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Summary. What we would like to have accomplished
in this discussion, is perhaps mainly to have emphasized
once more the likelihood that adipose tissue is a predomi-
nant site of insulin action, perhaps the predominant site.
Insulin would seem to be the primary hormone of energy
storage, favouring both the deposition and the retention
of the major energy store: fat in adipose tissue. While it
may still be true, that both these effects — storage and
retention — are the result of just one primary action —
increased glucose transport — a separate effect directly
resulting in decreased fatty acid mobilization may be an
important aspect of this control, as well. We consider the
availability for study of isolated adipose tissue cells, which
still appear to be fully responsive to insulin, a major
advance, holding the promise of arriving some day at a
true understanding of the intimate mechanism of insulin
action. When considering the regulation of fat release
from adipose tissue, it would seem that closer scrutiny of
the controlling importance of blood and plasma flow
through the tissue might well be warranted.

Adipose tissue is no longer considered a static tissue;
it is recognized as what it is: the major site of active regu-
lation of energy storage and mobilization, one of the pri-
mary control mechanisms responsible for the survival of
any given organism. Although general recognition of the
important role played by adipose tissue has abruptly in-
creased during the past ten years, it remains for the future
to provide us with a detailed understanding of rmany
aspects of the control systems which are operative in each
instance.

Résumé. Nous avons résumé dans cette lecon les argu-
ments qui nous poussent & penser que ’action de 'insuline
sur le tissu adipeux est une des actions les plus importantes,
peut-&tre bien I’action prineipale méme de cette hormone.
En effet, il semble de plus en plus probable, que 'insuline
est ’hormone anabolique par excellence, favorisant aussi
bien l'accumulation que la rétention de la principale
réserve calorique de l'organisme, soit les triglycérides du
tissu adipeux. Une action importante de I'insuline sur le
tissu adipeux est certainement celle d’accélérer le trans-
port du glucose au niveau de la membrane cellulaire, et il
semblerait que cette accélération pourrait résulter de
Paffinité plus grande d’une composante du mécanisme de
transport pour le glucose. Le mécanisme de transport du
glucose au niveau de la membrane de ce tissu correspond
bien aux critéres d’une diffusion facilitée utilisant un
transporteur mobile, tout comme c'est le cas pour les
cellules musculaires, les érythrocytes ou les levures. Si
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I'importance de 1’action insulinique au niveau du trans-
port du glucose est acquise, il n’est pourtant pas possible
d’expliquer fous les effets de I'insuline sur le tissu adipeux
au moyen de cette seule action. En particulier, il est pro-
bable que I'insuline agisse également de fagon directe en
inhibant la mobilisation des acides gras, soit au niveau de
la lipolyse, soit au niveau du transfert des acides gras au
travers de la membrane cellulaire. Nous pensons que la
possibilité qui existe maintenant d’étudier des cellules
adipeuses isolées en suspension, cellules gardant leur sensi-
bilité & I'insuline, est un important pas en avant et nous
permettra peut-étre d’analyser plus en détail le mécanis-
me d’action de ’hormone.

Le tissu adipeux n’est plus considéré comme un tissu
statique. Son importance pour ’homéostase de ’organisme
est pleinement reconnue, importance qui découle de la
présence au niveau de ce tissu des mécanismes de contrdle
qui sont responsables de 'accumulation et de la mobilisa-
tion des réserves énergétiques, done de facteurs qui con-
tribuent de fagon essentielle & la capacité de survie de tout
organisme. Nous pensons que parmi les mécanismes de
contrdle qui ont été considérés, une importance insuffisante
a été donnéde jusqu’ici aux facteurs servant & régler le
débit sanguin et plasmatique de ce tissu, et par 1a apport
d’albumine au voisinage de la cellule adipeuse, albumine
nécessaire & la solubilisation et au transport des acides gras
libérés de la cellule. Si au cours de ces derniéres dix années
nous en sommes venus & reconnaitre clairement le réle
important que joue le tissu adipeux dans I’homéostase
énergétique, il faut bien reconnaitre également que nos
connaissances ne s’étendent encore qu’a certains aspects
du métabolisme de ce tissu, et qu'un nombre bien plus
grand reste & découvrir.

