
Diabetologia 1, 4-12 (1965) 

HormonM Control of Adipose Tissue Metabolism, with SpeciM Reference to the 
Effects of Insulin* 

The Banting MemoriM Lecture delivered on September 25, 1964 before the Medical and Scientific Section 
of the British Diabetic Association, at the Middlesex Hospital Medical School, London, England 

By 

~iLBERT E.  I~ENOLD, OSCAR B. CROFFORD, WERNER STAUFFACI-IER a n d  BERNARD JEANRENAUD 

From the Inst i tut  de Bioehimie Clinique, Universit6 de Gen~ve, Geneva 

Received May  ~, 1965 

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 fat ty  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 many 
aspects of the control systems which are operative in each 
instance. 

Rgsumd. Nous avons r~sumd dans cette lemon les argu- 
ments qui nous poussent ~ penser que l'ac~ion de l'insuline 
sur le tissu adipeux est une des actions les plus importantes, 
peut-6tre bien Faction principale m6me de cette hormone. 
En effet, il semble de plus en plus probable, que l'insuline 
est l 'hormone anabolique par excellence, favorisant aussi 
bien l 'accumulation que la r6tention de la principale 
r6serve calorique de l'organisme, soit les triglyc6rides du 
tissu adipeux. Une action importante de l'insuline sur le 
tissu adipeux est certainement celle d'aec616rer le trans- 
port du glucose au niveau de la membrane cellulaire, et il 
semblerait que eette acc~16ration pourrait  r6sulter de 
l 'affmitg plus grande d'une composante du mgcanisme de 
transport pour le glucose. Le m6canisme de transport du 
glucose au niveau de la membrane de ce tissu correspond 
bien aux eritbres d'une diffusion facilit6e utilisant un 
transporteur mobile, tout comme c'est le cas pour les 
cellules musculaires, les ~rythrocytes ou les levures. Si 
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l ' importance de Faction insulinique au niveau du trans- 
port du glucose est acquise, il n 'est  pourtant  pas possible 
d'expliquer tous les effets de l'insuline sur le tissu adipeux 
au moyen de cette seule action. En particulier, il est pro- 
bable que l'insuline agisse 6galement de faqon direete 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 
possibilit6 qui existe maintenant  d%tudier des cellules 
adipeuses isolges en suspension, cellules gardant leur sensi- 
bilit6 k l'insuline, est un important  pas en avant  et nous 
permettra  peut-~tre d'analyser plus en dgtail le m~canis- 
me d'action de l 'hormone. 

Le tissu adipeux n'est  plus eonsid6r6 eomme un tissu 
statique. Son importance pour l 'hom6ostase de l 'organisme 
est pleinement reeonnue, importance qui d6coule de la 
prdsenee au niveau de ce tissu des m6canismes de contr61e 
qui sont responsables de l 'aceumulation et de la mobilisa- 
tion des r6serves 6nerg6tiques, done de facteurs qui con- 
tribuent de fa~on essentielle k la eapacitg de survie de tout  
organisme. Nous pensons que parmi les m6canismes de 
eontr61e qui ont 6t6 consid6r6s, une importance insuffisante 
a 6tg donn6e jusqu'ici aux facteurs servant ~ rggler le 
d6bit sanguin et plasmatique de ee tissu, et par 1~ l 'apport  
d'albumine au voisinage de la cellule adipeuse, albumine 
n6cessaire ~ la solubilisation et au transport des acides gras 
lib~r6s de la cellule. Si au eours de ces dernigres dix anndes 
nous en sommes venus ~ reconnaitre clairement le rSle 
important  clue joue le tissu adipeux dans l 'homdostase 
dnerg6tique, il faut bien reconnaltre ~galement que nos 
connaissanees ne s'dtendent encore qu'k terrains aspects 
du mdtabolisme de ce tissu, et qu 'un nombre bien plus 
grand reste ~ ddcouvrir. 

