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With the observation that pancreatectomy leads to
the development of diabetes, Minkowski together
with von Mehring paved the way to the discovery of
insulin [1]. It was thus a straight road from the
Strassburg of 1889 to the Toronto of 1921, and it
seems appropriate to pay homage to the genius of
Oskar Minkowski with a lecture on the mechanism
of the action of insulin. ‘

Two aspects of the complex problem of this insu-
lin action have especially interested us over the last
few years: the binding of the hormone to mem-
branes with the possibility of a receptor defect in
diabetes, and the quest for a primary effect upon
enzyme systems in the plasma membrane of target
cells.

Receptor Binding and Receptor Defect

The first stage in the mechanism of action of insulin
is binding to specific sites in the plasma membrane.
Many indirect studies indicate that these receptor
sites are proteins or glycoproteins which are able to
recognise and bind insulin [2]. Attempts at isolation
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resulted in the solubilisation and partial purification
of receptor proteins from plasma membrane prepa-
rations [2).

It is, however, still not entirely clear whether in-
sulin elicits all of its acute effects from the outside of
the cells. The effect of Sepharose-coupled insulin on
fat-cells, i.e. insulin covalently linked to insoluble
beads which are larger than fat-cells, seemed to
prove this theory [3], but it soon became clear that
the Sepharose-insulin particles “leak™ insulin, i.e.
give off free insulin which may be entirely respon-
sible for the observed effect [4, 5]. Another indica-
tion for an intracellular effect is the recent observa-
tion of binding to nuclei [6].

Evidence for an insulin receptor was presented
as early as 1949 by Stadie [7], and Rieser, in his
book on insulin action in 1967, wrote that “the
combination of insulin with a receptor in a respon-
sive cell is at the very heart of the problem of the
hormone’s action” [8)]. Thus the hypothesis of a re-
ceptor for insulin in the plasma membrane seemed
to have been accepted even before electronmicro-
scopic studies on the localisation, or experiments
concerning the kinetics of binding were performed
in more detail. In 1969 two important innovations
have brought about the present flurry of binding
studies, with a still ever increasing number of publi-
cations. One was the improvement of iodination of
peptide hormones which fully maintained their
biological activity, and the other the introduction of
quantitative competition studies in order to demon-
strate specificity [9, 10]. For insulin binding to mem-
branes specific binding was defined as that portion
of labelled hormone which could be displaced by a
maximal concentration of unlabelled insulin [11],
but the significance of the remaining non-specific
binding, which can sometimes be quite high, is not
clear. Kinetic studies on binding of labelled hor-
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Fig. 1. Binding of insulin coupled to polyvinyl-pyrollidone in
comparison to native insulin. Scatchard plot of binding of ['*1]-
insulin to plasma membranes from rat liver in presence of in-
creasing concentrations of PVP-insulin and insulin plus PVP.
Curvilinear plot suggests negative cooperativity; dimerization of
insulin can be excluded in the case of PVP-coupled hormone.
(mol. wt. of PVP-insulin 40-60000). (K. D. Hepp and H.J. Kolb,
unpublished results)
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Fig. 2. Insulin binding to liver plasma membranes from control,
diabetic and insulin-treated diabetic Chinese hamsters. Plasma
membranes were prepared from the livers of eight animals in
each group. Insulin treatment for 7 days prior to the experiment.
The experiment shows binding at equilibrium (25°) with various
insulin concentrations. “Non-specific binding” i.e. labelled hor-
mone not displaced by 1 U/ml, has been subtracted. Insert shows
Scatchard plot of same data suggesting no general difference in
affinity but in receptor capacity (number of binding sites, see also
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mone are now the main approach to the mechanism
of hormone-receptor interaction, and one should
not forget that the molecular events are still poorly
understood. Insulin binding displays characteristics
of negative cooperativity, 1.e. an increasing number
of hormone-receptor complexes reduces the binding
affinity of the remaining free receptors [12]. The
main sign for this is a non-linear Scatchard-plot, but
it is understood that interpretations other than nega-
tive cooperativity are possible [13]. We could re-
cently exclude self-aggregation as a possible cause of
non-lincar Scatchard-plots by the use of insulin
coupled to polyvinyl-pyrollidone, which does not di-
merize, but which also displays non-linearity
(Fig. 1).