Zusammenfassung. Was wir in dieser Diskussion aus-
fithren wollten, ist vielleicht vor allem der nachdriickliche
Hinweis darauf, daf3 das Fettgewebe wahrscheinlich ein
Hauptangriffspunkt, wenn nicht sogar der Hauptangriffs-
punkt der Insulinwirkung ist. Insulin scheint das wichtig-
ste Hormon der Energiespeicherung zu sein, indem es so-
wohl die Ablagerung als auch die Erhaltung des energie-
reichsten Vorratsstoffes, ndmlich der Triglyceride im Fett-
gewebe fordert. Wenn es auch heute noch moglich scheint,
dafB3 diese beiden Vorginge, Ablagerung sowie Erhaltung,
die Folge einer einzigen Primérwirkung des Insulins, ndm-
lich des gesteigerten Glukosetransportes, sind, so scheint
es doch wahrscheinlicher, dafl das Hormon noch direkt
eine verminderte Freisetzung von Fettsiduren als geson-
derten Effekt bewirkt. DaB nunmehr der Untersuchung
des Fettgewebes isolierte Fettzellen zur Verfiigung stehen,
deren Ansprechbarkeit fitr Insulin voll erhalten zu sein
scheint, halten wir fiir einen groBen Fortschritt in dem Be-
streben, eines Tages den tatsdchlichen Mechanismus der
Insulinwirkung voll durchschauen zu kénnen. Was die Re-
gulation der Fettireisetzung aus dem Fettgewebe betrifft,
so erscheint es uns wichtig, sich der ndheren Erforschung
der Bedeutung des Blut- und Plasmaflusses durch das Ge-
webe fiir diesen Steuerungsmechanismus intensiv zuzu-
wenden.
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Man sieht heute das Fettgewebe nicht mehr als stoff-
wechseltriges Gewebe an, sondern als das, was es ist, nédm-
lich als den Hauptsitz der aktiven Regulation der Energie-
speicherung und Energiemobilisation, also einer der wich-
tigsten Steuerungsmechanismen fiir das Uberleben jedes

It is difficult to believe today that ten years ago very
few investigators thought about adipose tissue as a site
of active metabolic regulation. Yet today, Dr. GEORGE
Cammt and 1 have just completed the editorial work
concerned with the publication by the American Phy-
siological Society of a volume of the Society’s Hand-
book of Physiology, a volume devoted entirely to adi-
pose tissue (RENoLD and CanILn, 1965). It compriges
some 70 chapters and its cumulative bibliography lists
well over 4000 references! In the volume Dr. H.E.
WERTHEIMER, of Jerusalem, provides a perspective of
the scientific development of the field, a perspective for
which he is particularly qualified, since he and Dr. F. X.
HavusBERGER, of Philadelphia, are the two pioneers
who foresaw many of the then future, now present
developments in their studies and reports begun in the
late twenties. Dr. WERTHEIMER is also responsible for
a first and vigorous increase in general interest in
adipose tissue which followed his publication, together
with Dr. B. SHaPIRO, 0f the first review of adipose tissue
physiology, published in 1948 in Physiological Reviews.
That review emphasized, as did subsequent work from
Dr. WERTHEIMER's laboratory that adipose tissue has
an active, independent metabolism and thatitis capab-
le of synthesizing fatty acids as well as depositing them
after their absorption from the intestinal tract, or their
synthesis in other tissues, such as the liver.

The second and decisive increase in general interest
for the tissue was generated in 1956, when three groups
of workers (LauvreLL; DorLg; GorpoN and CHERKES)
independently reported on a new and metabolically
highly active fraction of lipid in plasma which was
termed unesterified fatty acid (UFA), non-esterified
fatty acids (NEFA), and known by general agreement
under the term of free fatty acids (FFA). Observations
such as that shown in Figure 1, provided biochemists,
physiologists and clinicians with a measurable entity
reflecting primarily the mobilization of fat from adipose
tissue, an entity furthermore, which in most instances
responded by easily measurable changes in concentra-
tion to alterations in the rate of their release. From
that time on, interest in adipose tissue reached its
explosive phase of development, resulting in literally
thousands of studies over a period of a few years.