Zusammenfassu,ng. Was wir in dieser Diskussion aus- 
fiihren wollten, ist vielleieht vor allem der nachdriickliche 
I-Iinweis darauf, dal~ das Fettgewebe wahrscheinlich ein 
I-IauptangTiffspunkt, wenn nicht sogar der I-Iauptangriffs- 
punkt  der Insulinwirkung ist. Insulin scheint das wiehtig- 
ste I-Iormon der Energiespeicherung zu sein, indem es so- 
wohl die Ablagerung als auch die Erhal tung des energie- 
reiehsten Vorratsstoffes, n/imlieh der Triglyceride im Fet t -  
gewebe f6rdert. Wenn es aueh heute noeh m6glieh scheint, 
dal3 diese beiden 37org/inge, Ablagerung sowie Erhaltung,  
die Folge einer einzigen Prim/irwirkung des Insulins, n/im- 
lich des gesteigerten Glukosetransportes, sind, so seheint 
es doch wahrscheinlicher, dal3 das I-Iormon noch direkt 
eine verminderte Freisetzung von Fetts/iuren als geson- 
derten Effekt bewirkt. Dal~ nunmehr der Untersuchung 
des Fettgewebes isolierte Fettzellen zur Verfiigung stehen, 
deren Ansprechbarkeit fiir Insulin rol l  erhalten zu sein 
scheint, halten wir fiir einen groGen Fortschri t t  in dem Be- 
streben, eines Tages den tats~ehlichen Mechanismus der 
Insulinwirkung roll  durchsehauen zu k6nnen. Was die l~e- 
gulation der Fettfreisetzung aus dem Fettgewebe betrifft, 
so erseheint es uns wichtig, sich der n~heren Erforschung 
der Bedeutung des Blur- und Plasmaflusses dureh das Ge- 
webe fiir diesen Steuerungsmechanismus intensiv zuzu- 
wenden. 
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Man sieht heute das Fettgewebe nieht mehr als st~0ff- 
weehseltr/iges Gewebe an, sondern als das, was es ist, n/irn- 
lieh als den I-Iauptsitz tier aktiven Regulation der Energie- 
speicherung und Energiemobilisation, also einer der wieh- 
tigsten Steuerungsmeehanismen fiir das Uberleben jedes 

Organismus. Obwohl die bedeutende Rolle des Fettge- 
webes in den letzten Jahren immer allgemeiner anerkannt 
wird, verbleibt uns doeh fiir die Zukunft die Aufgabe, uns 
um die genaue Erkenntnis der Einzelheiten der vielffilti- 
gen Steuerungssysteme zu bemiihen. 

I t  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 
CAmLL and I 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 (RE~OLD and CAmLL, 1965). I t  comprises 
some 70 chapters and its cumulative bibliography lists 
well over 4000 references! In  the volume Dr. H.E.  
WEI%TIIEI5{ER, 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. 
IIAusBERGEg, 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. WERTH~I~Ea is also responsible for 
a first and vigorous increase in general interest in 
adipose tissue which followed his publication, together 
with Dr. B. S g ~ I ~ o ,  of the first review of adipose tissue 
physiology, published in 1948 in Physiological geviews. 
That review emphasized, as did subsequent work from 
Dr. WEI%THEII~IEI~'S laboratory that adipose tissue has 
an active, independent metabolism and that it is capab- 
le of synthesizing fat ty 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 (LAuaEzr,; DOLE; GORDO~ and C~ER~ES) 
independently reported on a new and metabolically 
highly active fraction of lipid in plasma which was 
termed unesterified fat ty acid (UFA), non-esterified 
fat ty acids (NEFA), and known by general agreement 
under the term of free fat ty 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. 

I t  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 KECKWICK, whose Bradshaw Lecture 
"on Adiposity" beautifully summarizes many years of 
work concerned with the fat depots (1960), and Dr. 
g . D .  LAWgE~CE, whose deep concern with the relati- 
onships between disturbed lipid metabolism in diabetes 
and the state of adipose tissue was so particularly well 

described in his first report of a patient with lipoatro- 
phie diabetes in 1946. 
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Fig. 1. Diabetic coma (~, 17 yrs). Course during insulin therapy. From E. 

