore 1
citrate levels are elevated in tissues from fasted rats {151 1 152) and
chicks (153) and in diabetic rats (151). At the present time, the role
of citrate as a cellular regula tor of lipogenesis remains undetermined.

The inhibition of lipogenesis by fatty acids and their CoA derivatives.

1t has been estab 1ished thot 1i pogenesis from glucose and
acetate is depressed in livers from rats fed diets high in fat content

(154-157). This effect is very rapid. Hill et al. (158) showed that
within one hour after the administration of fat, lipogenesis from acetate
is reduced. Bortz et al. (159) observed a loss in lipogenetic activity
in liver homogenates when rats were given com oil two hours before
sacrifice, even though carbohydrate metabol ism proceeded norma lly.
Fatty acids inhibit lipogenesis in intact tissue and homo-
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genates in vitro. langdon (160) found thot palmitate inhibits lipogenesis
in liver homogenates, but as CoA partly reversed this effect he attributed
it to competition for CoA by fatty acyl thiokinase. This conclusion was
not in agreement with the earl ier findings of Porter and Long (161) who
demonstrated thot palmityi-CoA inhibits lipogenesis by pigeon liver
preparations, and palmityi-CoA deacylase partially reverses this effect.
Using a purified enzyme system, Bortz and Lynen (162) demonstrated
thot palmityi-CoA and stearyi-CoA at a concentration of 10-6 M inhibit
acetyi-CoA carboxylase, while the free fatty acids were ineffective at
this concentration. Palmityi-CoA and stearyi-CoA were the most inhibitory
in the series of CoA derivatives tested, and, as these are the lastsmall
molecules in the synthetic sequence before incorporation into complex
lipids, it was suggested thot they act as feedback regulators. The level
of palmityi-CoA in various tissues is sufficiently high to consider it as
a control ling factor in lipogenesis (163, 164). Furthermore, changes in
diet or hormonal conditions lead to alterations in tissue palmityi-CoA
concentrations and rote of lipogenesis consistent with a regulatory function
(165}. Bortz et al. (159) localized the defect in lipogenesis induced by
feeding corn oil at the acetyi-CoA carboxylase step.
Other inhibitory effects of fatty acids or their CoA derivatives
on the lipogenic enzymes have been reported,but require considerably
higher concentrations (lo-4 M) of the inhibitory compounds thon observed
by Bortz and Lynen (162). Korchak and Masoro (166) reported thot fatty
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acids inhibit lipogenesis in particle-free supernatants which lack fatty
acyl thiokinases, suggesting thot fatty acids need not be converted
to the CoA derivative to be inhibitory. ln the ir system, myristate was

the best inhibitor tested and both acetyi-CoA carboxylase and fatty
ac id synthetase were inhibited. Robinson et a 1. (167) observed thot
palmityi-CoA inhibits the condensotion of acetyi-CoA and malonyi-CoA.
Steiner (168), using mitochondria-free preparations from brown adipose
tissue, noted thot fatty acids inhibit lipogenesis from acEitate but not
acetyi-CoA, and suggested thot acetyl thiokinase is inhibited by fatty
acids.
Wieland and Weiss (169) and Tubbs (170) reported thot low
concentrations of palmityi-CoA inhibit the citrate cleavage enzyme.
They postulated thot this inhibition may regulate the generation of
citrate and hence lipogenesis. However, Srere (171) provided evidence
thot the interaction between palmityi-CoA and highly purified citrate
cleavage enzyme is not of physiological significance. He observed thot
the inhibition depends on the molar ratio between palmityi-CoA and
the enzyme. 16 moles of palmityi-CoA had to be bound per mole of
enzyme to achieve an inhibition of 27%, and the inhibition was irreversible. Glucose-6-phosphate dehydrogenase is also inhibited by long
chain acyl CoA derivatives (172,173). Taketa and Pogell (173) have
recently shown thot many enzymes are inhibited by low concentrations
of palmityi-CoA. For instance, glutamic and malic dehydrogenase were
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findings remains to be evaluated.

Complex lipid synthesis.
Lorch et al. (174) have suggested thot the removal of inhibitory end products, e .g. fatty acyi-CoA derivatives, may control
the rate of lipogenesis. The esterification of fatty acyi-CoA with
a-glycerolphosphate to form glycerides is a control mechanism of this
type. Howard and Lowenstein (175, 176) have shown thot a-glycerolphosphate stimulates lipogenesis when microsomes, which contain the
acyl transferases required, are added to cell-free preparations of liver
and mammary gland. This effect was uninfluenced by changes in
nutritional state or the induction of alloxan diabetes. At optimal concentrations of microsomal protein, one half maximal stimulation of
lipogenesis was obtained with 0.37 mM a-glycerolphosphate, a value
comparable with those found in vivo. However 1

fhè degree of stimulation

exceeded the values expected on the basis of the amount of fatty acyiCoA removed from the system (176). To circumvent this discrepancy 1
Howard and Lowenstein proposed thot some fatty acyi-CoA is stored
as the ACP derivative, leading to a deficiency of free ACP required
for lipogenesis from acetyi-CoA, and thot a-glycerolphosphate regenerates
free ACP by removal of fatty acyi-CoA. One posSible defect in this
argument is thot it is based on the theoretically calculated content of
fatty acyi-CoA in the system employed 1 and does not take into account
the fatty acyi-CoA produced from endogenous free fatty acids.
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D. Lipogenesis and Adipose Tissue Metabol ism.

The preeminence of adipose tissue in 1ipogenesis has been
established both in vitro and in vivo (177). Stetten and Boxer (178)
calculated that rats maintained on a diet high in carbohydrate content
but low in total calories convert 3>% of the carbohydrate into fatty
acids. Katz et al. (138) 1 studying the distribution of glucose carbon in
products formed by rat epididymal fat pads under a variety of dietary
and hormonal conditions (Table 1) found that 21% of the glucose carbon
taken up is incorporated into fatty acids by tissue from rats fed ad libitum.
When adipose tissue was stimulated by insulin in vitro 36% of the
glucose carbon appeared in fatty acids and the percentage of glucose
carbon utilized for lipogenesis was over 40% of the uptake when tissue
from fasted-refed rats was employed.
The pathways of glucose metabolism in adipose tissue appear
to be geared for 1ipogenesis when the anima 1 is in positive energy

balance, i.e. when the ealarie intake exeeeds the energy requirements.
Thus, in adipose tissue glycogen synthesis is relatively unimportant
(179) 1 glycolysis is an essentially

unidirectional process (12 1 180) 1

and gluconeogenesis does not occur (180, 181). The absence of glucose6-phosphatase (182 1 183), fructose-1,6-diphosphatase (183) and phosphoenolpyruvate carboxykinase (135) from adipose tissue undoubtedly
contributes in delineoting this pattern of glucose metabol ism in adipose

•

•
TABLE 1 ( 138)

Elut of dict and Aor»aonu OIJ di•lribulion of glatcote carbon in prod•cttformcd 61 raf cpldid11m•lfal ti••uc
.·.-·•

'
Dict ucllaorniOM

a.Jalft.. ~
1ltilizid .

-

l'Jnaftlc de· Ecüsqcle
ciriiH)iatioa

Fatl)-aâds

Gl7caol

t:lclatt

s
s

s

Toul·

s

s

s

s

s

770
400
HO

12
J3
11

2{

2
3
1

38

45

100

8
8
3

38
SI
29
38
JO

42
38
21

..

Fastcd-rercd, insulin .•..•..•• ·r: ....... :·..
Fastcd-rercd, no hormone..•• ~ .••.••••••••
Fed mf libitum, in$ulin •••••.••• : •.••••••••
Fed ed Ubilum, no hormone •••••.••.••.•••
rasted-rcrcd. crowth homtone .•••••••••••
Fed mf libitum, epinephrinc .... , ..........

to

Carfloa &dili
l'mtoH
c;r:le

~

~ carlloa -vvtecl

. 330

250

22
20
13

14
10

'

a

18
17

19

7
11
20
20

7

40

12
13

19
30

23
23

~
1

-32-

tissue. The presence of an active pentose shunt pathway for the
generation of TPNH is characteristic for tissues which carry out 1ipogenesis (132). Katz etal. (138) showed that of the glucose utilized
by adipose tissue 11% is metabolized in the pentose cycle in the
absence of insulin, and 20% in the presence of insulin in vitro, .and
that there is a marked correlation between pentose shunt activity and
lipogenesis. The adaptability of enzymes associated with lipogenesis
to alterations in the dietary or endocrine state of the animal provides
further evidence for the important role of lipogenesis in adipose tissue.
Patkin and Masoro (184) and De Freitas and Depocas (185)
have provided evidence that lipogenesis from glucose in adipose tissue
does not represent an important pathway for glucose metabolism in rats.
Anima ls infused with :1>0 mg glucose per hour converted less than SOA:.
of the administered glucose to fatty ac ids (185). However, it is important
to note that the rats used in these studies were old animais, as Benjamin
et al. (186) noted a marked decline in lipogenesis with aging; lipogenesis is ten times greater in adipose tissue from young rats {l05-124g,

44 days old} than old rats (280-285 g, 81 days old}. Thus, it is possible
that De Freitas and Depocas underestimated lipogenesis from glucose due
to the age of their rats.
The processes by which fatty acids are stored in or released
from adipose tissue are in dynamic equilibrium {12). During times of
positive energy balance the deposition of fatty acids of exogenous or
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endogenous origin as triglyceride predominates, whereas the breakdown
of lipid stores is stimulated when the energy demands of the organism
exceed the supply of substrate or lipolytic agents act on adipose tissue
(12). The details of these processes have been reviewed elsewhere (187,