It is a pleasant duty for me to acknowledge here
the presence of at least two individuals whose interest
in adipose tissue antedated considerably this explosive
period: Professor KrcEwIck, whose Bradshaw Lecture
“on Adiposity” beautifully summarizes many years of
work concerned with the fat depots (1960), and Dr.
R.D. LAwWRENCE, whose deep concern with the relati-
onships between disturbed lipid metabolism in diabetes
and the state of adipose tissue was so particularly well

Organismusg. Obwohl die bedeutende Rolle des Fettge-
webes in den letzten Jahren immer allgemeiner anerkannt
wird, verbleibt uns doch fir die Zukunft die Aufgabe, uns
um die genaue Erkenntnis der Einzelheiten der vielfalti-
gen Steuerungssysteme zu bemtiihen.

described in his first report of a patient with lipoatro-
phic diabetes in 1946.
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Fig. 1. Diabetic coma (9, 17 yrs). Course during insulin therapy. From E.
L. BigRMAN, V.P. DoLE and T.N. ROBERTS, Diabetes 6, 475, 1957

My own interest in adipose tissue, if I may be per-
mitted in this lecture a very brief autobiographic cap-
sule, was clinically induced. The first problem which
was suggested to me as a subject for work by Dr.
ArEXANDER MARBLE and Dr. ErriorT P. JosLiv, was
that of the lipodystrophies which occur in diabetic
patients at the site of insulin injections. At that time,
in 1948, the year of publication of the review by WEeRT-
HEIMER and SHAPIRO, we felt convinced that these
lipodystrophies were likely to represent a true effect of
insulin rather than some artefact contingent upon either
contamination or inadequate injection technique. An
attempt was made to reproduce these lipodystrophies
in a laboratory animal, the albino rat, and although the
atrophic form was never obtained, the hypertrophic
form could be easily reproduced (RENoLD, MARBLE and
Faworrt, 1950). Of greater importance, perhaps, was
the observation, illustrated by figure 2 that insulin
exerted a local effect upon adipose tissue, which could
not be explained as an indirect one, through its action
on some other tissue. This was, I believe, the first
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unequivocal demonstration of a direct effect of insulin
on rat adipose tissue, an effect which was soon confir-
med by the observation of Kravr (1951) who first
described an effect of insulin upon isolated adipose
tissue, while HAUSBERGER and his group analyzed the
deviations from normal of the metabolism of adipose
tissue obtained from diabetic animals or from animals
pretreated with insulin (HAUSBERGER et al. 1954). In
1956 and 1957 Dr. WineerAD and I (RENOLD et al.
1957, WiNEGRAD and RENoLp, 1958) introduced the
use of the paired epididymal adipose tissue from the
rat, untraumatized and uncooled, for the study of regu-
latory effects upon glucose metabolism by adipose tis-
sue, a procedure which wasrapidly taken up by Gorpox
and CHERkES (1958) for the study of free fatty acid
release. What most impressed us, at that time, was the

insulin
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glycogen mg %

Fig. 2. Local action of insulin in 6 diabetic rats. (PZI 5 units into left groin -

fat, equal volume saline into right groin fat. Glycogen measured 20 hours
later), From RENOLD, MARBLE and FAWCETT, 1950

degree of the metabolic effectiveness of physiologic
levels of hormones such as insulin and we proposed,
therefore, that the effects of certain hormones on adi-
pose tissue might well be their major regulatory effects
within the body (RENOLD et al. 1959 and 1960 ; CanrLL
et al. 1959).

We shall now attempt to summarize some of our
present-day concepts of the hormonal control of adipose
tissue, more specifically of that control which is con-
cerned with the creation and the preservation of fol
stores, and therefore more particularly, as we shall see,
with glucose and insulin.

Figure 3 schematizes the major metabolic reactions
concerned with energy storage in adipose tissue. The
numbers in this Wigure indicate important sites of
control, which we shall refer to in the course of the
discussion. An unquestioned major site of control (Fig.
3 No. 1) is the rate at which glucose is made available
to metabolism within the cell and at this step, clearly,
the role of insulin is the predominant one. The amount,
detail and quality of the information available on the
effects of insulin on glucose metabolism by adipose
tissue is best illustrated by Figure 4, taken from a study
by Frarr and Bary (1964, 1965). It is apparent that
insulin not only increases glucose uptake but that it
radically alters the metabolism of glucose at all steps

which have been measured. Since so many metabolic
fates of glucose are influenced, it is likely that the
primary metabolic event is an early one, presumably
at the level of the transformation of extracellular free
glucose into intracellular glucose-6-phosphate. Even
when glucose metabolism in a certain area is decreased
by the presence of insulin, as in the Krebs-TCA cycle,
Frart and BaiL could demonstrate that thisisalogical
consequence of increased glucose metabolism elsewhere
in the tissue, more specifically of the relative accumu-
lation of reduced cofactors characteristic of accelerated
glucose metabolism in a tissue actively synthesizing
fatty acids. '