L. BIEENA~, "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. 
ALEXANDER MAI%IILE and Dr. ELLIO~T P. JOSLIN, 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 WE~T- 
ttEZMER 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 (gENOLD, MARBLE and 
FAWOETT, 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. KRAHT, (1951) who first 
described an effect of insulin upon isolated adipose 
tissue, while HAUSBE~GE~ and his group analyzed the 
deviations from normal of the metabolism of adipose 
tissue obtained from diabetic animals or from animals 
pretreated with insulin (HivsBE~GEI~ et al. 1954). In  
1956 and 1957 Dr. WINEGnAD and I (R~.NOT,D et al. 
1957, WINEGI~AD and RE~OLD, 1958) introduced the 
use of the paired epididymal adipose tissue from the 
rat,  untraurnatized and uncooled, for the study of regu- 
latory effects upon glucose metabolism by  adipose tis- 
sue, a procedure which was rapidly taken up by  GO~DO~ 
and CRERKES (1958) for the s tudy of free fa t ty  acid 
release. What  most impressed us, at that  time, was the 

so/ine insulin 

0 

Fig. 2. Local action of insulin in 6 diabetic rats. (FZI 5 units into left groin 
fat, equal volume saline into right groin fat. Glycogen measured 20 hours 

later). From I~ENOZD, MARBLE and  :FAWCETT, 1950 

degree of the metabolic effectiveness of physiologic 
levels of hormones such as insulin and we proposed, 
therefore, tha t  the effects of certain hormones on adi- 
pose tissue might well be their major regulatory effects 
within the body (REI~OLD et al. 1959 and 1960 ; CAH~L 
et a]. 1959). 

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

Figure 3 sehematizes the major metabolic reactions 
concerned with energy storage in adipose tissue. The 
numbers in this Figure 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 s tudy 
by  FLATT and BAr,L (1964, 1965). I t  is apparent  tha t  
insulin not only increases glucose uptake but  tha t  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 tha t  the 
pr imary metabolic event is  an early one, presumably 
at the level of the transformation of extracellular free 
glucose into intracellular ghicose-6-phosphate. Even 
when glucose metabolism in a certain area is decreased 
by  the presence of insulin, as in the Krebs-TCA cycle, 
FLiTT and BALL could demonstrate tha t  this is a logical 
consequence of increased glucose metabolium elsewhere 
in the tissue, more specifically of the relative accumu- 
lation of reduced cofaetors characteristic of accelerated 
glucose metabolism in a tissue actively synthesizing 
fa t ty  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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Fig. 8. Schematic representation 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 (i955) as well as of the work originating from 
the groups of PARK and MORGAN in Nashville (PARK 
et al. 1959, 1Viol~GAN e ta ] .  1964), •]:PNIS and CoRz in 
St. Louis (Kr2Nis, 1959) and I~iN])LE and his collabo- 
rators in Cambridge, now Bristol (I~_NDLE and MOld- 
CAN, 1962). We have felt tha t  this was necessary work, 
since identi ty 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. Jus t  why this analysis of insulin 
action on adipose tissue had to wait f rom 1958 to 1964 
became soon apparent  when we began our studies of 
the spaces available for the distribution of different 
substances in this tissue (CI~OFFORn 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/A, two thirds of this being extraee]lular and only 
one third intracelhilar. 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 intraee]lular water, the first problem 
which confronted us was evidently tha t  of attaining 
sufficient accuracy in all of our analytical procedures 
to be able to estimate intraeellular concentration under 
these conditions. This is not the place to detail these 
methodological aspects of our studies, but  their impor- 
tance should be underlined. 
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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 recta-. 
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]~ig. 4. The effect of insulin and insulin plus epinephrine on the flow of glucose carbon through various metabolic pathways in incubated rat opididymal 
adipose tissue. From 5.P. F~ATT and :E.G. B&~L, J. biol. Chem. 239, 675, 1964, al~d Chapter 26 in ~EIgOIJD and CA~L, 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 metabolic activation of 
glucose, as a rule through phosphorylation to glueose-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 
DIPI~T~o (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 Km 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 
L]~vr~]~'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 ceils 
(reviewed by WILBRA~;DT, 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 utilising a specific and mobile carrier. They 
exhibit stereospeeifieity 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 transported 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 corn- 
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Fig. 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 CRO~FO~D and ~ENOLD, 1965 b 
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Fig. 6, Inhibition of glucose oxidation by the non-phosphorylated sugar 
3-o-methyl glucose as observed in incubated rat epididymal adipose tissue. 