188). The pathways of triglyceride synthesis and lipolysis are summarized
in Figure 4.
Figure 4.
Triglyceride Synthesis and Lipolysis in Adipose Tissue.
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-34ln contrast to liver (189) and brown adipose tissue (190) 1
glycerol phosphokinase activity in white adipose tissue appears to be
insignificant (191 1 192). As glycerol cannot be reutilized 1 the aglycerolphosphate required for esterification of fatty acids is formed
from glucose. ln the presence of an adequate supply of glucose 1
stimulation of lipolysis 1 e.g. by epinephrine (193 1 194) or growth hormone
(195) 1 leads to increased glyceride glycerol synthesis. Cahill et al.
(194) suggested that this increase is secondary to the accumulation of
FFA in the tissue. lt has been demonstrated that glyceride glycerol
synthesis and esterification are enhanced when tissue from normal rats
is incubated with fatty ac ids (194). However 1 in adipose tissue from
fasted rats there is a net release of FFA even though glyceride glycerol
synthesis from glucose is relatively unaltered (188). At the same time 1
the up1ake of glucose and the oxidation of carbon 1 of glucose and lipogenesis are markedly diminished (196). Thus 1 the production of a-glycerolphosphate is maintained in the face of large changes in glucose utilization
and takes precedence over lipogenesis from glucose. As glucose is available to adipose tissue in vivo even in the fasted state 1 other factors
must be involved in the regulation of adipose tissue metabolism. The
evidence at hand indicates that both 1ipid deposition and breokdown are
under control of a complex interaction of nutritional 1 hormonal and
neurohumoral influences (cf. 24 for reviews).
Adipose tissue is one of the main 1arget organs for insulin
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(3,4) 1 lhe release of which is dependent on lhe blood glucose concentration (197). The interaction between blood glucose, insulin and
adipose tissue is such as to favor energy storage as lipid when food
is present in excess {123) •

Glucose

------41>· lnsulin

~Adipose Tissue
/

The availability of glucose to cellular processes requires lhe transfer
of glucose across lhe ce li membrane, considered to be the rate limiting
step in glucose utilization by adipose tissue (198-201). Crofford and
Renold (198,199) have shown lhat the major action of insulin on adipose
tissue is to facilitate lhe transport of glucose by a mobile, stereospecific
carrier. Thus, insulin controls the rate of glucose utilization prior to
the initial steps of its metabolism. ln turn, many of the effects of insulin
are dependent on the presence of glucose. For instance, the utilization
of acetate and pyruvate for lipogenesis is not stimulated by insul in unless
glucose is available (202).
The changes in the pattern of dissimilation of glucose carbon
in the presence of insulin, as shown in Table 1 are not nec~rily a
consequence of increased glucose entry into the cell, as proposed by
Renold and his co-workers (195,203). Leonards and Landau (204) found
thot insulin stimulates the oxidation of C-1 of glucose and lipogenesis,

-36whereas high concentrations of medium glucose favor the oxidation of
C-6 and glyceride glycerol synthesis. ln addition, sorne actions of
insu lin are unrelated to its transport function. Jungas and Bali (205)
observed that insulin inhibits the lipolytic breakdown of triglycerides
in adipose tissue treated with adrenaline and incubated in the absence
of glucose. Others have confirmed this observation {206,207). Zierler
and Rabinowitz {208), using an in vivo perfusion technique 1 found that
very small amounts of insulin can lead to diminished release of FFA
from the superficiel comp:utment of the human forearm without stimulating glucose uptake, suggesting that the effect of insulin on lipolysis
may precede its action on glucose utilization.
While insulin is considered to be the sole hormonal agent
responsible for lipid deposition, a large number of hormones stimulate
lipolysis. These include epinephrine {209,210) 1 norepinephrine {210) 1
adrenocorticotropic hormone {211 1 212) 1 glucagon (213 1 214), thyroid
stimulating hormone (215) 1 melanocyte stimulating hormone (216) vasopressin (216), pituitary 'Fraction Hl (216) and peptides 1 ond Il (217),
and growth hormone (218). The first five hormones in this 1ist have
been shown to stimulate adipose tissue lipase (188). Adrenal glucocorticoids are weakly lipolytic (219 1 220) 1 but a Iso have the property
of inhibiting glucose uptake (221-223). Fat-mobilizing substances have
been extracted from the urine of fasted rats and man (224). lt has a Iso
been found that an intact sympathetic nervous system is required to
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mainlain blood FFA levels (225).
Adipose tissue metabolism is thus the resultant of nutritional
neural and endocrine influences. The balance between lipolysis and
neutra! lipid synthesis is part and parcel of the fonction of adipose
tissue in regulating the storage and release of substrate. On the other
hand,

11

the major homeostatic fonction of lipogenesis is to store as fat

the chemical energy of carbohydrate ingested in excess of the immediate
energy requirements of the organism 11 (121). ln view of the diurnal
variations in food intake, it is not surprising thot these processes are
carefully controlled.
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Ul. EXPERIMENTAL PROCEDURE

Source and Prep:nation of Adipose Tissue.

Human adipose tissue was obtained from non-diabetic patients
at laparotomy under general anesthesia. The anesthetics were pentabarbital and fluothane or halothane; ether was never employed. The
adipose tissue was excised as soon as possible after the start of the operation,
usually within tJJ minutes. Subcutaneous fat was taken from the edge of
the abdominal incision, and omental adipose tissue from the perimeter
of the grea ter omentum. lmmediately after removal the tissue was placed
into Krebs-Ringer bicarbonate buffer (226), gassed with 9SOA> 0

2

:5% co 2

to pH 7.4 and kept at room temperature. Adjacent strips of tissue up to
2 mm in thickness and weighing 150 to 250 mg were eut from the operative
specimens with fine scissors. The time interval between removal of the
tissue and the start of the incubation was usually 15 to 30 minutes.
Epididymal fat pads were taken from male hooded rats, Royal
Victoria Hospital strain, maintained on a chow diet and weighing 1401{J) g. The animais were anesthetized with 15 mg pentobarbital. The fat
pads were rinsed with Krebs-Ringer bicarbonate buffer, spread out on
moistened filter paper and the thick proximal portions of the pads were
eut off and discarded. Pads were ha lved by a eut in the ir longitudina 1
axis. Before being weighed or incubated the pads were gently blotted
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with fil ter paper.
lsolated cells were prepared as described by Rodbell (227}
by incubating pieces of rat adipose tissue in a medium of 3 JJMoles of
glucose and 10 mg collagenose per ml of albumin-bicarbonate buffer
for 8J minutes.

Incubation of ln1act Tissue and lsolated Adipocytes.

Tissue was incubated in Krebs-Ringer bicarbonate medium
gassed-..with 95% 0 2 : 5% C02 to pH 7.4 in 25 ml Erlenmeyer flasks
fitted with center wells. Incubations were carried out at 37°C in a
waterbath shaker. The substrate used was either glucose alone or glucose
and ace1ate. Labelled substrate had a final specifie activity of approximately 0.02 JJG:/J-!Mole for 14c and 0.2 JJC/JJMole for 3H. Gelatin,
1 g/100 ml medium, was added in prolonged incubations of in1act rat
adipose tissue. When isolated cells were incubated, the medium con1ained
4 g albumin/100 ml.
At the end of the incubation period, 0. 3 ml of hyam ine-lOX
{Packard Instrument Co.) was injected through the rubber cap into the
center weil of each flask, and 0.5 ml of 6 N HCI into each main
compartment. After another ll minutes, the hyamine carbonate was
transferred · to coun ting via 1s.
lipid extraction and saponification: the adipose tissue was

-40removed from the flask, blotted, rinsed twice in 250 ml of 0.9% NaCI
and placed into chloroform:methanol (2: 1). The tissue was homogenized
in chloroform:-methanol and the 1ipid extracted by the method of Fol ch
etal. (228). The lipid extract was divided into two portions. One
portion was brought to dryness under a stream of nitrogen in a 1ared
counting vial and the lipid content determined gravimetrically before
adding sc intillator for counting. The second portion was dried and then
saponified with 5 ml of 0.05 N KOH in 85% ethanol for 90 minutes
at 75°C. Fatty ac ids were extracted by the method of Borgstrom (229),
using n-heptane as the solvent. A part of the hep1ane ex tract was
evaporated and counted. Better thon 95% of the radioactivity in tripalmitin-14c-palmi1ate was consistently recovered by this method.
ln the case of the isolated cells, the lipids were extracted
by the method of Dole (230). Otherwise, the 1ipid ex tracts were processed in the same way as those of the in1act tissue.

Lipogenesis in Homogenates.