During the past two years, we have therefore con-
centrated our interest on an analysis of the initial
effect of insulin on glucose metabolism in adipose tissue.
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Tig. 3. Schematic repregentation of major metabolic pathways in normal
adipose tissue

In so doing, we have followed the leads provided for us
in other tissues by the concepts of LEVINE and GoLD-
STEIN (1955) as well as of the work originating from
the groups of PARk and MoreaN in Nashville (PARK
ot al. 1959, MoreaX et al. 1964), Krpn1s and CoRrI in
St. Louis (Krpnis, 1959) and RANDLE and his collabo-
rators in Cambridge, now Bristol (RAxXDLE and Mor-
GAN, 1962). We have felt that this was necessary work,
since identity of the effects of any one hormone on
several tissues may never be assumed, as evidenced
with particular clarity in the case of insulin by a com-
parison of its effect on muscle, on the one hand, and
liver, on the other. Just why this analysis of insulin

" action on adipose tissue had to wait from 1958 to 1964

became soon apparent when we began our studies of
the spaces available for the distribution of different
substances in this tissue (CroFFORD and RENoLD, 1964
and 1965). Whereas the total water space of muscle is
of the order of 75 ul per 100 mg of tissue, one third of
this being extracellular and two thirds intracellular,
the total water space of adipose tissue is of the order of
15 ul, two thirds of this being extracellular and only
one third intracellular. Since in the course of the stu-
dies to be carried out it was of prime importance to
measure, with reasonable accuracy, concentrations of
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substances within intracellular water, the first problem
which confronted us was evidently that of attaining
sufficient accuracy in all of our analytical procedures
to be able to estimate intracellular concentration under
these conditions. This is not the place to detail these
methodological aspects of our studies, but their impor-
tance should be underlined.

well below physiologically prevailing glucose concen-
trations in tissue fluids. DIPiETRO concluded from his
studies that it was unlikely that the phosphorylation
step is the rate-controlling one in glucose utilization by
adipose tissue, since increases in glucose concentration
of the medium well above the physiologically prevail-
ing concentrations result in accelerated glucose meta-
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Tig. 4. The effect of insulin and insulin plus epinephrine on the flow of glucose carbon through various metabolic pathways in incubated rat epididymal
adipose tissue, From J.P. FLATT and E.G. BALL, J. biol. Chem. 239, 675, 1964, and Chapter 26 in RENOLD and CAHILL, 1965

Glucose metabolism in any tissue can be considered
as initially controlled by three events: diffusion from
the vascular space or from the medium to the surface
of the tissue cells; transport through the cell membrane,
a process which in many tissues cannot be accounted
for by simple diffusion; and mefabolic activation of
glucose, as a rule through phosphorylation to glucose-6-
phosphate in the presence of ATP, appropriate ions
and either hexokinase or glucokinase. In a well vascu-
larized tissue, such as adipose tissue, with its dense net-
work of capillaries and sinusoids, diffusion is probably
controlled primarily through regulation of the plasma
flow. Glucose phosphorylation has been studied by
DiPreTrRO (1963) in our laboratory in Boston and ap-
pears to be controlled by an enzyme similar to the
hexokinase of yeast, brain or muscle, with an affinity
for glucose sufficiently high (or a Ky sufficiently
small) to provide for its saturation at concentrations

bolism. Our principal interest, therefore, centred,
from the start, on the step of glucose transport across
the adipose cell membrane, the step also pointed to by
Leving’s studies in vivo, as well as by the already men-
tioned studies with the isolated, perfused rat heart, or
with rat hemidiaphragm.