From CROFFORD and REN0~D, 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- 
fated (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 ag]ycone 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 th e experi- 
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Fig. 7. Inhibition of glucose oxidation by the transport inhibitors phlorizin 
and phloretin in incubated rat epididymal adipose tissue. From CROFFORD 

and I~ENO~D, 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-o-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 3-0- 
methylglucose outflow from the cell than for inflow, 
resulting in increase in the outward transport of 3-0- 
methylglucose. Sucrose, a sugar which is neither trans- 
ported nor metabolized, was used as an cquiosmolar 
control substance and was without influence upon the 
intracellular 3-o-methylglucose concentration. 
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Fig, 8. Countertransport in incubated rat epididymal adipose tissue. Intra- 
cellular 3-o-methylglucosc concentration after prcineubation in 5 mlVi 3-o- 
methylglucose for :[20 ~, followed by incubation in 5 mM 3-o-methylglucose 
+ 80 ml~ sucrose or glucose for 30'. From Cl~OFFORD and, REI'~O~D, 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 tha t  the major effect of 
insulin upon glucose metabolism by  adipose tissue is 
tha t  of accelerating glucose transport.  In  the first two 
lines it can be seen tha t  the space occupied by  glucose 
is smaller than the sorbitol space in the absence of insu- 
lin, suggesting tha t  there is no free intraeellular glucose 
and tha t  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 tha t  glucose diffu- 
sion into the tissue became still more inadequate in the 
presence of accelerated cellular utilization. Further- 
more, this finding clearly establishes tha t  insulin must  

T a b l e  1. Effect of insulin on glucose space (GS) and sorbitol 
space (SS) of incubated ad@ose tissue (fed rats) 

Number Incubation Insulin Glucose uptake (GS-SS) Insulin effect 
of Temp. s /~ moles/10mg ffl/i00mg /A/100mg 

animals ~ FFDW mean p* mean p* 
mean (S.E.) 

-~ 22.9 (3.2) - -3 .1  < . 0 1  
37.5 - -2 .0  < . 0 [  

0 3.8 (0.2) - 1 . 0  <.01 

& 6.1 (1.7) -{-1.8 < . 0 1  
17.5 -}- 1.0 .01 

0 2.4 (0.3) + 0 . 7 . 0 2  

* Probability vs zero. medium glucose concentration, 
20 raM. 

(from C~OFFORD and REZ<O~D, 1965a) 

act at  the surface of the adipose tissue ceil 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 would 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 tha t  the presence of insulin resulted 
in the accumulation of free glucose within the cell, and 
thus tha t  the insulin-induced acceleration of glucose 
metabolism was exerted not at the level of glucose 
phorphorylation, but  just prior to intraeellular free 
glucose, tha t  is at the level of glucose t ransport  through 
the cell membrane!  

I t  is of considerable interest also that ,  working under 
conditions where we were unable to demonstrate free 
intraeellular glucose at any concentrations used, the 
t ransport  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 

component  of the t ransport  system for glucose in the 
presence of insulin (C~osFo~D and RE~OLD, 1965b). 
Since we are well aware of the many  pitfalls which 
presently surround conclusions drawn from the analy- 
sis of t ransport  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 (MonGAN et M. 1964). 
The observation, however, is entirely in keeping w i t h  
what might theoretically be expected (LEFEVRE, 1962). 

When a hormonal effect is described in vitro, it is of 
course comforting to know tha t  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 
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of FAVAX~GI~ carried out in vivo in mice (FAVARGEg and 
BODU~, 1956). We have recently continued with work 
initiated by  I~AFAELSEN, in collaboration with our group 
in Boston, in which the loeMized, yet  in vivo response 
of tissues lining the peritoneal cavity to small amounts 
of insulin, injected intraperitoneally, was analyzed 
(gA~AE~SEN 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 vitro, a direct insulin 
effect on adipose tissue was seen. I n  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 
(STAv~FACHER et al. 1965). 