Of great clinical importance was the finding of
Kahn et al.{14] who observed a considerable de-
crease in total binding of insulin to the target tissues
of obese-hyperglycaemic mice. These studies were
extended to strains with other types of genetic-
hyperglycaemic syndromes such as the New Zealand
Obese Mouse [15] and the KK-mouse [16] and im-
plied that hyperinsulinism and insulin resistance is
correlated with a decrease in insulin receptors.
Furthermore, studies in diabetics and insulin-resist-
ant obese patients showed also that their tissues ex-
hibit reduced insulin binding [17, 18]. This meant
that the basic, and possibly genetic, defect in insulin
resistant patients consists of a reduction in the
number of insulin receptors.

We became interested in the reverse situation,
i.e. lack of insulin due to B-cell insufficiency, such
as in the genetic diabetes of Chinese hamsters.
These animals are in many ways similar to the
juvenile-type diabetic [19]. Here the situation is ex-
actly the opposite of that of the obese-hyperin-
sulinaemic syndrome: The binding capacity of liver
membranes is increased, i.e. the animal tries to
compensate for the lack of insulin with an increase
in the number of receptors [20]. Insulin treatment,
on the other hand, reduces the number of receptors
towards and even below the normal condition
(Fig. 2). The same phenomenon can be shown in ex-
perimental diabetes after streptozotocin treatment;
again the binding capacity of the plasma membranes
was strongly enhanced in the diabetic animals, and
reduced below that of the control group after insulin
therapy [21]. This implies relatively rapid adaptive
changes of the receptor population in an inverse re-
lation to the mean insulin concentration, which is al-
so reflected by the increase in receptor number
when obese-hyperinsulinaemic patients [17] or ani-
mals [22] are starved (Table 1). Thus the hormone,
in some still unknown way, controls the turnover or
perhaps just the availability of its binding site in the
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plasma membrane. Such an adaptive phenomenon
would argue against a receptor defect as a primary
genetic lesion in diabetes, which is rather disap-
pointing considering that binding studies had raised
such high hopes. With respect to the role of insulin
receptors in the pathogenesis of the diabetic syn-
drome, there remains the possibility that humoral
factors may impair binding, as shown in the interest-
ing study by Flier et al. on patients with diabetes
and acanthosis nigricans [23]. In fact these patients,
although lean, exhibited the characteristics of insulin
resistance, and the substance which was found to
impair binding turned out to be an autoantibody, di-
rected against the patient’s own hormone receptors.

Translation of Hormone-Receptor Interaction

One of the most interesting problems in insulin ac-
tion, and perhaps, molecular endocrinology in gen-
eral, is the translation of hormone-receptor interac-
tion into a biological effect. Binding of insulin to its
receptors may first result in changes in the reactivity
of membrane proteins such as enzyme and carrier
systems, and then lead to the formation of a second
messenger in a manner similar to our concept of the
mechanism of action of catabolic hormones. Un-
doubtedly in muscle and to some extent in adipose
tissue, the activation of facilitated transport of glu-
cose is of major physiological importance. However,
equally important mechanism in the pathogenesis of
diabetes, such as the control of glycogenolysis and
gluconeogenesis in the liver and the regulation of
lipolysis in adipose tissue, are influenced by insulin
independently of its effect on glucose transport
(Table 2). In fact insulin is so far the only anabolic
hormone that acutely prevents the catabolic effect of
a number of hormones, such as glucagon in the liver
and adrenaline in adipose tissue. Metabolic control
can thus be viewed as a fine balance between insulin
on the one hand and catabolic hormones on the
other. Due to the monumental discovery of Suther-
land and his associates it became clear that cAMP is
the key substance in the regulation of catabolic pro-
cesses in tissues that are the main targets of insulin
action. A major breakthrough therefore, seemed to
be the discovery of Butcher and coworkers that in-
sulin can lower the elevated levels of cAMP in adi-
pose cells in the presence of catabolic hormones
[24]. Such an effect was also demonstrated in the
isolated perfused liver [25]. The concept that cAMP
can also function as a second messenger for insulin
was subsequently challenged, mainly on the grounds
that there is a poor correlation between the
metabolic indices such as, for instance, lipolysis in
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Table 1. Regulation of insulin receptor capacity under conditions
associated with hyperinsulinism and insulin deficiency. The obser-
vations suggest an inverse relationship between hormone level
and receptor number