From the extensive studies which have been carried
out with striated muscle, erythrocytes, and yeast cells
(reviewed by WILBRANDT, 1961 and 1963) it is known
that in cells from which glucose is excluded by a diffu-
sion barrier, there exist glucose transport systems at
the level of the cell membrane, systems which fulfill
the criteria of a transport system leading to facilitated
diffusion and whilising a specific and mobile carrier. They
exhibit stereospecificity and competition among pairs
of sugars with structural similarities; saturation kine-
tics of the Michaelis-Menten type; and the steady state
concentration of a transported but not metabolizable
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sugar is altered by the existence of a trans-membrane
concentration gradient of a trangported and metaboliz-
able sugar, i.e. the phenomenon of “counter-transport’
can be observed.

We have found that the transport system for glu-
cose in adipose tissue conforms to these criteria in that
it exhibits clearcut stereospecificity as best illustrated
by its grossly decreased rate of L-glucose transport as
compared with D-glucose (Figure 5). Unequivocal com-
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Tig. 5. Time course of filling the intracellular space of incubated rat epidi-
dymal adipose tissue. The relative impermeability of the adipose tissue cell
membrane to L-glucose. From CROFFORD and RENOLD, 1965 b

* Data of MENOZZI P. G., BOGNANNI 1. and BALESTRERI R. Arch. Maragliano
Pat. Clin. 17,829 (1961)
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Fig. 6. Inhibition of glucose oxidation by the non-phosphorylated sugar
3-0-methyl glucose as observed in incubated rat epididymal adipose tissue.
From CROFFORD and RENOLD, 1965 b

petition for transport between sugars could be demon-
strated by finding decreased glucose metabolism in the
presence of increasing concentrations of 3-o-methyl
glucose, a sugar that is transported but not phosphory-
lated (Figure 6). The transport of glucose and other
sugars does exhibit, in the presence of increasing con-
centrations of sugar, the expected saturation kinetics.
Also, phlorizin or its aglycone phloretin, substances
which are well known to inhibit sugar transport in a
large number of tissues or cells effectively inhibit
glucose transport in adipose tissue (Fig. 7). Finally,
and most important in our present view of the problem,
the phenomenon of ‘“‘counter-transport’ is easily de-
monstrated in adipose tissue, as shown in the experi-
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Tig. 7. Inhibition of glucose oxidation by the fransport inhibitors phlorizin
and phloretin in incubated rat epididymal adipose tissue. From CROFFORD
and RENOLD, 1965 b '

ment illustrated by Figure 8: the addition of glucose to
a flask where adipose tissue had come into equilibrium
with medium containing 3-o-methylglucose resulted in
the subsequent decrease of the intracellular 3-o0-methyl-
glucose concentration. This phenomenon is best explain-
ed as the result of the concentration gradient set up
between glucose outside the cell and glucose inside the
cell, since glucose within the cell is rapidly metabolized.
Glucose therefore competes to a lesser degree for 3-o-
methylglucose outflow from the cell than for inflow,
resulting in increase in the outward transport of 3-o-
methylglucose. Sucrose, a sugar which is neither trans-
ported nor metabolized, was used as an equiosmolar
control substance and was without influence upon the
intracellular 3-o-methylglucose concentration.

51 control sucrose glucose

&

intracellular 3—0~MG conceniration {mM)

Fig. 8. Countertransport in incubated rat epididymal adipose tissue. Intra-
cellular 3-o-methylglucose concentration after preincubation in 5 mM 3-0-
methylglucose for 120', followed by incubation in 5 mM 8-o-methylglucose
-+ 80 mM sucrose or glucose for 30'. From CROFFORD and, RENOLD, 1965 a

In this last experiment we have already assumed the
rate limiting importance of transport for glucose meta-
bolism in this tissue, since we have assumed the exist-
ence of a trans-membrane concentration gradient for
glucose. The experimental basis for this assumption is
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shown in table 1 which summarizes a large number of
experiments carried out under different conditions,
where the sorbitol space was used as an expression of
the extracellular space of adipose tissue. The table also
includes the demonstration that the major effect of
insulin upon glucose metabolism by adipose tissue is
that of accelerating glucose transport. In the first two
lines it can be seen that the space occupied by glucose
is smaller than the sorbitol space in the absence of insu-
lin, suggesting that there is no free intracellular glucose
and that diffusion of glucose is not quite capable of
keeping up with glucose metabolism by the cells. The
addition of insulin resulted in a striking increase in
glucose uptake and, simultaneously, in a shrinking of
the glucose space, clearly indicating that glucose diffu-
sion into the tissue became still more inadequate in the
presence of accelerated cellular utilization. Further-
more, this finding clearly establishes that insulin must