A most  remarkable development of recent years 
has been the report by RODBELL (1964, 1965) tha t  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. RODBESL also reported tha t  these cells remained 
sensitive to hormonal agents such as insulin or adrena- 
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]in. We have fully confirmed RODB~LL'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 basic metabolic behaviour. I t  is possible tha t  the 
analysis of this phenomenon might contribute to a bet- 
ter understanding of the  requirements for insulin 
responsiveness of the adipose cell membrane. 
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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 very 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 fa t ty  acids which 
follows the administration of insulin in vivo (Figure 1). 
However, it was first thought that  this decreased rate 
of release of free fa t ty  acids could be related to the 
increased availability of ~-glycerol-phosphate for re- 
esterification of free fa t ty  acids within the tissue, as a 
result of increased availabiJity of intracellular glucose 
(Figure 3). Since free fa t ty  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 fa t ty  acids. However, it has now been shown une- 
quivocally, and by several groups of investigators 
(JvNGAS and BALL, 1963, MAHL~ et al. 1964, FRoEsc~ 
et al. in I%~OLD et al., 1965), that  an effect of insulin 
upon llpolysis 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 fa t ty  acids through the 
cell membrane (Figure 3, No. 4). Indeed, such a sugges- 
tion has recently been made by ZIEnLEI{ et al. (1965), 
while MA~LE~ et al. (1964) favour the interpretation of 
an effect upon the lipolytic reaction itself (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 interaction 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 (BEIGELMA~ and HOLLA~D~, 1962 
and 1964); insulin has been reported to accelerate pino- 
cytosis in adipose tissue cells (BA~ET~ and BALL, 
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 
(Sc~ATZ and WILLIAMS, 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 fa t ty  acids t o  
mono-enoic acids is clearly impaired in the tissue from 
diabetic animals (BENJAMIN and GELL~OR~, 1964). 
The complex picture of some of the anomalies seen in 
adipos e tissue from diabetic animMs is summarized in 
Figure 11. 

G 

l G  

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 A~TO~I_~D~S 
and GUNDERSEN (1961) and fully confirmed by S~Aw 
and SEuEu (1963) certain extracts of adipose tissue are 
capable o~ 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 lipolysis and of 
free fat ty acid release from the tissue. Furthermore, it 
would seem that  insulin is the ma}or physiologic regula- 
tor increasing adipose tissue g]yccride stores. Although 
insulin-like effects of other substances, even of a num- 
ber of hormones, have been described, very few of them 
occur at concentrations likely ever to occur in plasma 
and they rarely correspond to in vivo 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- 

decFeo teased 
I~]o/d r7 /sot~on 

FMS = F a t  mobil is ing substance SH = Steroid hormones 
OH = Growth hormone (N)E ~ (Nor)epineplu'ine 
TH = Thyroid hormones SNS = Sympathe t ic  nervous system 

Fig. 12. Control of l ip id  mobil izat ion in  the in tac t  organism. F rom C~LS0N, 
[BOBERG and ]t6GSTEDT, 1965 

cent review of CARLSON and collaborators (1965) sum- 
marizing some oI 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 
t~ODBELL (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 lipolytie 

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

ACTH total FFA net 

(2 ~g/ml) in flasks F F A  release 
duo to ACTt{ 

Tissue -- 6.4* 
15.4 ~-9"* 

Cells -- 4.6 
-~ 107.6 ~103 

Results expressed as * #Eq/m mole TG 
�9 * ffEq/m mole TG/hr 

from I~ODBELL, 1964b 

agent, in this case ACTH, it is evident that  ]ipolysis 
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 fa t ty  acids in the blood- 
stream, is essential to successful ]ipolysis. If greater or 
lesser availability of albumin may increase the effecti- 
veness of a ]ipolytic 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 fa t ty  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 
fat ty 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 small blood vessels (WmsEN, 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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