Adipose tissue was homogenized in cold 0.25 M sucrose
(1 part tissue by weight to 2 polùmes of sucrose) with a glass hand
homogenizer for two minutes. ln order to ob1ain preparations free of
mitochondrie, the homogenates were centrifuged at 12,000 x g at 2°C
for 20 minutes. The homogenates separated into three loyers: congealed
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fat at the top, a rosy, slightly turbid middle layer,ond cell and
connective tissue debris at the bottom. The middle loyer was aspirated
into a syringe and immediotely dispensed into the reaction tubes.
The reaction mixture used for assoying lipogenesis from
acetyi-CoA contained: potassium phosphate 83 mM, pH 6.6; MgCI 2
10 mM; MnCI 2 1 mM; KHC0 3 25 mM; GSH 2 mM; citrate 10 mM;
isocitrate 5 mM; TPN 2 mM; ATP 10 mM; DL-o-glycerol phosphate
(a-GP) 10 mM; NaF 40 mM; acetyi-CoA 0.2 mM including acetyl-114c-CoA 105 dpm; homogenote supematont 0.2 ml; final volume 1.2 ml.
The pH wos 6.6 both before and after incubation. Incubation was
corried out in 20 ml extraction tubes for 3l minutes at 37°C in a
waterboth shaker. The gas phase wos air. The reaction was stopped
with 5 ml isopropanol-n-heptone-9 N H2S04 (40: 10: 1) and lipids were
ex trac ted by the method of Dole (23:1) • The heptone ex tracts were
dried in counting viols with a stream of nitrogen.
The system described was based on thot of Martin and
Vogelos for portia lly purified enzymes (44) 1 but several modifications
were made. As shown in Table Il, lipogenesis was more active with
phosphate buffer, and it was substituted for the imidazole buffer used
by Martin and Vagelos. TPNH wos replaced by TPN and isocitrate
without change in lipogenetic octivity of the system. a-GP was added
to stimulate esterification of endogenous or newly-formed fatty acids
(175, 176) and NaF wos used to inhibit lipolysis (231). ln the absence
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TABLE Il

Lipogenesis from Acetyl-1-14c-CoA in 12,000xg Supernatants
of Rat Adipose Tissue Homogenates.

System

%of Control

Complete*

100

-TPN, -isocitrate, +TPNH

100

+insulin 0.1 unit/ml

100

-phosphate, +imidazole buffer

23

-a-GP

66

-citrate

66

-a-GP, -citrate, -NaF

25

-citrate, +CaA 0.025 mM

4

-a-GP, -citrate, -NaF, +CoA 0.025 mM

2

*Complete system contained: potassj,Jm phosphate 83 mM, pH 6.6;
MgCI2 10 mM; MnCI 2 1 mM; KHC03 25 mM; GSH 2 iTiM; citrate
10 mM; isocltrate 5 mM; Tl"N 2 mM; ATP 111 mM; DL-a-~P 10 mM;
NaF40 mM; acetyi-CoA 0.2 mM Tncluding acetyl-1-14c-CoA 105 dpm; homagenate supernatant 0.2 ml. Final volume 1 .2 ml.
Time of incubation - 30 minute.s.
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of a-GP or citrate 1ipogenesis was reduced by 34%; when both were
omitted lipogenesis feil to 2SO.k of the values with the complete system.
low concentrations of CoA (0 .025 mM) markedly inhibited lipogenesis
both in the absence and presence of a-GP. lnsulin had no effect on
lipogenesis from acetyi-CoA, as noted by Martin and Vagelos {33).
As shown in Figure 5, the system was optimal with respect
to GSH, ATP and pH. The reaction was linear over a 30 minute period
of incubation, with acetyi-CoA concentrations from 0.1 toO.SmM,
and with homogenate concentrations equivalent to from 25 to 100 mg
of tissue/tube.
The mean and standard error (S.E.) for seven determinations
each with homogenates from tissues pooled from two rats was 32 ± 4.3
m!JMoles of acetyi-CoA incorporated into lipids/100 mg tissue in 30
minutes.

Analytical Procedures.

1.

DNA content of adipose tissue.

The fluorometric ultramicromethod of Kissane and Robins
(232) was adapted for the determinations of DNA in the 100 J.lg range.
The defatted tissue residue was washed twice with absolute ethanol and
then left to dry under reduced pressure in a dessicator. 0.2 ml of a

figure 5

Incorporation of Acetyl-1-14c.:.coA into lipids by the
12,000 x g Supematant of Rat Adipose Tissue Homogenates.
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freshly prepned solution of 3,5-diaminobenzoic acid dihydrochloride
(310 mg of DABA 2 HCI/ml water) was added to the tissue residue
and heated for «J minutes at «JOC in a water bath. The tubes were
allowed to cool, 5 ml of 0.6 N perchloric acid was added, the tubes
were shaken with a Vortex mixer, and 0.3 ml was transferred to
Coleman tubes. 4 ml of 0.6 N perchloric acid was added to the
Coleman tubes and they were read against the blank in a Turner
Fluorimeter with a #479 primary filter and a *2A..12 secondary filter.
The standard curves were linear up to l«J fJ9 and reproducible during
the ti me the determinations were carried out. The recovery of added
DNA was 96 ± 2% in six determinations. The variation between
quadruplicate replications was usually Jess than 5% from the mean.
Table Ill shows the values obtained for human omérdablllli!ld
subcutaneous a di pose tissue.

TABLE Ill
DNA Content of Human Adipose Tissue.

Tissue

Number of
determina ti ons

fJ9 DNA/g lipid
mean± S.E.

Omental

27

508 ± 39

Subcutaneous

13

211 ± 14

p

"0.001

Each determination was the mean of triplicatas or quadruplicates.
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Omentol adipose tissue contoined significantly more DNA thon subcutoneous adipose tissue. The DNA content of subcutoneous adipose
tissue shown here is in close agreement with the values obtoined by
Hirsch and Goldrick (1) who used a diphenylamine method.

2. Free fatty acid content of tissues.

Adipose tissue was homogenized in the extraction mixture
described by Dole (23:>) and cen trifuged to remove debris. The fa tty
acids were extracted and titrated by the method of Dole and Meinertz
(233).
The FFA content of the left and right fat pads from the
sorne animal was found to be identical. ln 6 fed rats the mean tissue
FFA concentrations were 2.52 and 2.47 jJEq/g tissue in the left and
right pads respectively. ln adipose tissue from rats fasted for 48 hours
the corresponding values were 5.53 and 5.36 jJEq/g tissue.

Uptoke of Non-Metobolizab&Sugars.

Pieces of adipose tissue were incubated in a medium
consisting of 5 mM sorbitol, 5 mM 3-0-methyJ glucose, 20 f.lC sorbitoi1-3H, 1 J.'C 3-0-methyl-14c-glucose, 80 mg albumin in 2 ml KrebsRinger bicarbonate buffer, pH 7 .4. The incubations were carried out
at 37°C in counting vials. The sugar spaces were determined as described

-47-

by Crofford and Renold (198).

Radioactive Counting Procedures.

Ali counting was done by scintillation spectrometry.
lnitially a Packard Tri-Carb #3314 and la ter a #4000 was employed.
Aqueous solutions, such as incubation media, were counted in dioxane
phosphor (234). Lipids and hyamine carbonate were counted in toluene
phosphor (O.JOA, PPO and O.Olo/o POPOP in toluene). Corrections
were a pp lied to account for quench ing and differences in effic iency
related to the use of different phosphors for counting the medium and
samples. At optimal machine settings the efficiency of the dioxane
phosphor was 65o/o, that of the toluene phosphor 85o/o.
The machine settings for the simultaneous counting of 3H
and 14c in dioxane phosphor were adjusted so thot spillage of 3H into
the 14c channel was less thon 0 .04%. This was accomplished at
efficiencies of 41o/o for 14c and 19o/o for 3H, with a 14c spillage of
28%. When calculating the actual counts for each isotope it was usually
not necessary to take the 3H spi liage into account, even when the
ratio of 3H : 14c was 20 : 1, and the need for simultaneous equations
was obviated.
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Ali materials were obtained from commercial sources:
ATP, CoA, TPN, TPNH, GSH - Sigma Chemical Company; acetyiCoA (lithium salt), 3-0-methyl glucose - Calbiochem; 3,5-diaminobenïZoic acid dihydrochloride - Eastman Organic Chemicals;
collagenose- Worthington Biochemical Corporation; glucose-l- 14c,
-6-14c,

-u- 14c

and acetate-1-14c - Merck, Sharpe & Dohme;

acetyl-1-14c-CoA, 3-0-methyl-14c-glucose, sorbitoi-1-3H, acetate3H - New England Nuclear Corporation.

Glucagon-free insulin was kindly donated byE. Lilly & Co.

Albumin (Armour Pharmaceutical Company) was dissolved
in five volumes of distilled water, dialized thrice for 12 hours and
passed through a Seitz fil ter befofe use.
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,IV. RESULTS

A. Human Adipose Tissue •

1.

The effect of insulin on the metabolism of human adipose tissue
in vitro.

The influence of medium glucose concentration on the
incorporation of label from glucose-1- 14c into neutra 1 1ipid was studied
in the absence and presence of insul in. Glucose concentration of 2.7
and 10.7 mM were chosen to represent the physiological extremes.
The results in Table IV show thot incorporation into neutra! lipid was
greater at 10.7 thon at 2.7 mM glucose, but only in the absence of
insul in.
TABLE IV
Effect of lnsulin on Neutra! Lipid Synthesis from Glucose-1- 14c by
Human Omen tum.

Glucose
mMolar

lnsulin
O. 1 unit/ml

Neutral Lipid
m1-1Moles/g N. L.

2.7

579 ± 8JC

10.7

899±59

f
<0.02

2.7

+

1107 ±99

10.7

+

1220 ±56

N.S.