Insulin levels T
Insulinoma Binding capacity |,

Obesity
Corticosteroid treatment }
Certain types of diabetes

Streptozotocin
Chinese hamsters Insulin levels §
Hypophysectomy Binding capacity T

Juvenile diabetes

Table 2. Antagonism between insulin and catabolic hormones in
the regulation of anabolic and catabolic pathways
(gluconeogenesis, in a strict sense, is not a catabolic process; it is,
however, enhanced under catabolic conditions)

Insulin Anabolic processes Catabolic hormones
T Protein synthesis
Enhances Lipid synthesis Inhibit
Glycogen synthesis $
Catabolic processes
Proteolysis T
Inhibits Lipolysis-ketogenesis ~ Enhance
Glycogenolysis
‘L Gluconeogenesis

adipose tissue and the observed lowering of cAMP
[26, 27]. In the course of the debate, other messen-
gers were introduced, such as Ca** (based on Ras-
mussen’s concept of an equally universal metabolic
role of this ion as cAMP [28]), and more recently by
Iliano and coworkers, cGMP [29]. Let us first turn
to the possibility of a central role of cAMP in insulin
action.

The Effect of Insulin on the Levels of 3',5'-AMP in
Fat Cells

In view of the doubts that were raised with respect
to the essential role of cAMP in the antilipolytic ef-
fect of insulin, we found it worthwhile to conduct
studies on the effect of insulin on cAMP levels in
fat-cells. The aim was to answer two questions: (1)
what are the early kinetics of the effect of insulin
and (2) can one gain information as to the underly-
ing enzymatic mechanism?

After addition of isoproterenol to isolated fat
cells a rapid rise of cyclic AMP is observed, which
within two minutes is followed by a steady state, at
which time the velocity of the adenylate cyclase sys-
tem should be equal to that of the phosphodiester-
ase (Fig. 3). In the presence of the phosphodiester-
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Fig. 3. Kinetics of cAMP in isolated fat cells after addition of isoproterenol. Comparison of the effect in absence (A) and presence (B) of
the phosphodiesterase-blocker methyl-isobutyl xanthine (MIX). From Hiring et al. {33]
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Fig. 4. Net cffects of propranolol and insulin (100 wU/ml) when added at plateau phase, 3 min after isoproterenol (107% M). No
additional effect was observed when insulin was added together with the maximal dose of propranolol. (Data from Hiring et al. [33])

ase inhibitor methyl-isobutyl-xanthine (MIX) not
only a doubling of the initial rate of cyclic AMP for-
mation was seen, but also a linear increase through-
out the first five minutes. Provided that MIX acts
exclusively on the phosphodiesterase, one can pos-
tulate an immediate activation of this enzyme (Fig.
3 A), resulting in the first steady state. In fact, acti-
vation of phosphodiesterase activity in the fat cell
has been shown after addition of lipolytic hormones
to the intact cell, cAMP itself being the activator
[30]. The linear rate in the presence of MIX argues
against the influence of a feedback inhibitor at this
stage, although MIX could still prevent the forma-
tion of such an inhibitor under these conditions. The
tendency to attain an early equilibrium is also secn
after the addition of propranolol, where it is evident

that the level of the new steady state and not the
rate of fall of the cyclic nucleotide depends on the
concentration of the blocker (Fig. 4). The S-blocker
prevents the hormonal activation of the adenylate
cyclase system in a dose-dependent fashion [31] and
the rate of cAMP formation should determine the
level of the equilibrium. As yet the mechanism is
not clear by which the phosphodiesterase system is
involved in maintaining the steady state: activation
of ‘low-K,, phosphodiesterase’ by hormones and
cAMP (Table 3) [30, 32] or simply the activity of
the ‘high-K,, enzyme’ at substrate concentrations
within the range of near zero-order kinetics.