Table 1. Effect of insulin on glucose space (GS) and sorbitol
space (SS) of incubated adipose tissue (fed rats)

Number Incubation Insulin Glucose uptake (G8-88) Ingulin effect
of Temp. 1mU/mwl g moles/10mg 1/100mg  x1/100mg
animals °C FFDW mean p* mean p¥
mean (S.E.)
4+ 229 (3.2) —3.1 <.01
37.5 —2.0 <.0t
0 3.8 (0.2) —1.0 <.01
9 .
-+ 6.1 (1.7) +1.8 <.01
17.5 +1.0 .01
0 2.4 (0.3) +0.7.02

* Probability vs zero. medium glucose concentration:
20 mM.
(from Crorrorp and RExorD, 1965a)

act at the surface of the adipose tissue cell or beyond.
The lower two lines of the table show the results obtain-
ed when the incubation temperature was decreased
in order to decrease the metabolic rate and thus to
achieve conditions where the regulating importance of
glucose diffusion into the tissue wounld become less.
Under these conditions, glucose space was slightly grea-
ter than the sorbitol space in the absence of insulin and
became very definitely greater in its presence. This
finding must mean that the presence of insulin resulted
in the accumulation of free glucose within the cell, and
thus that the insulin-induced acceleration of glucose
metabolism was exerted not at the level of glucose
phorphorylation, but just prior to intracellular free
glucose, that is at the level of glucose transport through
the cell membrane!

It is of considerable interest also that, working under
conditions where we were unable to demonstrate free
intracellular glucose at any concentrations used, the
transport constant (Kt) for glucose was found to de-
crease by one order of magnitude in the presence of
insulin, when compared with its value in the absence of
insulin, an observation which can only be interpreted,
as of the present, as indicating a greater affinity of some
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coraponent of the transport system for glucose in the
presence of insulin (CrorrorRD and RENOLD, 1965D).
Since we are well aware of the many pitfalls which
presently surround conclusions drawn from the analy-
sis of transport kinetics, conclusions which must still
accept several assumptions which are difficult to prove,
we do not want to emphasize this finding too strongly,
even though it does differ from what has been found for
the action of insulin in muscle (MORGAN et al. 1964).
The observation, however, is entirely in keeping with -
what might theoretically be expected (LEFEVRE, 1962).
When a hormonal effect is described in vitro, it is of
course comforting to know that the same effect can also
be seen in vivo. That large concentrations of insulin
directly act upon adipose tissue in vivo to increase its
glucose .metabolism was already apparent from our
very first studies (Figure 2) as well as from the studies

fat pad brown fat  fot pad brown fat

Muscle glycogen Total lipids Adipose tissue glycogen
Each column = mean of 10 SEM

Insulin 3000 U/ml = 1500 xUjanimal | | = controls |/////| = insulin

Fig. 9. Intraperitoneal injection of insulin and glucose U*C in mice. Com-
parison of insulin-effect on “intra’ and extra-peritoneal muscle and adipose
tissue. From STAUFFACHER et al., 1965

of FavarcER carried out in vivo in mice (FAVARGER and
Bopugr, 1956). We have recently continued with work

' initiated by RAPARLSEN, in collaboration with our group

in Boston, in which the localized, yet in vivo response
of tissues lining the peritoneal cavity to small amounts
of insulin, injected intraperitoneally, was analyzed
(RaFArELSEN et al. 1965). This localized response is
shown for both diaphragm and peritoneal adipose tissue
in the experiments illustrated in Figure 9 which de-
monstrates the remarkable effectiveness of small doses
of insulin upon these tissues, when compared with its
total lack of effectiveness on distant tissues of the same
type. Clearly, in vivo as well as in vilro, a direct insulin
effect on adipose tissue was seen. In more recent studies
this method has been used by us for the comparative
analysis of adipose tissue and muscle metabolism and
of the relative sensitivity of these tissues to insulin in
normal and in several types of genetically obese mice
(STAUFFACHER et al. 1965).