Incubation time- 2 hours.
a-Mean of three determinations ±S.E.
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.However 1 insul in stimulated lipid synthesis more markedly at the lower
glucose concentration. Subsequent studies with insulin were therefore
carried out with 2.7 mM glucose.
The effect of insulin on the me1obolism of glucose-1-14c
by omen1ol and subcutaneous adipose tissue is shown in Table V. ln
both types of adipose tissue, the addition of O. 1 unit insulin/ml of
medium significantly increased the incorporation of label into C02,
neutral lipid and fatty acids.
When insulin was present the incorporation of label into
co2 by omentum increased from a mean of 565 to 992, and by subcu1oneous adipose tissue from 456 to 1086 m~oles glucose/mg DNA.
Neutral lipid synthesis increased from 759 to 1371 and from 753 to
1693 m~oles/mg DNA in omental and subcutaneous tissue respectively.
The re was no s ign ificant difference between the two tissues
in terms of co2 production or neutral lipid synthesis from glucose, in
the absence or presence of insu lin. However 1 in the absence of insul in 1
the ratio of carbon 1 to carbon 6 of glucose oxidized to co2- a rough
measure of pentose cycle activity - was lower in subcutaneous than in
omental adipose tissue. Thus, in nine experiments with omentum the
mean value for this ratio± the standard error (S.E.) was 4.1 ± 0.4
and in five experiments with subcu1oneous adipose tissue the ratio was
2.7 ± 0.4, a difference which is significant at the 0.005 level.
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TABLE V

Effect of lnsulin on the Utilization of Glucose-l- 14c by Human
Adipose Tissue in vitro.

Insu lin
tontrol

0.1 unit/ml

lncrease
with insulin

p

m1-1Moles/mg DNA
Omentum

co2 (ll)b

565

992

Neutral Lipids (11)

759

1371

612 ± 65

<O .001

69

162

93 ± 33

<0.02

co2

456

1086

630 ± 123

<0.005

Neutral Lipids

753

1693

940 ± 97

<0.001

12

44

32 ± 13

<0.05

Fatty Acids (14).,

427 ±

a:f

<0.001

Subcutaneous (7)

Fatty Acids

Medium glucose- 2.7 mM. Incubation time- 2 hours.
a-Mean ±S.E.
b- Number of du pl ica te determina ti ons.
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Fatty acid synthesis from glucose-1- 14c increased from
69 to 162 in omental and from 12 to 44 m.,.Moles/mg DNA in subcutaneous adipose tissue when insulin was present. Although not
indicated in Table V, lipogenesis was significantly more active in
omenta 1 thon in subcutaneous adipose tissue, both in the absence and
presence of insulin (p

0.05).

As insulin stimulates lipogenesis from acetate in the presence
of glucose in rat adipose tissue (235), it was of interest to determine
whether this can also be demonstrated with human adipose tissue.
Lipogenesis from acetate-1-14c and glucose-1- 14c was studied in
omental adipose tissue from six subjects (Table VI). lnsulin stimulated
lipogenesis from both substrates in five out of the six experiments;
lipogenesis could not be demonstrated in tissue from D.F. The data
presented here also show the variability in lipogenesis encountered
with human adipose tissue. lhus, lipogenesis from glucose-1-14-c ranged
from 0 to 382 and from 0 to 634 m!JMoles/mg DNA in the absence and
presence of insulin respectively. With acetate-1- 14-c as substrate the
range was even wider. lhe absence of demonstrable lipogenesis was
also noted in other experiments carried out under the sorne conditions.
Out of a total of 24 experiments with omental and subcutaneous adipose
tissue, lipogenesis could not be demonstrated in seven when insulin was
absent. Six of these tissues were a Iso studied in the presence of insu lin,
and lipogenesis could then be demonstrated in three samples.
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TABLE VI

Fatty Acid Synthesis by Human Omental Adipose Tissue

Patient

Acetate-1-14c
Glucose-1- 14c
+Insu lin
Control
+lnsulin°
Control
m.,Moles/mg DNA

B.M.

382

634

816

1426

D.F.

0

0

0

0

J.W.

23)

338

2297

4369

D.P.

0

46

177

653

S.G.

17

38

40

356

M.M.

0

415

89

445

Glucose alone or glucose +acetate- 2.7 mM.
Incubation time - 2 hours.
a-0.1 unit/ml

-54-

2.

Effect of glucose infusion in vivo on lipid synthesis and response
to insulin of adipose tissue m v•tro.

As the patients from whom adipose tissue was obtained in
the previous studies had been fasted for 10 to 14 hours preoperatively,
the anabol ic activity of the tissues may have been impaired. The
possibility thot the metabolism of adipose tissue in vitro could be
influenced by the administration of glucose was therefore investigated.
Six subjects received intravenous infusions of 80 g of
glucose over a two-hour period preoperatively. Lipid synthesis from
glucose-1-14c was then studied in vitro. The incorporation of label
into neutra! lipids and the response to insulin in tissues from infused
and noninfused patients are compared in Table VIl. Tissues from both
groups of patients appeared to give quantitatively similar results for
neutral lipid synthesis, as seen from the widely overlapping range of
values. However, the response to insu lin was significantly reduced in
bath subcutaneous and omental tissue from infused patients. ln the
presence of insulin, the average increase in neutral lipid synthesis
above control levels feil from 612 to 371 and from 925 to 453 mtJMoles
glucose incorporated/mg DNA in omental and subcutaneous tissue
respectively. These results suggest thot the adipose tissue ffom patients
who had received glucose may have been partially stimulated by
endogenous insu lin.
On the other hand, fatty ac id synthesis appeared to be
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·TABLE VIl

Effect of Glucose Infusion on the Incorporation of Glucose-1- 14c
into Neutral Lipid in vitro.

Neutra! Lipid
Control

Insu lin
0.1 unit/ml

lncrease
with insulin

p

mtJMoles/mg DNA
Omentum
No infusion
{ll)C
Infusion
{6)

759a
(430-1157)
1089
(577-2074)

1371
(773-1852)
1461
(814-2493)

753
(431-1277)
1336
(538-2044)

1693
(1133-2353)
1897
(978-2299)

612:!: 6sb
<0.05
371 :!: 76

Subcutaneous
No infusion
(7)
Infusion
(6)

940 :!: 97
<0.02
453 :!: 115

Medium glucose- 2.7 mM. Incubation time- 2 hours.
a-Mean and range
b-Mean :!: S.E.
è-Number of duplicate determinations.
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uninfluenced by glucose infusion (Table VIII). A statistically significant
difference in lipogenesis between tissues from the two groups could not
be demonstrated although the mean values were considerably higher in
tissue from infused thon from noninfused subjects in the presence as
weil as in the absence of insulin in vitro. For example, with omentum
from the noninfused group 69 m!JMoles of glucose/mg DNA were incorporated into fatty acids 1 whereas omentum from infused subjects incorporated 403 m!JMoles/mg DNA. This apparent difference was not
statistica lly significant. ln addition 1 there was no difference between
tissues from the two groups in·the.

Uppgenetic ·respanse

to insulin.

A large part of the difficulty in analyzing these results is attributable
to the wide range of the values encountered.
However 1 further evidence thot glucose infusion leads to
an alteration of glucose metabolism in adipose tissue was obtained ffom
studies of the oxidation of carbon-1 and carbon-6 of glucose to

co2.

The values for the ratio of carbon-1 to carbon-6 obtained with omental
adipose tissue from noninfused subjects in the absence and presence of
insu lin 1 and from infused subjects in the absence of insu lin are given
in Table IX. lt is weil known thot the carbon-1 to carbon-6 ratio of
glucose incorporated into

co2

is increased by insulin in rat adipose

tissue (235). A similar response is demonstrated here with human omentum.
The ratio increased from 4.1 to 9.4 in omentum from noninfused subjects

•

when insulin was added to the medium. With omentum from infused
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l'ABLE VIU

•Effect of Glucose Infusion on the Incorporation of Glucose-1~into Fatty Ac ids in vitro.

G:ontrol

fatty Acids
Insu lin
lncrease
6.1 unit/ml with insulin

14

c

p

J;nfJMoles/mg DNA
,Omentum
,No infusion
(14)C
Infusion
(6)

p(}'J

(0-382)
403
(154-1244)

192
(0-634)
622
(306-1794)

93 ± 3:P
N.S.
219 ± 76

Subcutaneous
No infusion
(7)
Infusion
(6}

12
(0-32)
184
(4-914)

44
(0-131)
284
(20-1143)

32 ± 13
N.S.
100 ±56

Medium glucose - 2.7 mM. Incubation time- 2 hours.
a-Mean and range.
b-Mean ± S.E.
c-Number of duplicate determinations.
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TABLE IX

Rotio of C-1 to C-6 of Glucose Converted to C02 by Human
Omentum.

No. of Ex pts.

Cl/C6

Control

9

4.1 ±0.4°

+Insu lin
in vitrob

4

9.4±1.0

Glucose
infusion
a-Mean± S.E.
b-0. 1 unit/ml

4

8.2±1.4

p

J< 0.001
<0.05

J

N .S.

-59patients in the absence of insulin in vitro the ratio was 8.2 which
is significantly higher than the value for omentum from noninfused
subjects in the absence of insulin. On the other hand, there was no
significant difference between the value for tissue from noninfused
sub jects stimulated by insu lin in vitro and omentum from infused patients.
These observations suggest thot the metabolism of glucose by adipose
tissue was stimulated by infusing patients with glucose prior to tissue
sampling.