The addition of insulin together with iso-
proterenol at the start of incubation leads to a sig-
nificant effect after one minute (Fig. 5). Insulin can-



K. D. Hepp: Mechanism of Insulin Action

Table 3. Stimulation of low — Ky, phosphodiesterase activity in
homogenate after previous incubation of intact fat cells with vari-
ous hormones and chemicals

No Ca*™ required: Ca** essential:

DB — cAMP Insulin
Theophylline ACTH
Catecholamines

Glucagon

not entirely prevent the initial rise in the cyclic nu-
cleotide and, like propranolol, leads to the forma-
tion of a new steady state. The same amount of in-
sulin has no effect upon the basal levels of cyclic
AMP. Later addition of insulin to the stimulated
system leads to a rapid fall after 30 seconds, and a
new equilibrium is attained after 90 seconds. Insulin
acts somewhat less rapidly than propranolol but the
combinationn of insulin with a submaximal dose of
propranolol is additive, whereas the effect of a max-
imal concentration of propranolol is not further en-
hanced by insulin. These experiments suggest that
insulin acts in a similar way to propranolol, i.e. via
inhibition of the catecholamine-stimulated adenylate
cyclase.

An effect of insulin in the presence of a phos-
phodiesterase inhibitor would also be indicative of a
primary effect at the cyclase level. Butcher et
al. have already shown a clear effect in the presence
of methyl xanthines upon the catecholamine-stimu-
lated system in the fat cell [24]. However, if one
compares cAMP levels after 5 min of incubation un-
der various concentrations of MIX with that found
in the presence of isoproterenol and insulin, a dose-
dependent decrease in the effect of insulin is ob-
served which at first hand would suggest an effect of
insulin upon phosphodiesterase activity, with a smal-
ler effect of insulin remaining at maximal concentra-
tions of MIX [33]. Our interpretation of this obser-
vation was that insulin can affect both formation and
breakdown of cAMP [33]. Yet from such indirect
experiments involving measurement of cAMP con-
centration in tissues it is impossible to be sure how
the hormone prevents the effect of catabolic hor-
mones; whether it antagonizes the effect of catabolic
hormones upon the adenylate-cyclase system or
whether it stimulates phosphodiesterase activity
while the cyclase system remains activated by
catabolic hormones.

In the course of experiments on the control of
adenylate cyclase activity in particulate preparations
from mouse liver we observed an antagonism of in-
sulin added in vitro to the stimulatory action of
glucagon [34]. This was the first observation of a di-
rect effect of physiological concentrations of insulin
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on a broken cell system. In support of these findings
NSILA-S preparations from the laboratories of
Froesch and Humbel, showed a similar effect on
adenylate cyclase activity, whereas NSILA-S, ren-
dered Dbiologically inactive by reduction and
aminoethylation, had no effect [35]. In these experi-
ments we could also demonstrate evidence for bind-
ing of NSILA-S to our membrane preparation,
which underlined the hormonal character of this
material [35]. When the system was stimulated with
10 mmol/l NaF, which is thought to stimulate the
adenylate cyclase at a site which is more proximal to
the catalytic unit (Fig. 6), no effect of insulin or
NSILA was observed [34, 35]. This suggested that
insulin and NSILA interfere with the translation or
coupling process in the mechanism of action of
catabolic hormones between receptor and catalytic
unit of the adenylate cyclase system. Further studies
on adenylate cyclase in liver preparations from
streptozotocin-diabetic mice revealed an increased
sensitivity towards glucagon without change in the
fluoride-stimulated activity. This indicated that, with
insulin deficiency, the translation of the glucagon
signal from receptor to the catalytic unit is aug-
mented [35). These findings corresponded with the
observed increase in cAMP levels in the diabetic
liver [36].

In view of these observations it seemed obvious
to test the action of insulin upon the adenylate cyc-
lase system in fat cell membranes, using fat cell
“ghosts”, a preparation which had been developed
and thoroughly studied in Rodbell’s laboratory [37,
38]. Again insulin was found to inhibit the effect of
submaximal concentrations of norepinephrine,
ACTH and glucagon [39, 40] (Fig. 7). In analogy to
what has been observed with mouse liver mem-