A most remarkable development of recent years
has been the report by RopBELL (1964, 1965) that it is
possible to obtain free adipose tissue cells through incu-
bation of the tissue with collagenase preparations, with
their subsequent separation from other cells, such as
connective tissue cells, through repeated floating in
buffer. RopBELL also reported that these cellsremained
sensitive to hormonal agents such as insulin or adrena-
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lin. We have fully confirmed Roperir’s work and
Figure 10 illustrates the effect of insulin upon free fat
cells as well as the intriguing observation, made in cer-
tain instances, that the cells so obtained may rapidly
loose their insulin sensitivity, without any obvious
change in their appearance under the microscope or in
their basie metabolic behaviour. It is possible that the
analysis of this phenomenon might contribute to a bet-
ter understanding of the requirements for insulin
responsiveness of the adipose cell membrane,

oxidation to CO, incorporation into TL

1500+

1000+

Cpm/mg TL

500+

approx.time (min)
[T Control [J[J]l + Insulin

Fig. 10. Glueose-UNC Metabolism by free fat cells of rat epididymal adipose
tissue, in vitro. Decrease in the insulin effect with time. Incubation 2 hours
at 87°C in 0.5 ml of albumin-bicarbonate buffer pH 7.4 containing 2.5 mM
glucose. Insulin, when added, 1 mU/ml. Fed rats. Results expressed as cpm
per mg of total lipids contained in the adipose cell suspensions. Each co-
lumn: mean of 6 values, 4= 8.®. JEANRENAUD, unpublished observations

Although we have emphasized the effect of insulin
upon glucose entry into adipose tissue cells, it would
seem quite certain today that insulin also exerts effects
on adipose tissue, which are not readily related to
glucose utilization. Among these, emphasis should be
given to the wery likely existence of a direct effect of
insulin on free fatty acid release by adipose tissue, an
effect which was suggested from the start by the very
profound and rapid decline in free fatty acids which
follows the administration of insulin ¢» vivo (Figure 1).
However, it was first thought that this decreased rate
of release of free fatty acids could be related to the
increased availability of a-glycerol-phosphate for re-
~ esterification of free fatty acids within the tissue, as a
result of increased availability of intracellular glucose
(Figure 3). Since free fatty acids and adipose tissue
glycerides are in a state of dynamic equilibrium, accele-
ration of re-esterification, without change in the rate of
lipolysis, would result in a net decrease in the release of
free fatty acids. However, it has now been shown une-
quivocally, and by several groups of investigators
(JunGAs and Barr, 1963, ManrLER et al. 1964, FrRoEscH
et al. in RENOLD et al., 1965), that an effect of insulin
upon lipolysis may be seen in the total absence of glu-
cose. Just how insulin does this, is as yet unknown,

although it is not impossible that the effect might also
be on membrane transport. The effect would be one of
decreasing the transport of free fatty acids through the
cell membrane (Figure 3, No. 4). Indeed, such a sugges-
tion has recently been made by ZIERLER et al. (1965),
while MARLER et al. (1964) favour the interpretation of
an effect upon the lipolytic reaction 1tse1f (Figure 3,
No. 2).

The subject of the effect of insulin on adipose tissue
should not be reviewed, even in this summary fashion,
without emphasizing that the inferaction may be a
much more complex one than might be apparent from
what has been said so far. Insulin alters the transmem-
brane electric potential both in the presence and in the
absence of glucose (BEIGELMAN and HOLLANDER, 1962
and 1964); insulin has been reported to accelerate pino-
cytosis in adipose tissue cells (BARNETT and Barr,
1960}; adipose tissue obtained from insulin-deprived
alloxan diabetic animals exhibits a decrease in its
ability to store .chylomicron-fat concurrently with a
decrease in adipose tissue lipoprotein lipase activity
(Scawarz and Wirriams, 1962), an activity essential
for the hydrolysis of chylomicron triglyceride which
must precede its incorporation into adipose tissue
stores; also, the oxidation of long chain fatty acids to .
mono-enoic acids is clearly impaired in the tissue from
diabetic animals (BExyAMIN and GELLHORN, 1964).
The complex picture of some of the anomalies seen in
adipose tissue from diabetic animals is summarized in
Figure 11.
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Fig. 11. Schematic representation of major metabolic defects in diabetic
adipose tissue