3. . Factors influencing lipogenesis in vitro.

As the metabolism of glucose in vitro could be stimulated
by the infusion of glucose in vivo, an attempt was made to see if a
similar phenomenon can be reproduced in vitra.
ln three initial experiments (Table X), omentum was preincubated for one hour with unlabelled glucose (10 .7 mM) before being
transferred to medium containing glucose-U-14<: for another hour.
Control tissues were not preincubated. lt was observed that lipogenesis
was grea ter in the preincubated tissues thon in the contrais.
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TABLE X

The Effect of Preincubation on lipogenesis from Glucose-u-14c.

Experiment

Control

Preincubation

meMo1es/g N. L. 0

5

20

2

17

l)

3

2

8

Medium glucose- 10.7 mM. Incubation and preincubotion-1 hpvr.
a-Mean of duplicate determinations.

These results suggested thot lipogenesis from glucose may
not vary directly with the length of incubation. The incorporation of
glucose label into 1ipids was therefore studied as a func ti on of ti me.
Strips of omentum were incuboted in medium containing glucose-u-14c
for three hours. Samples were taken for analysis at the end of each
hour. The rates of lipid synthesis in the first and third hour of incubation
are summarized in Table Xl (see Appendix 1 Figure 8 far complete data).
Because of the spread of the values obtained in this series of experiments,
the tissues were divided into three groups, depending on the rate of
neutra! lipid synthesis:
A.

less thon 300 mJJMoles glucose incorporated/g neutra!
lipid per hour- four samples;

B.

between llO and 2000 mJJMoles/g neutra! lipid per
hour - four samples;

•

e

TABLE Xl

Effect of length of Incubation on lipid Synthesis from Glucose-u-14c by Human Omentum.

Potientsa

Initia lb

Finalb

Glyceride Glycerol

Fatty Acids

Neutra! lipid
p

Initial

Final

_P_

A

238± 20C

.217± 26

N.S.

B

573±138

1005:1:248

N.S.

c

2940

2637

6:1:2. 1
85±33
2412

44±9A

Final

R

<.0.01

232± 19

173:1:29

N.S.

732:1:200 <0.02

478±115

283±98

N.S.

2318

Medium glucose - 10.7 mM.
a-Group A - 4 patients: T. S. 1 R. P. 1 and C .M.
B- 4 patients: l.F., C.l., and T.J.
C - 1 patient: R.l.
b-lnitial - first hour of incubation; Final - third hour of incubation.
c-Mean ±S.E.; ali determinations were done in duplicate or triplicata.

~3

319

1

miJMoles/g N .l.

miJMoles/g N .l.

miJMoles/g N.l.

Initia 1

o.
1
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C. more than 2000 m~oles/g neutral lipid per hourone sample.
Except for the very active sample of omentum in group
C, the rate of lipogenesis increased o.Ver the three hours of incubation.
ln tissues with low activity (group A), incorporation of glucose into
fatty acids increased from a mean of 6 to 44 mJJMoles/g neutra! lipid
per hour. The more active tissues in group B gave values of 85 and
732 m~oles/g neutra! lipid in the first and third hours of incubation
respec tively. At the sa me ti me, the re was no s ign ificant change in
glyceride glycerol synthesis, although it showed a tendency to Fall
as incubation progressed. ln six of the ni ne tissues studied the incorporation of glucose into neutra! lipid was approximately linear with
time; the other three 1 which were in group B, showed an increasing
rate of neutra! lipid synthesis. These observations indicate that the
pattern of glucose utilization for lipid synthesis changes with the length
of incubation, although this may not be obvious from the incorporation
of glucose into neutra! lipid.
The effect of the length of incubation on lipogenesis from
ace1ate-3H was studied with omentum from three of the nine patients
in this series. The incorporation of glucose and acé1ate into neutra!
lipid and fatty acids are plotted against time in Figure 6. ln tissue
from C .M. (group B) and R. L. (group C) lipogenesis from ace1ate was
approximately linear with time, whereas lipogenesis from glucose in-
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Figure 6

·Effect of Time on lipid Synthesis by Human Omentum.
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creased with time in tissue from C.M. only. With tissue from B.B.
{group A) where neutra! lipid synthesis was 'low• but linear 1 lipogenesis
from both glucose and acetate continued to rise from the first to the
third hour of incubation. Thus, there seem to be several patterns of
glucose and acetate metabolism in human omentum in vitro.

As the slow initial rates of lipogenesis could represent
inhibition by high levels of endogenous fatty acids (FFA) 1 tissue FFA
concentrations were determined in two experiments and found to remain
constant throughout the three-hour period of incubation (Table Xli).
These results suggest thot the increasing rates of lipogenesis are not
related to endogenous FFA concentrations. However 1 both of the samples
used in these experiments were from patients arbitrari ly classified as
falling into 'group 8'; it is therefore uncertain whether the fatty acid
levels in omentum from other patients do not change with time.
ln order to' examine the effects of the length of incubation
on adipose tissue metabolism further, and to circumvent the difficulties
inherent in studies of human adipose tissue 1 subsequent experiments
were carried out using the epididymal fat pad of the rat.

... 6,5-

JABLE Xli

FFA Concentrations in Human Omentum.

Time of
Incubation
{min.)

L.S.

0

2.4

2.9

~

2.1

2.0

fJj

1.9

2.3

120

2.2

2.5

180

2.1

2.7

R. p.

fJEq/g N. L.

Medium glucose- 10.7 m~ no insulin.
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B. Rat Adipose Tissue.

Herrara et al. (236,237) reported thot the utilization of
glucose by the epididymal fat pad of the rat increases on prolonged
incubation. This finding was similar to the observations with human
adipose tissue described in the previous chapter and prompted an investigation of the effect of preincubation in rat adipose tissue. The
results of these studies are presented here.

1.

The effect of preincubation on lipid synthesis in rat epididymal
fat pads.

The effect of preincubation on lipogenesis and glyceride
glycerol synthesis from glucose was studied in half pads. The half pad
which served as the control was incubated without label

for~

minutes;

the other half of the ipsilateral pad was preincubated for 360 minutes.
The pads were then transferred to medium containing glucose-u-14(:
and incubated for two hours.
Table Xlii shows the results obtained with adipose tissue
from fed rats and rats fasted for 48 hours. ln tissue from fed rats lipogenesis increased from a mean of 55 to 107 m!JMoles/100 mg neutral
lipid following preincubation when incubation was carried out in 43 mM
glucose in the absence of insulin. With relatively physiological concentrations of medium glucose (10.7 mM) and insulin (0.05 munits/ml)

-67TABLE Xlii
~ffect

of Preincubation on Fatty Acid and Glyc:eride Glycerol
Synthesis from Glucose-u-14(: by Adipose Tissue from Fed and
48 Hour-Fasted Rats.

Fasted

Fed
10.7

Glucose mM
lnsulin munits/ml

42.7

O.œ(8}a
80(6)
0.05(6)
mtJMoles/lOOmg N.l.

10.7
80(4)
0.05(4)
mtJMoles/100 .....L •

Fatty Acids
88

652

55

17

80

186

614

107

52

87

Difference ± S.E.

98±25

-38±100

52±12

35:!:4.5

7:!:4.8

p

<0 .Olb

N.S.

<0.01

<0.005

N.S.

89

348

52

136

210

138

390

83

204

174

Difference ±S.E.

49±7

42:!:42

31±5

68±14

-36± 11

p

<0 .001

N.S.

<0.005

<0.02

<0.05

Control
Preincubated

Glyceride
glycerol
Control
Pre incuba ted

Flask contents: 5 ml. Pre incubation medium: glucose 10.7 mM, gelatin 1%
and insu lin as indicated. Incubation medium a Iso containedQiucose-u-14c
0.02 tJC/IJMole. Half fat pads preincubated for 30 minutes are referred to
as the 'Controls'; others, preincubated for 360 minutes, are labelled
'Preincubated'. lhe time for final incubations was 2 hours.
a- Number of du pl ica te determinations.
b-Mean ±S.E.
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preincubation led to an increase in lipogenesis from 88 to 186 and
from 17 to 52 m.,.Moles/100 mg neutral lipid in tissue from fed and
fasted rats ,respectively. However 1 at high medium insulin concentrations
(80 munits/ml) preincubation had no effect on lipogenesis, suggesting
thot preincubation had an insulin-like effect on glucose utilization by
adipose tissue. Preincubation had the sorne effect on glyceride glycerol
synthesis as on lipogenesis, with the exception thot glyceride glycerol
synthesis decreased in tissue from fasted rats incubated with 80 munits
of insulin/ml.
As transport into the adipocyte is rate-limiting for the
utilization of glucose but not for acetate, and in view of the previous
findings with human adipose tissue (cf. Figure 6) 1 it was of interest to
study the effect of preincubation on lipogenesis from acetate in rat
adipose tissue. lhe results in Table XIV demonstrate thot preincubation
did not stimulate lipogenesis from acetate-l-14c in tissue from fed rats
at either ofthe two insulin concentrations used. However, tissue from
fasted rats incubated with 0.05 munits insulin/ml showed increased lipogenesis following preincubation; this effect did not occur when the
medium insulin concentration was raised to 80 munits/ml.
lhe necessity for including insulin or glucose in the media
used for the preincubation was ne~~~:t investigated. ln these studies the
media contained 10.7 mM glucose but insulin was omitted. lhe results
in Tobie XV indicate thot insulin is not required to demonstrate the
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TABLE XIV

Effect of Preincubation on Lipogenesis from Acetate-l-14c.