‘branes, the effect of fluoride was not antagonized;

insulin alone had no effect. As in the case of insulin
effects on lipolysis and cAMP levels in intact cells,
high insulin concentrations showed a paradoxical re-
versal, which suggested that the adenylate-cyclase
reaction may in fact be a controlling step in the reg-
ulation of antilipolysis (Fig. 8). The effect of insulin
disappeared after trypsin treatment of intact cells
prior to preparation of “ghosts”, but could be re-
generated by further incubation in absence of tryp-
sin [40] in analogy to what has been observed by
Kono [41). Again partially purified NSILA-S ex-
erted an inhibitory action upon the catecholamine-
stimulated system, but its effect was not abolished
by trypsin treatment [40]. In a study with plasma
membrane preparations from fat cells, the inhibition
of norepinephrine-stimulated adenylate cyclase ac-
tivity was characterized by an effect on V,,,, without
change in affinity towards ATP or Mg** [42].
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Fig. 5. Effect of insulin (100 wU/ml) on cAMP concentration in
isolated fat cells in the presence of isoproterenol (107% M). Both
hormones were added at the start of incubation. At one min, a
significant effect of insulin can be demonstrated (p<<0.01, paired
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effect of insulin was seen on basal system. (Data from Héring et
al. [33])
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Fig. 6. Model of insulin action upon glucagon-stimulated adeny-
late cyclase in liver plasma membrane. Insulin prevents activation
of catalytic unit by glucagon by interfering with coupling mechan-
ism; it has no effect when the system is stimulated by sodium
fluoride which is thought to activate directly the catalytic unit

ATP

Using different crude membrane fractions from
liver and adipose cells, Illiano and Cuatrecasas ob-
served essentially the same effects [43]. In other
studies on fibroblast cultures [44], the islets of
Langerhans [45] and Neurospora Crassa [46], direct
effects of low insulin concentrations upon the
adenylate cyclase system were shown, again in an-
tagonism to the action of catabolic hormones. In
contrast to these investigations, a number of work-
ers reported negative observations with respect to
insulin action on the adenylate cyclase system
[47-50]. With purified plasma membrane prepara-
tions we found it difficult consistently to reproduce
the effect of insulin and it appears that only fresh
material is insulin sensitive, whereas manipulation of
membranes during purification steps results in a loss
of the effect [51].

In the course of studies on phosphodiesterase ac-
tivity in fat cells Loten and Sneyd provided evidence
for two enzyme systems with different Michaelis
constants [52]. As suggested before [53] they found
an effect of insulin upon the ‘low Ky enzyme’ [52].
It is important to note that this effect was observed
in the homogenate after previous incubation of the
intact cell with the hormone, and that direct addi-
tion to broken cell preparations has not resulted in
clear effects. This observation was confirmed in sev-
eral laboratories [30, 32] and by ourselves [40] and
was found to be most pronounced in fractions cor-
responding to plasma membranes [30, 54]. How-
ever, it soon became apparent that insulin antago-
nists, such as catecholamines and glucagon, also
stimulated the low Ky-phosphodiesterase [30, 32],
an enzyme which is probably activated by cAMP
[30]}. Tt would be difficult to reconcile this finding
with the observed antagonism of insulin and
catabolic hormones. More recently, Desai and Hol-
lenberg added another argument against the concept
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of a direct action on the phosphodiesterase by show-
ing that the activation of the low-Ky; enzyme by in-
sulin requires Ca™*-ions during the preincubation
step [55]. In the presence of EGTA no effect upon
the phosphodiesterase is observed, whereas under
the same conditions, cAMP levels fall and lipolysis is
inhibited [55, 56] (see also Table 3).

A similar dependence on the presence of Ca™*
was recently reported by Fain and Butcher [57] who
were able to confirm the finding of Illiano and co-
workers of a rapid rise of the levels of 3',5-GMP in
isolated fat cells after the addition of insulin [29].
However, addition of catabolic hormones and
ionophores led to a similar increase, whereas no ef-
fect was secn in the absence of Ca™* [57]. Apart
from the fact that the metabolic actions of cyclic
GMP are largely unknown, the data speak against
an essential role of cGMP as a messenger of insulin,
at least in the regulation of lipolysis.