Finally, it may be important to consider not only
what insulin does to adipose tissue, but also what adi-
pose tissue does to insulin, or rather to the insulin-like
activity of serum. As first reported by ANTONIADES
and GUNDERSEN (1961) and fully confirmed by SHaw
and SHUEY (1963) certain extracts of adipose tissue are
capable of increasing that portion of insulin activity of
normal human serum which is measured by the stimu-
lation of glycogen synthesis in rat diaphragm and
which can be suppressed by the addition of anti-insulin
serum.
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How shall we summarize ¢ Despite the complicating
features which have been mentioned, it would none the

less seem reasonable to conclude that the effect of insu-

lin upon adipose tissue cells is primarily one of increa-
sing the glyceride stores through increased availability
of glucose to the metabolism of the adipose cell. This
effect may well be enhanced by an additional action of
insulin resulting in a decreased rate of Jipolysis and of
free fatty acid release from the tissue. Furthermore, it
would seem that insulin is the major physiologic regula-
tor increasing adipose tissue glyceride stores. Although
insulin-like effects of other substances, even of a num-
ber of hormones, have been described, very few of them
ocecur at concentrations likely ever to ocour in plasma
and they rarely correspond to ¢n wivo physiologic
events. We are left, therefore, with a reasonably simple
view of the regulation of the deposition and retention of
fat in adipose tissue, particularly when compared with
the extremely complex present view of lipid mobiliza-
tion from adipose tissue. Figure 12 is taken from a re-

increased
lipid mobilisation

decreased
lipid mobilisation

FMS

_Y%pose tissue

anss! 90dp,

FMS = Fat mobilising substance SH Steroid hormones

GH = Growth hormone (N)E = (Nor)epinephrine
TH = Thyroid hormones SNS = Sympathetic nervous system

Tig. 12. Control of lipid mobilization in the intact organism. From CARLSOX,
BOBERG and HOGSTEDT, 1965

cent review of CarLsoN and collaborators (1965) sum-
marizing some of the factors concerned with the mobi-
lization of lipids: contrast the rather simple left hand
side of the illustration concerned with decreased lipid
mobilization, where the only agent shown, insulin, is
furthermore also the agent primarily responsible for
increased lipid deposition, with the complexity of the
right hand side of the figure, concerned with the many
systems and agents presently known to increase lipid
mobilization !

An additional complicating feature on the lipid
mobilization side, which we would like to mention and
with which we shall end this discussion, concerns the
hitherto largely ignored factor of blood or plasma flow
through adipose tissue. Table 2, which shows data of
RopsrLL (1965), compares the free fatty acid release
by intact adipose tissue with that by free adipose cells
from the same tissue. In the presence of a lipolytic

Table 2. FFA Release by intact adipose tissue and free fat
cells in response to ACTH (Data of Rodbell)

ACTH total FFA net
(2 pgiml) in flasks FFA release
due to ACTH
Tissue — 6.4%
- 15.4 - 9
Cells — 4.6
+ 107.6 +103

Results expressed as  * yEqg/m mole TG

** yEq/m mole TG/hr
from RopseLL, 1964b

agent, in this case ACTH, it is evident that lipolysis
was almost ten times as great for the cells as for the
intact tissue. This is almost certainly the result of the
very much greater availability of albumin to the sur-
face of the free cells, since albumin, the carrier which
accepts and transports free fatty acids in the blood-
stream, is esgential to successful lipolysis. If greater or
lesser availability of albumin may increase the effecti-
veness of a Jipolytic agent tenfold, then surely the rate
at which albumin is presented to the adipose tissue
cells is likely to be one of the major controlling factors
of free fatty acid release by adipose tissue and, second-
arily, of glyceride breakdown! Accordingly, blood and
plasma flow, particularly the latter (since a major part
of adipose tissue sinusoids seems to be perfused by
plasma only) undoubtedly modulate the activity of
fatty acid mobilization in any given portion of adipose
tissue. Indeed, the observation that sympathetic nerv-
ous endings in adipose tissue are seen only in connec-
tion with smali blood vessels (WIrSEN, 1964) not with
the adipose cells themselves, raises the question as to
the likelihood of a major component of autonomic nerv-
ous system effects upon adipose tissue being secondary
to effects upon plasma flow!
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