Fatty Acids

,Rats

nO

jnsulin
munits/ml

Fed

6
6

Fasted

11
11

0.05

80
0.05

80

Control

Preinc.

Changewith
preinc.

p

mJJMoles/100 mg N. L.
188

·186

-2 ± 13b

~N.S.

605

606

1 ± 13

N.S.

27

57

3>± 5

<0.001

83

98

15 ± 10

N.S.

Conditions and preincubation medium as in Table Xlii. Incubation
time - 2 hours. Incubation medium: glucose 10.7 mM, acetate 10.7mM
and acetate-1-14c0.02 .,ac/.,aMole.
a-Number of determinations
b-Mean ±S.E.
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TABLE XV

,Effect of Preincubation without lnsulin on the Utilization of
Glucose-u-14(: by Adipose Tissue from Fed Rats.

Control

Preinc.

Changewith
preinc.

p

mtJMoles/100 mg N.L.

co2

187

3:>7

120 ± 39°

<0.025

Glyceride glycerol

112

172

60±7

<0.001

Fatty acids

152

256

104 ± 35

<0.025

Conditions and preincubation medium as in Table Xlii but without
insulin in incubation and preincubation medium. Incubation time2 hours.
a-Mean± S.E. in seven determinations.
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stimulation of co2 production 1 fatty ac id synthesis and glycerideglycerol synthesis from glucose-u-14c by preincubation. Furthermore 1
the effect of preincubation on lipogenesis could be demonstrated at
low glucose concentrations (1.33 mM) and even without glucose in the
pre incubation medium (Table XVI).
The effect of preincubation on isolated fat cells was studied
in two experiments (Table XVII). ln the first 1 the substrate was glucose1-14c and the preincubation lasted 4.5 hours. Incorporation of label
into C02, total lipids and fatty acids increased 159%, S?Ok and 241%
above controls respectively. However, glyceride glycerol synthesis
decreased by 49%. The second experiment was carried out with glucose6-14c and after six hours of preincubation lipogenesis was 84% higher
thon in non-preincubated cells. lnsulin was not present in these experiments.

2.

The effect of pre incubation on tissue FFA concentration.

The possibility thot the effect of preincubation on lipogenesis
is a result of elevated concentrations of FFA in the control tissues was
investigated.
The FFA concentrations in whole fat pads, either unincubated
or incubated for 30 and 360 minutes with 10.7 mM glucose and 0.05
munits insu lin/ml were compared. The conditions employed in these ex-

-.72-

TABLE XVI

Effect of Preincubation without lnsulin of Glucose or at low
Glucose Concentration on lipogenesis from Glucose-u-14(:
in Adipose Tissue from Fed Rats.

fatty Acids

~reine.

Medium
Glucose mM

Control

Preinc.

Jncrease

m~Moles/100 mg N. L

1.33

ob

,sga

213

155

215

228

13

29

89

(:JJ

40

58

18

63
28

292

229

69

41

Each value is the mean of duplicata determinations. Conditions
as in Table Xlii but without insulin in preincubation or incubation
medium. Glucose concentrations in preincubation medium as shown.
a-Mean of duplicata determinations.
b-Controls preincubated in 2.7 mM glucose for 30 minutes; the
experimental samples were preinc'Ubated for 330 minutes without
glucose then transferred to medium containing 2.7 mM glucose
for 30 minutes befare incubation with glucose-U-14C:""

-73-

TABLE XVII

.fffect of Preincubation on Glucose Metabolism of lsolated
Adipocytes from Fed Rats.

Preinc.
hr.
Glucose-1-14<:

Control

Preinc.

m!JMoles/100 mg N. L.0

Change
%

4.5

co2

231

597

159

Neutra! lipid

430

675

57

fatty acids

156

534

241

Glyceride
glycerol

274

141

-49

106

195

89

Glucose-6- 14c
Fatty acids

6

The medium contained 3.5% albumin and 8 mM glucose.
Incubation time- 2 hours.
a-Mean of du pl ica tes.
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periments were the same as those used to study the effect of preincubation on lipogenesis (cf. Table XVIII).
The results in Table XVIII indicate that the FFAconcentration
in adipose tissue from fasted rats continued to fall after 3> minutes
of incuba tion. ln contrast, tissue from fed rats ach ieved stable concentrations of FFA by this time. The stimulation of lipogenesis by
preincubation in tissue from fasted, but not fed rats may therefore
partly result from a fall in tissue FFA levels.

3.

The effect of preincubation on lipogenesis from acetyi-CoA in
homogenates of adipose tissue.

As preincubation may lead to an increase in lipogenesis
due to an increase in the activity of the lipogenic enzymes or the
appearance of stimula tory substances, i t was of interest to see if this
could be demonstrated with homogenates of adipose tissue.
Half of the fat pads from controlateral sides were combined 1
two ha Ives serving as controls and the other two as experimental samples.
The controls and experimentais were preincubated for 3> and 360 minutes
respectively, with 10.7 mM glucose and 0.05 munits insulin/ml as
previously described. At the end of the preincubation periods the
12,000xg supernatants were prepared and lipogenesis from acetyl-1-14c
was determined (cf. Experimental Procedure). The values obtained are
shown in Table XIX.
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TABLE XVIII

Effect of Length of Preincubation on FFA Concentration in Adipose
Tissue from Fed and 48 Hour-Fasted Rats.

Period of
Incubation
A

B

I=FA
A

minutes
Fed (6)a

Fasted (6)

a

·Difference
(B-A)

p

JJEq/g tissue

0

30

3.41

2.80

0.62 ±0.19b

<0.025

30

360

2.86

2.73

0.13±0.13

N.S.

0

30

5.06

4.10

0.96 ±0.30

<0.025

360

4.09

2.87

1.22 ±0.39

<0.05

Medium: glucose 10.7 mM; gelatin 1%; insulin 50 JJUnits/ml.
a-Number of determinations.
b-Mean ±S.E.
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TABLE XIX

Lipogenesis from Acetyl-1- 14c-CoA in the 12,000xg
Supematants of Rat Adipose Tissue Homogenates.

Expt.

Control

Preincubated

m!JMoles/100 mg tissue0
1

36

31

2

50

45

3

25

27

4

25

25

5

65

50

6

12

10

35

31

Mean

See Experimental Procedure for details.
a-Means of duplicates.
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lt can be seen

tha~

preincubation had no effect on lipo-

genesis from acetyi-CoA. lndeed 1 in four out of six experiments
prolonged preincubation resulted in a slight decrease in lipogenesis
and the average rate of incorporation feil from 35 to 31 m1-1Moles/
100 mg tissue.

4.

The relation between preincubation and glucose transport.

lt was shown previously that the oxidation of glucose to

co2

and its utilization for glyceride glycerol and fatty acid synthesis

ali increase on prolonged incubation. The possibility was therefore
considered that the permeability of the adipocyte changes during the
time of pre incubation 1 resulting in a secondary rise in glucose util ization.
If this is the case 1 two things should happen: first 1 it shoul.cl be possible
to prevent the rise in glucose utilization by partially blocking the
glucose transport system; second 1 the transport of a non-metabol izab le
sugar which competes with glucose for transport into the adipocyte
should increase.
The first possibility was investigated by using phloretin to
block the transport of glucose. Frerichs and Bali (238) have provided
evidence that phloretin at a concentration of 0.1 mM does not interfere
with the metabolism of endogenous glycogen in adipose tissue from
fasted-refed rats whlle glucose transport is curtalled. More recently 1
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Crofford and Renold (199) reported tnat phloretin selectively i.nhibits
glucose transport in adipose tissue.
The preincubationand incubation of adipose tissue from
fed rats was carried out as previously described with medium glucose
at 10.7 mM but without insulin. ln addition, the medium used for
the incubations contained 0.1 or 1.0 mM phloretin. 0.1 mM phloretin
inhibited neutral lipid synthesis by 60%. The data presented in Table
XX show thot phloretin prevented the rise in lipogenesis and glyceride
glycerol synthesis usually seen following pre incubation. This was observed at both of the concentrations of phloretin employed. These
results suggested thot the effect of preincubation depends on the integrity
of the glucose transport system.
The second possibility 1 thot the activity of the glucose
transport system increased on pre incubation, was studied by measuring
the rate of accumulation of a non-metabolizable sugar 1 3-0-methyl14c-glucose (3-MG), in the intracellular compartment of adipose tissue
from fed rats. Half pads were preincubated in medium conta in ing 10.7
mM glucose and 4 g albumin/100 ml; insulin was not present. Following
the usual periods of preincubation, the tissues were rinsed for 45 seconds
in albumin-Krebs-Ringer bicarbonate medium, blotted lightly and transferred to glass counting vials containing the radioactive markers but
neither glucose nor insu lin (cf. Experimental Procedure). The incubations
lasted for 6, 10, 20 and 120 minutes. The results are shown in Figure 7
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TABLE XX

Effect of Phloretin and Preincubation on lipid Synthesis from.
Glucose-u-14c in Adipose Tissue from Fed Rats.

Phloretin

nO

Product

mM
0. 1

1.0

Control·

Preinc.

Change

p

mJJMoles/100 mg tissue
3

9

2.6± l.ob

FA

17.0

19.6

G-Gc

26.6

40.6

14.0 ±4.0

N.S.

3.7

2.0

-1.7±1.0

N.S.