Careful experiments by Clausen and coworkers
have shown an effect of insulin on calcium transport
in muscle and adipose tissue [58]. Furthermore,
agents which promote a rise in intracellular calcium,
such as local anaesthetics, were found to mimic the
antilipolytic effect of insulin [59]. A number of key
enzymes which are under regulation of insulin were
also found to be sensitive to calcium, among these
the protein kinase and the triglyceride lipase systems
[60], pyruvate dehydrogenase [61] and glycogen
synthetase [62]. Kissebah et al. have thercfore re-
cently proposed a key role of Ca*™ in the mechan-
ism of insulin action. The central mechanism would
be a rise in cytosolic Ca** promoted under the in-
fluence of insulin [63]. An important argument in
favour of this theory was provided by the effect of
local anaesthetics which promote Ca** uptake and
inhibit lipolysis without lowering, but rather increas-
ing, the levels of cAMP [59]. This suggested that
changes in cAMP are not essential in the control of
lipolysis and that calcium is the messenger which an-
tagonises the activation of the lipase and other key
enzymes. However, we have recently found that lo-
cal anaesthetics, like insulin, can inhibit the effect of
catecholamines on fat cell adenylate cyclase without
changing the basal or the fluoride-stimulated activity
(Fig. 9). Thus, like insulin, local anaesthetics inter-
ferc with the translation of the hormone signal be-
tween receptor and the catalytic unit of the adeny-
late cyclase [64]. Local anaesthetics could therefore
antagonize the action of catecholamines at the
adenylate cyclase step without decreasing, but even
elevating, the overall cellular concentration of
cAMP. One could speculate from this that (1) the
total cAMP content does not necessarily reflect
changes in a small but metabolically active compart-
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ment, and (2) that changes in adenylate cyclase ac-
tivity in the plasma membrane may precede hor-
mone effects on Ca™ ™ distribution.

On the basis of the data provided by this and
several other laboratories, the adenylate cyclase sys-
tem can be viewed as one of the primary targets of
insulin’s action. This implies cyclic AMP as a second
messenger; whether the universal one, remains un-
certain. ‘

So far there is little evidence of an essential role
of cAMP in the effect of insulin on facilitated trans-
port, and it is not clear to what extent it is involved
in the active transport of ions across the plasma
membrane. Therefore, despite an unusual wealth of
information, is is still exceptionally difficult to arrive
at a conclusive, let alone a unitary, concept of the
mechanism of the action of insulin (Fig. 10).

In this lecture the emphasis was on the role of
insulin as a modulator of the effect of catabolic hor-
mones; fine regulation in the organism invariably
consists of an interplay of agonists and antagonists.



K.D. Hepp: Mechanism of Insulin Action

+ TETRACAINE (5mM)

=

184
(4]
c
£ 100-8=¢ 500
) ‘_\5 ADENYLATE z ]
£ CYCLASE Z~
g . o K1 4,2mM B IE
SR 3
S 501 1eem S 22501
S o3
® = €
= —_
=] S
E ' o 5
m ©
1075 107 1073 1072 0

Tetracaine (M)

T T T

T 1

4 6 8 10

NaF {mM}

Fig. 9. Effect of local anaesthetic on lipolysis and adenylate cyclase activity. Lipolysis was stimulated by 10~% M norepinephrine in intact
cells, adenylate cyclase was measured in fat cell “ghosts” in the presence of 1075 M norepinephrine. No effect of 5 mM tetracaine was
observed in the presence of NaF (right), suggesting an effect upon the coupling process between receptor and catalytic unit as proposed

for insulin (Fig. 6) -
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Fig. 10. Insulin action at the plasma membrane level. Binding of
the hormone to its receptor may result in structural changes with
subsequent activation of transport processes (ATPases and car-
rier systems) as well as modulation of signal transfer from recep-
tor to catalytic unit of the cyclase system. The model indicates the
possibility of an effect of cAMP on transport mechanisms. The
model applies to the fat cell; some of the mechanisms are not
operative in other tissues, such as liver (stimulation of hexose
transport) and muscle (effect on cyclase system)

We know from clinical studies how important the
anti-catabolic, transport-unrelated effects of insulin
are, for instance in the case of ketogenesis or glu-
cose homolostasis, where the effect on the liver
seems to be of greater importance than that on glu-
cose transport in peripheral organs. At present it
does not seem to be necessary to postulate a new
messenger in addition to the ones already discussed.
Of these, it appears that the increase in cGMP de-
pends on the presence of calcium, but that insulin
effects on cells can be easily demonstrated in the
absence of calcium. Thus effects on transmembrane
calcium transport are not a prerequisite for the
metabolic response.
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