12.5

10.1

-2.4± 1.9

N.S.

FA
G-G

N.S.

Conditions as in Table Xlii. Medium glucose - 10.7 mM, no insul in.
Phloretin was dissolved in absolute ethanol. Ali flaskscontained
0.5% ethanol. Incubation time- 2 hours.
a- Number of dupl ica te determinations
b-Mean ±S.E.
c-Giyceride glycerol

e

e
·figure 7
Accumulation of 3-0-Methyl Glucose in the lntracellular Space of Rat Adipose Tissue.

1l

(8}

----------~T
3
t&J

:;:)

<t)

!'!!
t-

,.

•e

0
0

...

.....

/

/

,. ,. "" l~.s.
.,.
.,.
,..,.,.

2

~

.__.

PREINCUBATED

lf---iiC

CONTROL

I

6

10

Î

lt

20
TIME- MINS.

See Text Of1d'E_:><f>t'XiiT1enjcJ_L_Procec;!\J.J:~~'----

:ts.E.

120

1
1

1

?

-81-

(cf. Appendix, Table XXII). lt was found thot preincubation significantly
increased the rate of accumulation of 3-MG in the intracellular space
after 6, 10 and 20 minutes of incubation, indicating thot preincubation
had stimulated the transport system. This effect disappeared in tissue
incubated for 120 minutes presumably because equilibration between
the intracellular and extracellular compartments had

tak~n

place by

this time. As 3-MG occupies the entire intracellular water space if
enough time is allowed for equilibration (198), these results also indicate
thot there is no change in the volume of the intracellular space with
prolonged incuba ti on.
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V. DISCUSSION

Much of the work on the physiology and biochemistry of
adipose tissue has been carried out using the epididyrnal fat pad of the
rat (24). Prompted largely by the possibility of species difference, a
few studies on the metabolism of human adipose tissue have appeared
in recent years (1,2,9-11,15,16). These demonstrated thot human
adipose tissue in carries

out the esterification and release of fatty

acids and the formation of fatty acids from glucose and acetate.
ln the present work a comparison was made between human
omental and subcutaneous adipose tissue. When based on the DNA
content, it was found thot rates of neutra! lipid synthesis and oxidation
of glucose to

co2

were similar in both tissues. On the other hand,

1-bmosh et al. (10), expressing neutral lipid synthesis and the rate of
esterification of FFA on the basis of tissue wet weight, found thot
subcutaneous adipose tissue was more active thon omental adipose tissue.
If one calculates their results on the basis of the DNA content shown
in Table Ill, it is found thot both tissues carry out neutra! lipid
synthesis and esterification at the same rate.
However, in the view of the lower ratio of carbon 1 to
carbon 6 of glucose oxidized to C02, the pentose cycle appears to
be less active in subcu1aneous adipose tissue. This correlates with our
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findings as weil as with those of Hamosh et al. (10) and Gellhom
and Benjamin (70) thot average values of lipogenesis are lower for
subcutaneous thon omental adipose tissue.
l'he evidence thot human adipose tissue responds to insulin
by a stimulation of glucose utilization has 1 in the post, been equivocal ( 1,2) 1 although a number of workers have noted thot insul in
stimulates the uptake of glucose by human adipose tissue in vitro (15 1
16) and in vivo (14). The data presented here (Table V) clearly show
thot insulin stimulates the utilization of glucose by both omental and
subcutaneous adipose tissue. More specifica lly 1 insu lin stimulated C02
production, neutral lipid synthesis and 1ipogenesis from glucose and
lipogenesis from acetate in vitro. lt has also been demonstrated thot
the effect of insulin on neutral lipid synthesis is partially decreased
at high medium glucose concentrations (Table IV). This finding is
consistent with the hypothesis of Levine and Goldstein (239) thot the
main action of insulin is in the translocation of glucose into the cell
interior.
l'he effect of insulin on human adipose tissue in vivo
could a Iso be demonstrated indirectly by infusion of glucose prior to
removal of the adipose tissue. Thus 1 a decrease in insulin-stimulated
neutral lipid synthesis was demonstrated in subcutaneous and omental
adipose tissue from infused patients (Table VIl). The infusion a Iso led
to an increase in the ratio of carbon 1 to carbon 6 of glucose oxidized
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to C02 (Table IX). This increase was quantitatively similar to thot
encountered when tissue from non-infused patients was stimulated by
insulin in vitro, suggesting thot the infusion of glucose had brought
about the release of insu lin wh ich then stimulated the omental tissue.
Thot this could be demonstrated in vitro is probably due to the tight
binding of insulin to adipose tissue, as observed by Bali and Jungas
(240). The nutritional state of the tissue donor is therefore an important factor in determining the responsiveness of ai:lipose tissue to the
effects of insulin in. vitro. The inability of Hirsch and Goldrick (1 ,2)
to obtain a consistent increase in glucose utilization in the presence
of insulin may partially be explained on this basis, as many of their
tissue donors had received a test meal two hours before sampling. The
difference between the complete absence of an insulin effect in their
hands and the diminished but still demonstrable response after glucose
infusion in our experiments may be related to the route of glucose
administration. Thus 1 Mclntyre et al. (241) and Dupre (242) showed
thot oral glucose was more effective in increasing the blood insulin
level and the rate of glucose disappearance thon glucose given intravenously.
Severa! other factors also influence the responsiveness of
adipose tissue to insulin in vitro. The integrity of the adipocyte membrane
appears to be a prerequisite for the action of insulin. Hirsch and
Goldrick ( 1) provided evidence thot minced or needled rat adipose
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tissue is less responsive to insul in thon intact tissue. lt is therefore
conceivable that shreds of hurnan adipose tissue sampled by needle
biopsy possess darnaged cell membranes on which insulin cannot act.
Another factor in determining the responsiveness to insulin is the type
of albumin used for incubations. Recant and Alp (243) have shown
that certain preparations of albumin have insulin-like activity, and
Kahlenberg and Kalant (15) ran into problems of this type in their
studies on the effect of insu lin on human adipose tissue.
One of the major problems in studying human adipose
tissue was the great variability in the lipogenetic activity of this
tissue. Similar difficulties were a Iso encountered by other workers in
this field (1 ,9). Using human subcutaneous adipose tissue, Gellhorn
and Marks (9) obtained values ranging between 0 and 68 mtJMoles of
acetate incorporated into 1ipid per gram wet weight per hour. Hirsch
and Goldrick (1) reported that the coefficient of variation (i.e. the
standard deviation/mean x 100) for lipogenesis from acetate in samples
from nine sub jects was 88.5%; in other worèls, the standard deviation
was almost as large as the mean itself. However, the day to day
fluctuations in samples from the same patient gave a coefficient of
variation of 66% and they attributed much of the variability in lipogenesis to changes in the daily rate. lt is clear from their date that
lipogenesis must have been very low or even absent in sorne of their
samples. Similar observations were also made in the present study,as
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can be seen from Tables V and VIl. ln spite of differences in experimental conditions the values obtained here were of the same order as
those observed by other workers. These are summarized in Table XXI.
Hirsch and Goldrick ( 17) calculated that an average of
0.7 g of fatty ac id is synthesized from acetate per day, but concede
that this is a minimal value because of dilution of substrate by endogenous pools. As the actual rate of lipogenesis cannot be calculated
accurately from available information, it may be more profitable to
determine the lipogenetic capacity of adipose tissue, i.e. the maximal
rate of synthesis. Using the rate of lipogenesis in the most active
sample of tissue studied (Table Xl, Fig. 6, subject R.L.), and assuming
uniform activity of the entire adipose tissue depot, and 6.5 kg lipid
in a 10 kg depot, it can be calculated that more than (:JJ g glucose
could be converted to fatty acids per day:

Lipogenesis: rate in vitro

: in 24 hours
in 6.5 kg lipid

2.4 .,.Moles glucose converted to
fatty acids/g lipid/hour
57.6 .,.Moles/g lipid
374 mMoles

= 67.5 g

glucose

As discussed previously, lipogenesis is less active in subcutaneous tissue
than in omentum. However, these comparisons were based on average
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TABLE XXI

lipid Synthesis from Glucose and Acetate

Au thor

Medium
Glucose
mg%

Glucose
Incorpora ti on
N.L.

Acetate
Incorporation

F.A.

N.L.

m~Moles/g N .l./2 hours

Omentum
Gellhorn and
Benjamin (70)
Hamosh et al.(10)a

~

200
Fessier

sob

sob~
50
200

200
3510
3550

380
545

35
201
386

1310

685

Subcutaneous
Gellhorn and
Benjamin (70)
Hirsch and G~ldrick ( 1)
Hamosh et al. ( lO)a
Fessier

360
90
90
200
200
sob
sob~

3
183
186

~

150
1870
150
267

4
40

50
a- Ti me of incuba ti on not given but 2 hours assumed.
b-Giucose-1-14<:; ali others glucose-U-14<: where applicable.
c-Giucose infusion before sampling (cf. Tables V and VI).

12
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values for lipogenesis. As shown in Table VIII the extreme value for
lipogenesis in subcutaneous adipose tissue from a patient who had
received intravenous glucose was 1143 mtJMoles of glucose converted
to fatty acids/mg DNA, whereas the extreme value for omentum was

1794 m!JMoles/mg DNA. Thus, the rate of lipogenesis in subcutaneous
tissue can, under certain conditions, approach the rates encountered
with omental adipose tissue.
The actual rate of lipogenesis may be even greater than
indicated above. When lipogenesis from glucose by omentui'TI from this
patient (R. L.) was measured in the presence of acetate, the rate of
lipogenesis increased from 2.4 to 4.0 mf.!Moles/g neutral lipid per hour.
This increase is similar to. the observations of Flatt and Bali who noted
that acetate stimulated lipogenesis from glucose by rat adipose tissue
in the presence but not in the absence of insulin (250). If the stimulation
by acetate represents a physiologie mechanism, then this patient could
theoretically synthesize 112 g fatty ac id from glucose per day.
The variability in lipogenesis between the tissues from
various patients has · led us to classify them tentatively into three
groups (Table Xl). Group A (four patients) consisted of adipose tissues
having very little or no lipogenesis and low neutral lipid synthesis

k

3)0

mtJMoles/g neutral lipid/hour) from glucose. Upon preincubation for two
hours a modera te increase in the amount of lipogenesis was noted. These
effects resemble those seen with adipose tissue from fasted rats. Group B
(four patien-ts) consisted of tissues showing a rate of lipogenesis from
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glucose ten times and a rate of neutral lipid synthesis twice that of
group A. Lipogenesis in this group resembled the type of activity seen
in tissues from fed rats. Ttle ac tua 1 per cent increase in 1ipogenesis
following incubation was similar for the two groups. The third group C
consists thus far of the patient R. l. 1 whose tissue showed an extremely
rapid rate of lipogenesis and neutral lipid synthesis from glucose which
did not change after two hours of incubation. Thus this tissue is analogous
to the adipose tissue from fed rats maximally stimulated with insulin
(Table Xlii). ln order to gain sorne insight into the mechanism responsible
for the increase in lipogenesis following incubation of human adipose
tissue 1 the phenomenon was reproduced with rat adipose tissue 1 using
epididymal fat pads from fed and fasted animais. The use of rat tissue
had the advantages of being more readily available 1 having less biological
variation between tissue donors and being amenable to controlled conditions of diet, weight, etc.
ln the case of the fasted rats a possible explanation of the
preincubation phenomenon may lie in the observation that the FFA
content of rat adipose tissue is elevated in starvation (Table XVIII),
and that FFA or their CoA derivatives may inhibit lipogenesis under
these conditions (cf. p. 26). lt was found that with tissues from fasted
animais the 30 minute preincubation period routinely usedqn ali studies
was not sufficient to stabilize the tissue FFA level. However, in tissue
from fed rats the FFA content did not change with incubation. Never-
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theless, it is clear thot prolonged incubation stimulated lipogenesis
from glucose as readily in tissues from fed as from fasted animais.
As shown in ·Table Xlii, a 48 hour fast led to an 80% fall in lipogenesis in control tissues. However, after preincubating tissues for
6 hours, lipogenesis was still 72% lower in 'fasted' thon in 'fed'
adipose tissue. Consequently, it is unlikely thot the FFA concentration
in tissue from fasted animais is an important cause of the preincubation
effect. A parai lei situation may. exist in the human adipose tissue.
ln two of the experiments with humcin tissue in which the FFA level
was measured it was found to be stable throughout the three-hour
incubation. However, both tissues feil into group B, resembl ing tissues
from fed animais. Therefore, the possibility thot the FFA level contributed to the lower activity in the tissues of group A cannat be
ruled out.
The question now arises as to what the effect of preincubation
on adipose tissue metabol ism ac tua lly re presents. The adoptive hyperlipogenesis observed on refeeding fasted animais is associated with an
increase in the activity of enzymes related to lipogenesis (244). No
such changes seem to occur during preincubation in vitro. lt was
shawn in Table XIX thot lipogenesis from acetyi-CoA in the presence
of malonyi-CoA, which includes the rate limiting acetyi-CoA carboxylase
step, is unaltered by pre incubation. ln addition, Herrera et al. (236)
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who studied the effect of preincubation on hexokinase 1 pentose cycle
. dehydrogenases 1 glycerol phosphate dehydrogenase 1 and fa tty ac id
syn.thetase, were unable to demonstrate an increese in the activities
of any

ot

these enzymes after preincubating adipose tissue from fasted

ra.ts for 24 hours. They a Iso observed thot the pre incubation effect
was not diminished when tissues were incubated in the presence of
puromycin to block enzyme synthesis, and proposed thot preincubation
leads to the accumulation of glycolytic intermediates which stimulate
lipogenesis.
A more likely explanation for the effect of preincubation
on lipogenesis, and for which evidence is provided here, is thot
prolonged incubation leeds to a breekdown of tissue barriers to glucose
transport. Thus, we have shown thot preincubation leeds to an increese
in the rate of transport of the non-metabol izable sugàr 3-0-methyl
glucose (Figure 7) 1 and thot the pre incubation effect is aboi ished when
glucose transport is partially blocked by 0.1 mM phloretin (Table XX).
ln addition, the pre incubation effect could be demonstrated in the
absence of insu lin or glucose during the period of preincubation, indicating thot stimulatory glycolytic intermediates play no role in producing
the effect. Another point favoring the change in membrane permeability
is thot the effec t of preincubation on tissues both from fed and fasted
animais was overcome by high concentrations of insulin in the preincubation
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medium (Table Xlii). While this section of the thesis was being written,
there appeared a report by Galtan and Fain (245) which supports the
views proposed here, and provides data showing that the sensitivity of
isolated adipocytes ta insulin diminishes after four hours of incubation,
although the lipogenetic activity of the adipocytes remained unaffected.
Our observation that lipogenesis from acetate by tissues from fed rats
is not stimulated by preincubation (Table XIV) indicates that the access
of sorne substrates to the lipogenetic system of the cell 1 rather than the
activity of the lipogenetic system perse 1 is rate-limiting in fatty ac id
synthesis.
One can only speculate on the nature of the membrane
changes induced by insulin or preincubation. Sorne of the evidence at
hand indicates that membrane structure is altered. Rieser and Rieser
noted that insulin has proteolytic properties (246} and that trypsin and
chymotrypsin can 1 1ike insu lin 1 promote glycogen synthesis and the
accumulation of 3-0-methyl glucose by diaphragm in vitro (247). Barnett
and Whitney (248) observed that trypsin in low concentrations stimulates
glucose uptake by rat fat pads in vitro. Recently 1 Rodbell (249} showed
that phospholipase C stimulates glucose uptake and oxidation as weil as
the incorporation of ami no ac id into pro teins by isolated adipocytes.
These actions were a function of the phospholipase C concentration but
disappeared in the presence of insul in. Rodbell proposed that insul in
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and phospholipase C produce their effects by altering the configuration
of ce li membrane lipoproteins from a lamellar to a micellar form.
lt con be concluded therefore thot a number of factors
which alter the cell membrane of the adipocyte ali lead to increased
glucose transport and dissimilation. A susceptibility to changes of this
type may be characteristic of the human adipocyte, and may account
in part for the variability in lipogenesis and the difficulties in demonstrating the metabolic effects of insulin encountered with human adipose
tissue.
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VI. SUMMARY

1.

Human omental and subcutaneous adipose tissue responds to

the presence of insulin in vitro by an increase in the oxidation of
glucose to

co2

and the incorporation of glucose carbon into neutral

lipids and fatty acids.
2.

lhe insulin-stimulated neutral lipid synthesis of both types

of human adipose tissue was diminished by the intravenous infusion of
glucose into tissue donors prior to the sampling of adipose tissue. lt
was also demonstrated thot the ratio of carbon 1 to carbon 6 of glucose
oxidized to

co2

by omental tissue is increased by glucose infusion or

by the presence of insulin in vitro.
3.

lipogenesis from glucose by human omentum was found to be

exceedingly variable and in most instances éid not incrAJOse linearly
with the length of incubation. lhe rate of neutral lipid synthesis increased or remained constant while the rate of lipogenesis increased
during a three-hour period of incubation.
4.

Epididymal fat pads from fed rats showed increased neutral

lipid and fatty acid synthesis from glucose but not from acetate after
six hours of pre incubation. lhe level of FFA was found to be the sorne
in the unpreincubated and in the preincubated tissues. lhe stimulatory
effec t of prol onged incubation on glucose util iza ti on from these tissues
occurred independently of the presence of glucose or insulin in the
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pre incubation medium. This effect was a Iso demonstrated with isolated
adipocytes.
5.

Epididymal fat pads from rats fasted for 48 hours responded to

preincubation by an increase in lipogenesis both from glucose and acetate
and a decrease in FFA content.
6.

Preincubation had no effect on lipogenesis in adipose tissue

from fed or fasted rats when incubated with high concentration of insulin.
7.

lt was shown thot the inhibition of lipogenesis induced by

fas ting is the sorne before and after prolonged incubation 1 and evidence
thot prolonged incubation does not correct the defect in 1ipogenesis by
fas ting was presented.
8.

Preincubation had no effect on lipogenesis from acetyi-CoA

in the 12 1 000 x g supematant of adipose tissue homogenates.
9.

lt was shown thot the activity of the glucose transport system

is stimulated by preincubation and con account for ali the effects of
preincubation observed 1 provided thot lipogenesis is not inhibited by
endogenous· fatty acids. This was discussed in relation to membrane changes
induced by lipolytic and proteolytic enzymes.
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VIl. CLAIMS TO ORIGINALITY

The author considers thot ali points given in the summary
are original contributions to scientific knowledge.
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